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SYNOPSIS

A microsecond-resolution technique was used to measure the heat of fusion, specific heat
capacity, and electrical resistivity of niobium and titanium in the temperature ranges 1600 to
3200 K and 1500 to 2200 K, respectively. The method was based on rapid resistive self-
heating of a wire-shaped specimen by a large current pulse from a capacitor-discharge system.
Measured quantities were the current through the specimen, the voltage across the specimen,
the radiance temperature of the specimen at 656.3 nm, and its normal spectral emittance at
677 nm, as functions of time. Radiance temperature was obtained by means of single-
wavelength radiation thermometry. Normal spectral emittance was measured using high-
speed laser polarimetry. Combined, radiance temperature and normal spectral emittance

yielded the thermodynamic temperature of the specimen at each instance.

KURZFASSUNG

In einem Entladungskreis mit kapazitiver Energiespeicherung werden drahtférmige, elektrisch
leitende Proben durch ohmsche Pulsheizung schnell erhitzt. Der Strom durch die Probe, der
Spannungsabfall an der Probe, ihre Strahlungstemperatur bei 656.3 nm und ihr normaler
spektraler Emissionskoeffizient bei 677 nm werden zeitaufgelost gemessen. Daraus bestimmt
man die Schmelzwirme, die spezifische Warmekapazitit bei konstantem Druck und den
spezifischen elektrischen Widerstand der Proben. In der vorliegenden Dissertation werden
Untersuchungen zur Bestimmung thermophysikalischer Daten von Niob und Titan im
Temperaturbereich 1600 bis 3200 K, bzw. 1500 bis 2200 K beschrieben. Die Strahlungs-
temperatur der Proben wurde mit einem Einwellenldngen-Pyrometer bestimmt. Der normale
spektrale Emissionskoeffizient wurde mittels Photopolarimetrie gemessen. Diese beiden

GroBen zusammen ergeben die wahre Temperatur der Proben.
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1 INTRODUCTION

Pulse-heating techniques for the determination of thermophysical properties of metals and
alloys have been in use for many years. Compared to steady-state or quasi-steady-state
techniques, they have a number of advantages to offer, particularly at higher temperatures and
in the liquid state. This is where problems such as increased heat transfer, chemical reactions,
evaporation, loss of mechanical strength, etc. may have a significant impact on the quality of
the acquired data. These limitations can be overcome when the measurement duration is short

enough.

The quality of the measured thermophysical properties strongly depends on the accuracy of
the temperature measurement. Radiation thermometry, also known as pyrometry, has been the
temperature measurement technique of choice when high temperatures and high heating rates
are involved, because of its contactless character and fast response time. Radiation ther-
mometry relates the radiance (§2.1.1) emitted by a specimen to the temperature of a
blackbody that would emit the same amount of radiance. This is called the radiance
temperature of the specimen and will be different than the true (thermodynamic) temperature
if the specimen is not a blackbody. The two temperatures are related through the emittance of
the specimen. If this quantity is unknown an error is introduced in the temperature

measurement, which generally increases with increasing temperature.

The most direct way to solve this problem is to have the specimen itself incorporate a
blackbody cavity. A radiation thermometer looking at this cavity will measure the true
specimen temperature, as follows from the definition of radiance temperature. This has been
done in the past [1, 2]", and is widely considered the most accurate method. Limitations of
this approach are its inapplicability to specimens that are too small or inaccessible for the

inclusion of a blackbody cavity and also to liquid materials.

Another approach is to combine the radiance temperature measurement with emittance data
from literature. Nevertheless, such data for many materials at high temperatures show
considerable disagreement, perhaps because of differences in specimen preparation since the

emittance depends on surface roughness and contamination. This disagreement adversely

! Figures in square brackets indicate the literature references at the end of this dissertation.



affects the accuracy of the temperature determination.

Emittance is generally a function of wavelength. If the shape of the emittance vs. wavelength
curve is known and measurements of radiance are performed at more than one wavelengths,
the true temperature can be computed without explicit knowledge of the emittance values at
those wavelengths. This is the principle upon which multi-wavelength radiation thermometry
is based. However, the wavelength dependence of emittance is in most cases unknown and
some assumption has to be made. Consequently, the accuracy of the temperature

measurement will depend on the validity of this assumption.

The above discussion suggests that it is preferable to measure emittance in-situ,
simultaneously with radiance temperature. In recent years, two methods for the measurement
of emittance have successfully been applied to pulse-heating experiments for the
determination of thermophysical properties of electrically conducting materials. The
reflectometry method utilizes an integrating sphere to measure the spectral normal-
hemispherical reflectance of the specimen, from which the normal spectral emittance is
deduced [3]. The laser-polarimetry method is based on the measurement of the change in the

polarization state of a laser beam upon reflection off the specimen surface (§3.8).

Both techniques have been used in conjunction with pulse-calorimeters designed for the
determination of properties in the solid phase and up to the melting range of the investigated
materials. These systems are commonly referred to as “millisecond-resolution” pulse-heating
systems, a term stemming from the sampling rate of the data acquisition originally used with

these systems.

The Subsecond Thermophysics Laboratory of the Metallurgy Division at the National
Institute of Standards and Technology (NIST) in Maryland, USA, has been one of the major
centers, worldwide, for the development of dynamic measurement techniques at high
temperatures. Particular importance has always been given to highly accurate temperature
measurements. The laboratory operates two pulse-heating systems: a millisecond-resolution
system, and a faster microsecond-resolution system for measurements on liquid metals and
alloys. Some years ago the group acquired, and helped further develop, a laser polarimeter for
use with the millisecond system. The applicability of this instrument to thermophysical

property measurements, in conjunction with a pulse-heating technique, has since been



established [4]. More recently, in 1998, a prototype high-speed laser polarimeter was added to
the laboratory’s microsecond-resolution system, allowing for the first time true temperature
measurements to be performed with sub-microsecond resolution. The goal of the present work
was to apply this new laser polarimeter to the measurement of thermophysical properties of
electrically conducting materials in their liquid phase. As a validation of the technique
thermophysical properties of two metals, niobium and titanium, were determined in the
temperature ranges 1600 to 3200 K and 1500 to 2200 K, respectively. These particular
materials were chosen, because thermophysical property data that had been measured in the

past by the same laboratory at NIST, were available for direct comparison.

Niobium was chosen for an additional reason. In 1999, an enhanced version of the
microsecond-resolution laser polarimeter was acquired by the Subsecond Thermophysics
Group of the Department of Experimental Physics at the Technical University of Graz,
Austria. Both groups worked independently towards validating this instrument and
determining its accuracy. Niobium was investigated by the group in Austria, as well, and

served as a basis for comparison between the two laboratories.



2 BACKGROUND

2.1 Basic Concepts

2.1.1 Radiance

D

Fig. 2.1: Experiment to develop the concept of radiance (adapted from [5]). S light source,
P photodetector.

One of the most basic radiometric quantities is radiance. It allows us to explicitly characterize
the distribution of radiant power from point to point and direction to direction throughout a
beam of optical radiation. A simple way to introduce this quantity is to consider an
experiment with a large-area source that emits light uniformly and isotropically in all
directions, two black screens each having a small aperture, and a photodetector next to the
second screen (fig. 2.1). The photodetector responds to all radiant power reaching it from the
source through both apertures. It is assumed that the medium between the source and the
detector is perfectly transparent, so that the loss of radiant power by scattering or absorption is
negligible. By varying the aperture areas AA; and AA,, the distance D between the centers of
the two apertures, and the angles of tilt 8, and 8,, it is found that the measured power A® is
approximately proportional to the quantity:

AA, [dosB, [AA, [¢osO,
D2

2.1)

The proportionality constant has to be a quantity that corresponds to the brightness of the



source. We call it radiance and denote it by the letter L. The expression for A® becomes:

dlAl [dosO, [AA, [¢0sH,

A® = L =

(2.2)

The proportionality becomes more exact as the aperture areas AA; and AA, decrease relative
to the distance D. In the limit of vanishingly small apertures, there remains only a single ray
through both of them. The radiance L, so defined, is associated with an elementary beam

collapsed to just a single ray:

. A® _ d’o
L= lim 7 = 2 (2.3)
a3 -0 (AA, [60s6, [DA, [0sB,)/D*  (dA, [dosB, [dA, [os, )/D

Recognizing that (dA,-cos8,)/D” = dwy, is the solid angle subtended at dA, by dA,, eq. (2.3)

becomes:

2
= L (2.4)
dA [dosOLdw

In this more general form, L is defined at a single point in the direction of a ray through that
point, rather than between two points, and the assumption of a perfectly transparent medium
between the two points is not necessary anymore. Expressed in words, eq. (2.4) defines the
radiance at a point on a surface in the direction of a ray through that point as the radiant power
per unit projected-area-perpendicular-to-the-ray-at-the-point and unit-solid-angle-in-the-

direction-of-the-ray-at-the-point.

In practice, it is impossible to reduce the aperture sizes and/or increase the distance D beyond
the point where there is not enough power in the beam reaching the photocell to make a
measurement. Even before that point is reached, the geometrical-optics model of propagation
along rays may not be adequate to describe the situation because of diffraction effects. Thus,
only average values of radiance over finite intervals of area and solid angle can ever be
measured. Nevertheless, keeping this limitation in mind, the concept of radiance, introduced
here under the assumption of an underlying continuous distribution of flux among the rays of

a beam, is still very useful.

2.1.2 Spectral Radiance

Optical radiation emitted by most sources, the propagation over many paths, and the



responsivity of many detectors, all can vary greatly with wavelength. It is necessary to extend
the concept of radiance so that it not only covers the distribution of radiant power with respect
to position and direction, but also with respect to wavelength. Spectral radiance is the spectral

distribution of radiance, defined as:

dL d’op
A - (2.5)
dA dA [¢os O [dwldA

Spectral radiance, like radiance, is defined at a point on a surface in the direction of a ray

trough that point.

2.1.3 Self-exitance

The spectral self-exitance’ M) of a surface element dA at a wavelength A is defined as the
radiant power per unit area associated with emission into the hemispheric space above dA, i.e.
in all possible directions, within an infinitesimal wavelength interval dA around A. It may be

determined by integration of eq. (2.5), if the directional distribution of the spectral radiance L)

is known:
o F % .
M, (\) = AT :4,[0 GLLA (A, 8, @) [Bos B 3in O (A6 [dg (2.6)

The total self-exitance M of a surface element dA is defined as the radiant power per unit area
emitted by dA in all possible directions and over all wavelengths. It may be determined by
integration of eq. (2.6), if the directional and spectral distributions of the spectral radiance Ly

are known:

00

] 21 2

M=2%= [m,@ = [ [ [L,06¢0s08Eino@O@emMEN 2.7
dA A=0 A=0 $=0 =0

In the case of an isotropically diffuse emitter (also referred to as a lambertian emitter) the

radiance of the emitted radiation is independent of direction. In this special case L) can be

removed from the integrals in eqs. (2.6) and (2.7). Performing the integration over all

directions results in

! Exitance refers to radiation leaving a surface element both due to emission and reflection from the surface. The
term self-exitance refers to emitted radiation only.



M, (M) =1L, (\) 2.8)

and
M =1L, (2.9)

respectively'.
2.1.4 Irradiance

If the radiation is incident on a surface (instead of exitent from the surface) the foregoing
concepts can be adapted to the definition of spectral irradiance E) and total irradiance E.

Equations (2.6) - (2.9) then become:

o T .
E,(\)= e =¢L e‘:[OLA()\,G,cp) [Bos B Fin O [d6 [de (2.10)
do ¢ = o
E="—= IEA()\)Eﬂ)\:I j J‘LA()\,G,(p)R;OSGBinGEleml(pEﬂ)\ 2.11)
dA A=0 A=0 ¢=0 6=0
E,(\) =T, (\) (2.12)
E=mnll (2.13)

The last two expressions reflect the special case when the surface element dA is irradiated

isotropically (L, is independent of direction).

2.1.5 Blackbodies

A blackbody is a surface (material or geometrical) that absorbs all radiant flux of all
wavelengths and polarizations incident upon it from all possible directions. For a prescribed
temperature and wavelength, no surface can emit more thermal radiation than a blackbody.
Furthermore, a blackbody is an isotropically diffuse (lambertian) emitter, i.e. the radiation

emitted by it is independent of direction.

Although there is no real surface that precisely has these properties, the concept of a

blackbody is useful in describing the radiative characteristics of real surfaces. The closest

' The constant Ttappearing in the above expressions has the unit steradian (sr) of a solid angle.

7



approximation to a blackbody surface is given by the aperture of a cavity (an opaque

enclosure) whose inner surface is at a uniform temperature.

2.1.6 The Planck law

Planck's radiation law relates the spectral distribution of the radiance L, emitted by a
blackbody to its temperature T. In terms of the ‘local’ wavelength A in a medium with
refractive index n it takes the form:

-1
C C
LT =t [Eexp(nmzmj—l} (2.14)

where ¢, =2[h[¢; is the first radiation constant' (for radiance L) and ¢, =h[¢, [k}, is the

second radiation constant. ¢y is the speed of light in vacuum, h is Planck's constant of action,

and kg is the Boltzmann constant.

2.1.7 The Wien displacement law

The wavelength Ay, in @ medium with refractive index n, at which the spectral distribution
of the radiance emitted by a blackbody at temperature T has its maximum is given by Wien's

displacement law:
n[A _, [T=2897.8 umK (2.15)

Accordingly, as the temperature increases the maximum of the emitted blackbody radiance

shifts to shorter wavelengths.

2.1.8 The Wien approximation to the Planck law

If n[A LT <<c, the unit in the denominator of Planck's law can be neglected compared to the

exponential, resulting in Wien's approximation for short wavelengths and low temperatures:

-1
C c
L,,(A,T)= " ‘5\5 [Eexp(Il D\zﬂ")} (2.16)

This expression is accurate to better than 1% if n-A-T <3100 um-K. Wien's approximation is

very useful whenever derivatives of L, , are involved, e.g. in propagation-of-error equations.

! The first radiation constant ¢, (for exitance) usually encountered in literature, is related to ¢y by ¢; = mcy.



2.1.9 Emittance

As already mentioned, a blackbody is an ideal surface that can only be approximated. The
emittance of a real surface is a measure of its ability to emit thermal radiation, as compared to
that of a blackbody at the same temperature. In general it will depend on direction and
wavelength. The spectral-directional emittance of a surface at the temperature T, the
wavelength A, and in the direction (6, @) is given by

L,(A,0,¢T)

eA.0,@T) = L AT
Ab >

(2.17)
The spectral-hemispherical emittance of a surface at the temperature T and wavelength A is
defined as the ratio of its spectral self-exitance to that of a blackbody at the same temperature
and wavelength:

M, (A,T)

EA2TLT) = M. OLT)
Ab Y

(2.18)
Similarly, the total-hemispherical emittance of a surface at the temperature T is given by the

ratio of its total self-exitance to that of a blackbody at the same temperature:

[

j M, (A, T) WA Te(x,zmT) M, , (A, T) [dA
MM _ =2 (2.19)

e(t,2mT)= M.(T) -
b IMM()\,T) [dA J‘MM,()\,T)EH)\
0 0

For an isotropically diffuse emitter it follows from eqs. (2.8), (2.17), and (2.18), that
€(A,0,0T)=¢g(A21LT). If, in addition, the surface is gray, that is, if its spectral-directional
emittance is independent of wavelength, then €(A,0,,T) = €(A,2TLT) = €(t,21LT).

For a blackbody, of course, €&(A,0,0,T) = €¢(A,21LT) = €(t,21LT) = 1.
2.1.10 Absorptance

As in the case of emittance, we define a spectral-directional, a spectral-hemispherical, and a
total-hemispherical quantity. The spectral-directional absorptance of a surface element is
given by:

L,.(A,8,¢T)

(2.20)
L)\,i ()\’ e: (p)

a(A,8,@T)=



where Ly ; is the spectral radiance at the wavelength A incident on the surface element from
the direction (6, @) and L), is the part thereof that is absorbed by the surface element. The

modifier T in the brackets indicates that this property is, in general, temperature-dependent.

The spectral-hemispherical absorptance of a surface element is defined as the fraction of the
spectral irradiance at the surface element that is absorbed by it:

E,.(A,T)

a(A2TT) = E. (V)

2.21)

This property represents a weighted average of a(A,0,@T) over all directions above the
surface element and depends on the directional distribution of the incident radiance, which

has to be specified when reporting this property.

Similarly, the total-hemispherical absorptance of a surface element is defined as the fraction

of the total irradiance at the surface element that is absorbed by it:

TEM(A,T) [AA Tu(x,zm)mx(x)m
a(t,2mT) = E,(M _% _ =0 (2.22)
j E, (A\) [A j E, (\) WA

This property depends both on the directional and spectral distributions of the incident

radiance.

2.1.11 Reflectance

Reflection is the process by which radiant flux incident on a stationery surface leaves that
surface from the incident side without change in frequency. Reflectance is the fraction of
incident flux that is reflected. However, its specific definition may take several different
forms, because this property is inherently bidirectional. That is, it depends on the direction of

the incident and the reflected radiation.

The spectral directional-hemispherical reflectance is the fraction of the incident flux at a
wavelength A and from a specific direction (0,@) that is reflected into the hemisphere above
the surface. It can be written as:

M)\,r ()\’T)

PA,8,@2TT) = ————
E,(A\.8,9

(2.23)
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where M, is the spectral exitance (due to reflected spectral irradiance) and E, is the spectral
irradiance in the incident direction. The modifier T in the brackets indicates the temperature

dependence of this property.

2.1.12 Transmittance

Transmission through a semitransparent medium is, like the reflectance, a bidirectional
property. For this reason transmittance (which, due to interreflections, may depend on the
thickness of the material as well as on its optical properties) may take various forms. The
spectral directional-hemispherical transmittance is defined as the fraction of the incident flux
at a wavelength A and from a specific direction (0,@) that is transmitted through the medium
into the hemisphere surrounding the exitent surface:

M, (A, T)

(A, 8,21 T) = ————
E,(A.8,9)

(2.24)

where E, is the spectral irradiance in the incident direction at the front surface and M, is the
spectral exitance (due to transmitted spectral irradiance) at the back surface. The modifier T in

the brackets indicates the temperature dependence of this property.

2.1.13 The Kirchhoff law

In its most general form, Kirchhoff's law states that the spectral-directional emittance and the

spectral-directional absorptance of a surface are equal. This equality can be written as
€(A,0,¢,T)=0a(A,6,¢T) (2.25)

and is valid for any surface without restrictions. There are other forms of this law that are

valid under certain conditions.

If the surface is an isotropically diffuse emitter or the surface irradiation is isotropically

diffuse, it follows from eq. (2.25) that
EA2TLT)=a(A,21LT) (2.26)

In this case and if, in addition, the surface is gray or the spectral irradiance at the surface is
proportional to the spectral exitance of a blackbody at the surface temperature T, Kirchhoff's

law is valid for the total-hemispherical emittance and absorptance:
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(t,21 T) = a(t,21 T) (2.27)

2.1.14 Energy balance
From energy balance considerations it follows readily that
P(A,0,@21,T)+0a(A,0,¢,T)+1(A,0,¢21T) =1 (2.28)
For opaque materials, T = 0 and eq. (2.28) becomes:
P(A,0,¢21 T)+0a(A,0,¢,T) =1 (2.29)

The reflection and absorption processes may then be treated as surface phenomena.

Combining this expression with Kirchhoff's law we obtain
P(A,0,¢21 T)+€(A,0,¢,T) =1 (2.30)
and for normal incidence - emission
Pon(AT)+€,(A,T) =1 (2.31)

where pon(A,T) and €,(A,T) are the spectral normal-hemispherical reflectance and normal

spectral emittance, respectively.

2.2 Radiation Thermometry

Temperature determination by radiation thermometry is based on the fact that the radiance
emitted by an object is a function of its temperature. If the object is a blackbody its
temperature can be inferred from the emitted radiance using Planck's law (eq. 2.14). In the
case of a non-blackbody, knowledge of the object's emittance is required to obtain its

temperature.

2.2.1 The International Temperature Scale of 1990 (ITS-90)
According to the ITS-90 [6], above the freezing point of silver the temperature T is defined by
the equation:

L,,(A,,T) _exp(c,/A,Ty) -1
L,y (A, Ty) exp(c, /A, T)-1

(2.32)

where T refers to any one of the silver (Tag = 1234.93 K), the gold (Ta, = 1337.33 K) or the
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copper (Tcy=1357.77 K) freezing points. Ly (Ao, T) and Ly (Ao, To) denote the blackbody
spectral radiance at the wavelength (in vacuum) A, and at the temperatures T and at T,

respectively. ¢c; =0.014388 m-K is the second radiation constant.

2.2.2 Radiance temperature

The (spectral) radiance temperature at a wavelength A of a surface at a temperature T is the
temperature Ty at which a blackbody emits the same amount of spectral radiance at A as does
the surface'. Since no surface can emit more thermal radiation than a blackbody it follows that
T, is always lower than T. For a blackbody of course, T) = T. According to the definition of

radiance temperature and eq. (2.17),
L)\,b ()\’T)\) = L)\ ()\’ ea q:a T) = 8()\’67 (FaT) DL)\,b (}\aT) H (233)

which, combined with Planck's law, leads to the following expression relating the two

temperatures:

T= nc[z)‘ [ﬁln{l +&(A,0,0T) [Eexp(n [;:\ZEFA )— 1}H (2.34)

Since the spectral-directional emittance depends, in the most general case, on the wavelength,
the direction of emission, and the true temperature of the emitting surface, it follows that the

radiance temperature depends on these parameters, as well.

A simpler and in many cases very useful expression can be derived using the Wien

approximation (for n-A-T < 3100 pm-K):

LR e (2.35)
T, ¢,
Keeping in mind that €, < 1, it can be seen that T = T,, as was mentioned above. The lower

the emittance is, the lower the radiance temperature will be. In addition, Ty decreases with

increasing wavelength, if the emittance € is kept constant.

" In order to clearly distinguish T from T, and avoid ambiguity, the former will usually be called the true or
thermodynamic temperature of the surface.
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2.2.3 The measurement equation of a radiation thermometer

From equation (2.5), the element of radiant flux d®(A,x,y,0,) associated with a ray of
spectral radiance Li(A,x,y,0,¢) through a surface element dA =dx-dy at its point of
intersection (X,y) with the ray, within an element of solid angle dw about the ray in the

direction (0,@), and within an elemental wavelength interval dA about A, is:
dP(A,x,y,6,¢) =L, (A,x,y,0,¢) [dos O [dw[dA [dA (2.5)

Most radiation detectors respond to radiant flux (power). The quantity relating the output
signal S of a detector to the incident radiant flux @ is called the flux responsivity Re of the
detector. In general, it will vary with the position and direction of the incoming rays at the
receiving aperture and be a function of wavelength':

dS(A,x,y,6,¢)
dP(A,x,y,60,0)

R(D()\axay:ea(p) = (236)

When the detector is part of a radiation thermometer the overall instrument responsivity is
also determined by (1) the transmittance T of the optical components (e.g. lenses, filters) and
paths internal to the instrument and (2) the electronic processing (e.g. conversion of a
photodiode current into a voltage and amplification) that the detector signal undergoes to

produce the final instrument output signal.

Combining all the above, an expression for the elemental instrument output signal dS
stemming from the element of flux d® along one ray in the beam of radiation incident on the

radiation thermometer can be written as:
dS(A,x,y,0,¢) =b[I(A,X,y,0,¢) R, (A,X,y,8,¢) [dP(A, X,y,0,¢) (2.37)

with dP(A,x,y,0,0) from eq. (2.5). The constant b is determined by the electronics that process
the detector output signal. The total output signal S of the radiometer is the sum (integral) of
all the elemental signals dS for all the rays included in the beam of radiation accepted by the

instrument:

SOAA = [ [ [oEAXy.0.0Re(M.x.y.0.0) 1L, (A.x.y.0.¢) CosOMwEA N (2.38)
M A w

' The detector is assumed to be linear over the measurement range of interest. In other words, the responsivity of
the detector is assumed to be independent of the magnitude of the flux incident on it.
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where AX is the wavelength interval over which the instrument responsivity is significantly
non-zero, A is the area of the receiving aperture, and w is the solid angle enclosed by the
extreme rays from the target that converge at a point x,y on the receiving aperture'. This is the
so called measurement equation [7]. It relates the output signal of the measuring instrument to
the incident spectral radiance distribution. In addition, it shows that the output signal S may
be regarded as the overall-responsivity-weighted flux in the beam that is received by the

instrument.

The range of variation of T, Re, and L, relative to position and direction can be minimized by
making A and w sufficiently small. These quantities can then be taken out of the integrals

over A and w:
S(AN, A, ) = j R, (\A,0) L, (\) A, (2.39)
AN

where

R, (A A,w) =bAN) [Rq,()\)Ej j cos O [dwdA (2.40)

is the spectral-radiance responsivity of the instrument.

2.2.4 Determination of the temperature of a blackbody

In the case of a strictly monochromatic radiation thermometer the integral in eq. (2.39) is
reduced to a simple product. The output signal S is then directly proportional to the spectral
radiance emitted by the blackbody and the defining equation of the ITS-90 can be applied
without difficulty. However, any observable radiant flux is always associated with a spectral
band of finite width and the question arises as to which wavelength within this spectral band

to use in eq. (2.32).

The instrument is calibrated in terms of the spectral radiance of a blackbody at the
temperature Ty of a fixed point in the temperature scale, such as the freezing point of gold.

The radiometer signal in this case will be:

"If there is vignetting, wis a function of the position X,y on the receiving aperture and should be written G(X,y).
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S(T,) = [R, (M) L, , (A, T, ) [@A 2.41)"

When the radiometer is sighted upon a blackbody at an unknown higher temperature T a
signal S(T) is generated and the temperature T is then determined by solving the integral
equation:

[t R M@, A D@ = [R, ML, ,(\T,) @A, (2.42)

where T,q is the ratio of S(Ty) to S(T). It can also be interpreted as the transmittance of a
neutral density filter® that has to be placed in the optical path when viewing the higher
temperature blackbody so that the generated signal T,4-S(T) is equal to the signal S(Ty)
generated by the fixed-point blackbody.

2.2.4.1 The concept of the mean effective wavelength and the limiting effective

wavelength

Although solving an integral equation numerically presents no problem to a digital computer,
there are situations where it is desirable to have some simpler algorithm available. The
equality of the integrals in eq. (2.42) means that the areas under the curves represented by the
integrands are equal. The wavelength at which the two curves intersect, in other words the
wavelength at which the integrands themselves are equal, is called the mean effective

wavelength between the temperatures To and T and is denoted by Ar.1. It follows that at this

wavelength:

_S(Ty) _ LapQgr, Ty) _ exple, /nlhy - [T) -1
“TS(T)  LyyOsT)  explc,/nDh, ; T,)-1

(2.43)

This is the working version of the defining equation of the ITS-90 (compare to eq. 2.32) for a

radiation thermometer with a finite spectral bandwidth.

The limiting effective wavelength At at the temperature T is defined as:

(2.44)

' For brevity, the parameters AA, A, and w have been omitted from S(AM, A, ®, Tg) and R (A, A, ) under the
assumption that all measurements, including the calibration, are made under identical conditions. That is to say,
the spectral band A\ and the focusing adjustment and position of the radiation thermometer remain unchanged.

2 A filter with uniform transmittance (at least) across the spectral band AX of the radiometer.
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Assuming the applicability of Wien's approximation to Planck's law it can be shown [8, 9]

that':

1 1 yt 1 1
Ej A (2.45)

)\TO—T_l_L VT“X
T T,
and

[ TR ML, O T) A

I
Ao R, (A T)@A
AN

(2.46)

According to the last expression, it can be said that the inverse limiting effective wavelength
is a weighted average of inverse wavelength over the spectral bandwidth of the radiometer,
with the instrument's spectral-radiance responsivity and blackbody spectral-radiance
distribution as the weighing factors. In addition, it turns out that the inverse limiting effective

wavelength is very nearly a linear function of inverse temperature so that

L oplg L1 (2.47)
M 2 A A

which makes it obvious why the name “mean effective wavelength” is used. From eq. (2.46)

the limiting effective wavelength of the radiation thermometer when viewing a blackbody can
be computed for any temperature. Then, using eq. (2.45) or (2.47), the mean effective
wavelength between any two temperatures can be obtained. When one of the temperatures is
not known initially (the known temperature usually being the calibration temperature) the
mean effective wavelength is approximated by the center wavelength or the wavelength of
peak transmission of the wavelength-selecting component (e.g. an interference filter or a
monochromator) of the instrument. The unknown temperature is computed with eq. (2.43)
and used to obtain a better approximation of the mean effective wavelength, which in turn is
used to obtain a better value for the unknown temperature. One such iteration is usually

sufficient.

' An expression for the limiting effective wavelength derived using Planck's law can be found in [10]. The
authors show that the error introduced by the use of Wien's approximation is negligible for most purposes.

17



2.2.5 Determination of the temperature of a non-blackbody

In the case of a non-blackbody at a temperature T, eq. (2.42) becomes

[T RO EM) I, AT A = [R, (W)L, , (A, T,) [ (2.48)

This integral equation can be solved numerically if the spectral emittance of the non-
blackbody is known throughout the passband AA . In writing this expression, the implicit
assumption has been made that the variation of the emittance with position and direction of
the incoming rays at the receiving aperture of the instrument is negligible, so that € (like T and
Ro) can be taken out of the respective integrals in eq. (2.38). This can be achieved by keeping
the area A of the receiving aperture and the solid angle w subtended by the target area at any

point on the receiving aperture sufficiently small.

Radiation thermometers are calibrated in terms of blackbody radiation. Thus, in the absence
of any knowledge about the emittance, they indicate the target's radiance temperature T),

which satisfies the following equation:

[T R DI, , AT @A = [R, W)L, , (A, T,) A (2.49)

This expression is identical to eq. (2.42) (with T replaced by T)). Thus, it can be solved for T)
numerically or by applying the concept of the mean effective wavelength:

I = Lys O\TO—TA »Ty) _ eXp(Cz/n D‘TO—TA [T,) -1
nd L)\,bO‘TO—TA ,Ty) eXp(Cz/n D‘TO—TA [T,) -1

(2.50)

with Aryr, from egs. (2.45) and (2.46). Although the same concept may, in principle, be
applied to the determination of the true temperature, equations (2.45) and (2.46) may not,
since they were derived for blackbodies. However, if it can be assumed that the emittance € is
nearly constant throughout the passband AA, then, combining egs. (2.48) and (2.49), we can

write':

js R, (\)L,,(A,T)dA = J-RL()\) [L,, (A, T,) A (2.51)

" A less restrictive condition [8] is that an equivalent graybody temperature T, and a corresponding graybody
emittance €, can be found, such that €, Ly ,(A,T,) = €(A)-La ,(A,T).
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This equation just expresses the fact that the radiance temperature T, is the temperature of a
blackbody that, when viewed through the radiation thermometer, gives rise to the same output
signal as the non-blackbody. It is identical to eq. (2.42) if 1,4 and Ty are replaced by € and T,
respectively. Thus, the true temperature T can be determined from T, and € by solving

. Ly 1, T)) _ exp(cz/n A, M)-1
L)\,b()\T)\—T’T) exp(cz/anA—T [Ty) -1

(2.52)

According to its defining equation (2.33), the radiance temperature depends on the
wavelength. Equation (2.52) shows that, when viewing a graybody, the wavelength to be
associated with the radiance temperature T) measured by a finite-bandwidth radiation
thermometer is the mean effective wavelength )\T)\_T between T, and the target's true
temperature T. Looking at the equation used to compute the limiting effective wavelength, it
is clear that A, .t will depend on the central wavelength, as well as the shape and width of the
spectral passband of the measuring instrument. Thus, two instruments with spectral passbands
centered at the same wavelength will measure different radiance temperatures if the shape
and/or the width of their passbands are different. In other words, they correspond to

monochromatic radiation thermometers operating at different wavelengths.
2.3 Polarimetry

2.3.1 The concept of polarization

Polarization is a property that is common to all types of vector waves. It refers to the behavior
with time of one of the field vectors appropriate to that type of wave, observed at a fixed point

in space.

In the case of electromagnetic waves the electric-field strength E is chosen to define the state
of polarization. This choice is based on the fact that when the wave interacts with matter, the
force exerted on the electrons by the magnetic component of the field is generally negligible

compared to the force exerted by the electric component.

2.3.2 The polarization of monochromatic waves

The word “monochromatic” originates in the greek language and means “consisting of one

color”. In the language of physics it, more generally, stands for “consisting of one frequency”.
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For a monochromatic wave the variation with time of the electric vector E is exactly

sinusoidal, in other words it is time-harmonic. Such an idealized wave is of infinite extent.

2.3.2.1 Elliptical polarization

At a fixed point in space the vibration of the electric vector E may, in the most general case,
be resolved into three independent, linear, harmonic vibrations E, E,, and E, along three

mutually orthogonal directions X, y, and z, respectively:

E=E. +E e +E e’ (2.53)!
E, =E, Gos(wt+3,), i=x,y,z (2.54)

e’, ¢, and e” are unit vectors along the coordinate axes; w is the angular frequency of the
vibration of E; E¢; and &; denote the real amplitude and initial phase angle, respectively, of the

linear vibration along the i"™ coordinate axis.

It can be shown that the endpoint of the instantaneous electric vector E, drawn from the fixed
observation point as an origin, will trace an ellipse in space. An electromagnetic wave whose
electric vector at a fixed point in space traces the same ellipse in a regular repetitive fashion is

described as elliptically polarized at that point.

AY
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Fig. 2.2: The ellipse of polarization and the four parameters that are required to completely
describe it in its plane (adapted from [11]).

"' Bold characters denote vectors or matrices.
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Elliptical polarization is the most general state of polarization of a strictly monochromatic
electromagnetic field. Six real parameters are required for its complete description. Two of
them are necessary to determine the orientation of the plane of the ellipse by means of a unit
vector n normal to that plane'. The other four parameters describe the ellipse of polarization
in its plane. In the very important special case of a transverse wave, the plane of vibration of
the electric vector is normal to the direction of propagation and n is parallel to the wave-
vector k. In this case only the four parameters describing the ellipse of polarization in its

plane are required for a complete specification of the state of polarization (fig. 2.2).

(1) The azimuth 0 defines the orientation of the ellipse in its plane. It is the angle between
the major axis of the ellipse and the positive direction of the x axis. The range of 0 is limited

to:

Mg (2.55)
2772

(2) The ellipticity e describes the shape of the polarization ellipse. It is defined as the ratio

of the length b of the semi-minor axis of the ellipse to the length a of its semi-major axis.
e=— (2.56)

It is convenient to incorporate the handedness of the ellipse, i.e. the sense in which it is
described, in the definition of e, by allowing it to assume positive and negative values to
correspond to right-handed and left-handed polarizations, respectively. We speak of right-
handed polarization if the ellipse is traversed in a clockwise sense when looking toward the
source of the wave, that is against the direction of propagation. We speak of left-handed
polarization if the ellipse is traversed in a counter-clockwise sense when looking against the

direction of propagation. The range of e is limited to:

~1<e<l (2.57)

An ellipticity angle € is introduced such that:

tang =e (2.58)

! The direction of this vector is chosen to be that of the average energy flow along the normal to the plane of the
ellipse. Because n is a unit vector its third coordinate can be determined from the other two.
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From eq. (2.57) it follows that:

(2.59)

|
=
IA
(92]
IA
=

(3) The amplitude A of the of the polarization ellipse is a measure of its size. The square of
A is proportional to the energy density of the electromagnetic wave at the point of
observation. It is defined in terms of the lengths a and b of the semi-major and semi-minor

axes of the ellipse as:

12

A=(a?+b?) (2.60)

(4) The fourth real quantity needed to fully specify the ellipse of polarization in its plane is
the absolute phase angle d at t = 0 (fig. 2.2).

2.3.2.2 Linear and circular polarizations

The linear and circular polarizations are limiting special cases of the more general elliptical
polarization state. Linear polarization occurs when the length of the semi-minor axis is
negligibly small compared to that of the semi-major axis, that is to say when e = 0. Circular
polarization occurs in the limit when the length of the semi-minor axis approaches that of the
semi-major axis so that e ==1. The positive value corresponds to right-handed circular
polarization and the negative value to left-handed circular polarization. It is important to note

that circular polarizations have indeterminate azimuth.

Any arbitrarily polarized wave can be expressed as the superposition of two linearly polarized

waves. In the case of a transverse plane wave we may write:
E(r,t)=[E,, os(wt —k O +5, )], +[E,, Cos(wt —~k [ +3, )| u, (2.61)
u m, =u,m, =1, wubh,=ulk=u,k=0 (2.62)

u; and u; are two orthogonal unit vectors in the wave-front along which the electric vector is
resolved into components of amplitudes E¢; and Eg, and initial phases &; and &,. k is the

constant wave-vector and r is the position vector.

2.3.3 The polarization of quasi-monochromatic waves

A perfectly monochromatic electromagnetic wave must, by its very nature, be totally
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polarized. By “totally” polarized it is meant that the electric vector E at a fixed point in space
will trace an ellipse (linear and circular polarization being limiting special cases) in a regular
repetitive fashion. In actuality, light is emitted in wavetrains that are limited both in time and
space; they have a beginning and an end. Thus, existing light sources never exactly satisfy the
condition of monochromacy. Instead they are “polychromatic”, meaning that they emit
electromagnetic waves whose Fourier-analyzed spectrum consists of a range of frequencies. A
wave whose frequency bandwidth Aw is very small in comparison with its mean frequency ®
is called a quasi-monochromatic wave. At a fixed point in space the vibration of the electric

vector for such a wave may be written as:

E=Ee"+E e’ +E e’ (2.63)

E, =E,(t)Gos[at+5,(t)], i=x,y,z (2.64)

1

The previously introduced equations (2.53) - (2.54) represented a special case. Here, the
amplitudes and initial phase angles of the three component-vibrations are functions of time.
Their noise-like properties are determined by the source of the quasi-monochromatic

radiation. Their frequency bandwidth is of the order of Awy2'.

According to egs. (2.63) and (2.64), the state of polarization of the quasi-monochromatic
wave at our fixed point in space will vary with time. The end point of the electric vector will
describe a complicated trajectory. Still, during a time interval that is much shorter than 411/Aw
the amplitudes E(; and phases ; of the component vibrations will remain essentially constant
and the end point of the electric vector will describe an ellipse in space. In other words, the
short-term polarization is elliptical. Over longer time intervals the direction in space of the
unit normal n to the plane of the ellipse may change, as may the handedness, size, shape and

orientation of the ellipse in its plane.

In the special case of transverse waves the plane of the ellipse remains normal to the direction
of propagation. If we choose the z-axis of our Cartesian coordinate system to be parallel to the
wave-vector k then E, = 0 at all times and we only need consider the two field components Ey

and Ey in eq. (2.63). The handedness, size, shape and orientation of the ellipse may still

! Compare this to the case of the superposition of two waves of slightly different angular frequencies wy, w, and
the modulation frequency wy, = (W-0%)/2 of the resulting beats.
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change over long (2411/Aw) time intervals. Depending on the degree of correlation between
the time variation of E, and E, the wave might show no preference at all to any specific short-
term polarization, in which case it is described as natural or unpolarized', or it may show
some preference to a specific state of polarization, in which case it is described as partially
polarized. Evidently the concepts of polarization and coherence are related in a fundamental
way. If the ratio Eoy(t) / Eox(t) were constant even though both terms varied, and if dy(t) — O(t)
were constant as well, the wave would be totally polarized”. These are exactly the conditions
that can be imposed on the wave by letting it pass through a polarizer. In other words, it can
be said that a polarizer appropriately correlates the wave’s components so that the time
interval over which the state of polarization remains constant becomes independent of the
bandwidth. For that matter, the light could be white (containing all frequencies) and still

totally polarized.

2.3.4 The Stokes vector

Up to this point the description of the state of polarization of an electromagnetic wave was
based on the trajectory described by the endpoint of the vector of the electric field strength E
at some fixed point in space. Another way to represent the state of polarization of a transverse
plane wave is through the use of four real quantities Sy, Si, S,, and S;, which are called the
Stokes parameters. In terms of the Cartesian components of the transverse electric field the

Stokes parameters are defined as follows

S, = (Eq, (1)) +(E, (1)) (2.652)
S, =(E3. (1) = (E3, (1) (2.65b)
S, = 2(E, (1) E,, (1) Ros], (1)-5, (1)) (2.650)
S, =2(Ey, (1) E,, (1)3in[3, (1)~ 5, (c)]) (2.65d)

The angled brackets indicate quantities that have been averaged over a time interval At that is

' An unpolarized wave can also be described as randomly polarized, since it is actually composed of a rapidly
varying succession of the different polarization states.

? The size of the ellipse of polarization, which is proportional to the energy density of the field at the point of
observation, would possibly still vary with time, but the shape and orientation of the ellipse in its plane would
not.
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long enough to make the averages independent of At itself. The Cartesian coordinate system is
chosen such that the positive z-direction is parallel to the propagation direction of the wave

and E, = 0 at all times because of transversality of the wave.

Remembering that the magnitude of the time-averaged Poynting-vector of a transverse
electromagnetic wave is proportional to the square of the amplitude of the electric field, it
should be fairly obvious that Sy is proportional to Iy, the total radiant flux per unit area normal
to the propagation direction of the wave. Accordingly, it is always positive. Furthermore, S; is
proportional to the difference between the radiant flux densities' I, and I, of the x and y
linearly-polarized components of the wave. It is a measure of the preference of the wave to
the x linear polarization, to the y linear polarization, or to neither one of these two states and

can be positive, negative, or zero, respectively.

Through a coordinate rotation the wave can be resolved into two components that are linearly
polarized parallel to the +45° and the —45° bisectors of the x-y coordinate system. It can be
shown that S, is proportional to the difference between the radiant flux densities L1450 and 1450
corresponding to these wave components. A positive S; indicates a stronger preference of the
wave to the +45° linear polarization, negative values indicate stronger preference to the —45°
linear polarization, and a value of zero states that the wave shows no preference to either one
of these two polarization states. In a similar fashion, through an appropriate coordinate
transformation, it can be shown that Ss is proportional to the difference between the radiant
flux densities I, and I, of the right-handed and the left-handed circularly-polarized
components of the wave. S; will be positive, negative, or zero depending on the preference of
the wave to a right-handed circular polarization, a left-handed circular polarization, or to

neither one of these two polarization states, respectively.

In summary, we can write for the Stokes parameters of a transverse plane wave (apart from a

proportionality constant):

(2.66a)

' The term “radiant flux density” is used in this context for brevity instead of the more exact “radiant flux per
unit area normal to the propagation direction of the wave”. Normally, radiant flux (surface) density would be
equivalent to the radiometric quantities exitance and irradiance as they were defined in §(2.1.3)-(2.1.4). It is
important to remember that these quantities are referenced to a unit area of some arbitrary fixed orientation that,
in general, is not normal to the propagation direction of the wave.
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S, =1 -1, (2.66b)
S, =1, — 1, (2.66¢)

S,=I_ -1

rep lep

(2.66d)

Iy, Iy, Liase, I 450, Iep, and Ii, can be measured by means of a detector and an ideal variable
polarizer that can be adjusted to transmit the x, y, +45°, —45° linear polarizations and the right
(rcp)- and left (lcp)-circular polarizations. Iy can be directly measured with the detector. In
other words, the Stokes parameters are observables. This description of polarization is clearly
advantageous, since direct observation of the vibration of E is impossible at optical
frequencies. Instead, measurements made in practice always yield averages over

comparatively long time intervals.

From the above discussion on the meaning of the Stokes parameters it follows that the values
of S, S,, and S3 depend on the azimuthal orientation of the (x, y) coordinate axes about the z-
axis. Sy, of course, is independent of that orientation, since it corresponds to the total radiant
flux density of the wave. The four Stokes parameters are usually grouped together in a 4x1

column vector S, called the Stokes vector of the wave:

S
s—S‘ (2.67)
= ,

S

The effect of a coordinate rotation may then be conveniently expressed as a pre-multiplication
of the Stokes vector S with a 4x4 rotation matrix R. Specifically, if the (X, y) coordinate axes
are rotated about the z-axis (whose positive direction is parallel to the wave vector k) through
an angle O in a counter-clockwise sense when looking against the propagation direction, the
rotation matrix is given by

1 0 0

0 cos2a sin2d
R(a)= (2.68)

0 -sin20 cos2a
0 0 0

— o O O

and the Stokes vector S” of the wave in the new coordinate system is:
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S'=R(a)s (2.69)

This operation can also be interpreted as the effect of an optical rotator on the wave, e.g. a
medium exhibiting optical activity that rotates the major axis of the polarization ellipse
through an angle a in a clockwise sense when looking against the direction of propagation,

while leaving the ellipticity (including its sign) unaffected.

It can easily be verified that the rotation matrix has the following properties:
R'(a)=R'(a)=R(-a) (2.70a)
R(a, +a,)=R(a,)R(a,) (2.70b)

where R' is the Hermitian adjoint of R, defined as the complex conjugate of the transpose of

the matrix.

As stated in §(2.3.3), an unpolarized wave shows no preference to any particular polarization
state. It follows from the above discussion that for such a wave S; =S, =S;=0 and the

Stokes vector of an unpolarized wave is:

2.71)

The Stokes parameters of a totally polarized wave may be expressed in terms of the azimuth 0

and the ellipticity angle € of the polarization ellipse as:
S0
| S, [dos20[dos 2e

= 2.72
" 'S, [8in 20 [¢os2¢€ (272)

S, Sin2e

It should be noted here that in the Stokes representation of the state of polarization all

information about the absolute phase d(t) of the wave is lost.

From eq. (2.72) it can be seen that in the case of a totally polarized wave:
S?+S7+S; =S; (2.73)

Furthermore, egs. (2.71) and (2.73) suggest that for a partially polarized wave
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S; +S2+S82<8S; (2.74)

It can be shown [12] that if several independent (incoherent) quasi-monochromatic waves
which propagate in the same direction are superimposed, the Stokes vector of the resulting
wave will be equal to the sum of the Stokes vectors of the individual waves. As a special case,
a partially polarized quasi-monochromatic wave may be treated as the sum of an unpolarized

and a totally polarized component, which are independent of each other:

S, '5,-(7 +si+s2)" | [(si+si+s3)”]
S
s=['|=s, +8,, = 0 s S (2.75)
S, 0 S,
S, i 0 11 S, |

The ratio of the radiant flux density of the totally polarized component to the total radiant flux

density of the wave is defined as the degree of polarization P of the wave:

po(Stesies)”

2.76
S, (2.76)
Using this definition we can recast eq. (2.75) to read:
S, (1-P)3,] [PIS,
S, 0 S,
S= =S, *S, = + (2.77)
S, * 0 S,
S, 0 S,

Combining eqs. (2.72) and (2.77) the Stokes vector of a partially polarized quasi-
monochromatic wave can now be expressed in terms of the degree of polarization P and the
azimuth 0 and ellipticity angle € of the polarization ellipse of the totally polarized component
of the wave:

1

S=g P [¢0s20[dos2¢ (2.78)
* 1 PEin20dos2¢ '

P [Hin2¢

Often the Stokes vector is normalized with respect to S, thus disregarding the information
about the total radiant flux density of the wave. The state of polarization is then represented

by the three Stokes parameters S;, S,, and S;. They can be interpreted as the coordinates of a
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point in the (S;, S, S3) vector subspace with the spherical coordinates (P, 28, 90°-2¢). In this

Stokes polarization subspace:
* The origin P = 0 represents the unpolarized state.

* All points on the unit-sphere (P = 1) represent totally polarized states. In fact, this unit-

sphere is identical to the Poincaré sphere [11, 13].

* All points inside the unit-sphere (0 <P <1) represent partially polarized states. Points

outside the unit sphere (P > 1) do not represent any physical state of polarization.

Sza

- 2¢ |

NIg

mV

2

Sy

Fig. 2.3: Representation of partially polarized light by a point in the Stokes subspace
(S1, S2, S3). P denotes the degree of polarization. 6 and € denote the azimuth and ellipticity
angles of the polarization ellipse of the totally polarized component (adapted from [11]).

2.3.5 Propagation of polarized light through an optical system

In this section we consider the interaction of a monochromatic or quasi-monochromatic
transverse plane electromagnetic wave with an optical system. Of particular interest is the
change in the state of polarization impressed upon the wave by the system. The exact physical
mechanism causing this change is of no concern. However, it is presumed that the whole
process is linear and frequency-conserving and that the transversality of the wave is preserved

throughout.

In the most general case, the wave may be anything from unpolarized to totally polarized.
Furthermore, the system may be non-depolarizing or depolarizing. In the case of a non-

depolarizing optical system, the degrees of polarization of the incident and outgoing waves, P;
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and P, respectively, satisfy:

P >P, (2.79)
for all incident states. Consequently, an optical system is depolarizing if the condition

P, <P (2.80)

is met for at least one incident state of polarization.

The states of polarization of the incident and outgoing waves are represented by two Stokes
vectors S; and S,, which are referenced to two space-fixed, right-handed Cartesian coordinate
systems (X, y, z) and (x, y’, z"), respectively. The directions z and z" are taken parallel to the
wave vectors k and k" of the incident and outgoing waves. The locations z=0 and z" = 0 of
the reference coordinate planes are arbitrary, as are the azimuthal orientations of the
transverse coordinate axes (x,y) and (x’,y’), along which the incident and outgoing waves
are resolved. It is common practice, however, to choose the directions of x and x” in the plane
formed by k and k" and the directions of y and y” parallel to each other. For example, in the
case of reflection from a planar boundary between two media the plane formed by the wave
vectors of the incident and reflected waves is the plane of incidence (§2.3.6). Accordingly, x
and x" are chosen parallel to the plane of incidence. When there is no angular deviation
between the incident and the outgoing wave (k and k" are parallel), the two coordinate

systems are usually chosen parallel.

Then, in a linear-systems approach the optical system is represented by a real 4x4 matrix M,
called the Mueller matrix of the optical system. The interaction between the incident wave
and the optical system is simply expressed as a pre-multiplication of the input Stokes vector

by the system’s Mueller matrix:
S, =MIS, (2.81)

In the case of non-depolarizing systems only seven of the sixteen elements of M are
independent. In the case of depolarizing systems all sixteen elements of the Mueller matrix

can be independent [14].
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M is, of course, a function of the optical system under consideration. In addition, it depends

on:
* the frequency of the incident wave,

» the orientation of the optical system with respect to the direction of the incident wave,
* the locations z = 0 and z" = 0 of the input and output reference coordinate systems,

* and the azimuthal orientation of the transverse axes (X, y) and (x’, y") around z and z’.

If the incident wave is split by the optical system into more than one plane waves, each of the

emerging waves is associated with its own Mueller matrix.

The effect of a rotation of the input and output coordinate systems on the Mueller matrix M
can be found by applying eq. (2.69). Let the input coordinate axes (X, y) be rotated through an
angle a about the z axis in a counter-clockwise sense when looking against the direction of
propagation of the incident wave. At the same time let the output coordinate axes (x',y") be
rotated through an angle (3 about the z" axis in a counter-clockwise sense when looking
against the propagation direction of the outgoing wave. If we pre-multiply eq. (2.81) with

R(B) and use eq. (2.70a) we can write

R(B)(S, =[R(B) M R(-0)] [R(a) (5] (2.82)

Recognizing that R(0)-S; is the Stokes vector of the incident wave referenced to the rotated
input coordinate system and R([3)-S, is the Stokes vector of the outgoing wave referenced to
the rotated output coordinate system, it is evident that the new Mueller matrix of the system is
given by:

M., =R(B) M R(-a) (2.83)

An attractive feature of this approach in describing the interaction of the wave with an optical
system is the simplicity with which it can be adapted to multiple-component systems. If the
wave passes through a sequence of n optical devices whose Mueller matrices are M, M,...,
M,, then the combined Mueller matrix Mcomp describing the entire process is simply the

product of the individual matrices:

M, =M, M, .M, (2.84)

comb

where 1, 2, ...,n is the order in which the optical devices are encountered by the wave.

31



2.3.6 Reflection and refraction of a plane wave at a planar interface between two

homogeneous isotropic media

An optical plane wave incident on the planar boundary between two semi-infinite
homogeneous optically isotropic media of different optical properties gives rise to a reflected
and a refracted (transmitted) wave. It can be shown that the wave-vectors of all three waves
lie in the plane of incidence, as specified by the wave-vector of the incident wave and the
normal to the boundary. Furthermore, the angle of reflection equals the angle of incidence and

the angle of refraction is related to the angle of incidence by:
N, 8in6, =N, [€in 6, (2.85)

where 6; and 6; denote the angles of incidence and refraction, respectively, measured from the
normal to the interface (fig. 2.4). N; is the complex index of refraction of the medium in
which the incident and reflected waves propagate, whereas N, is the complex index of

refraction of the medium in which the refracted wave propagates.

The complex index of refraction N of a medium can be expressed as:
N=n-jk (2.86)

where n is the (real) index of refraction and k is the extinction coefficient of the medium. For

a transparent (dielectric) medium k = 0, whereas for an absorbing medium (conductor) k # 0.

Let A, R, and T be the complex amplitudes of the electric vectors of the incident, reflected,
and transmitted waves, respectively. Each vector is resolved into components parallel
(denoted by the subscript p) and perpendicular (denoted by the subscript s) to the plane of
incidence. The directions of p and s are chosen such as to form right-handed Cartesian
coordinate systems with the direction of propagation, in this order. The Fresnel equations
relate the p and s components of the amplitudes of the reflected and transmitted waves to the
p and s components of the amplitude of the incident wave:

_ N, c0s8, — N, cosb, o = tan(6, —6,)
* N,cosb, +N,cos, ° tan(6, +6) °

(2.87a)

R = N, cos0, =N, cos6, o = —sin(6, —96,)
> N,cos® +N,cosb, ° sin(6,+6,) °

(2.87b)
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= 2[N, cos®b, = 2[8in 6, [¢0s6, o, (2.870)
N, cosB, + N, cos6, sin(0, +0,) [dos(B, —6,)

2[N, cosB, o = 2[8in 6, [dos6,

\ = s - S (2.87d)
N, cosB, + N, cos6, sin(6, +8,)

In the special case when the incident wave is p-polarized, that is linearly polarized with the
plane of vibration parallel to the plane of incidence, the s-component of the electric vector of
the incident wave Ag is zero and it follows from egs. (2.87b) and (2.87d) that the reflected and
transmitted waves are also p-polarized. Similarly, when the incident wave is s-polarized the
same is true for the reflected and transmitted waves. Thus, the p- and s-polarizations are the
eigenpolarizations' of reflection and refraction at the planar interface between two optically

isotropic media.

Fig. 2.4: Reflection and refraction of a plane wave at a planar interface. The plane of
incidence coincides with the plane of the drawing. The circles with the dot at the center
represent vectors pointing out of the plane of the drawing (towards the reader).

When both media are transparent the angles of incidence and of refraction are real (excluding
the case of total reflection). It follows then from eqs. (2.87a) - (2.87d) that the phase shifts
experienced by the components of the electric vectors of the reflected and transmitted waves

are either zero or T Consequently, if the incident wave is linearly polarized the reflected and

! The eigenpolarizations of an optical system are the polarizations that pass through the system unchanged. Each
linear and non-depolarizing optical system has two eigenpolarizations [14].
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transmitted waves are linearly polarized, as well. In general, though, the plane of vibration
(azimuth) of the reflected wave will be turned away from the plane of incidence, whereas the
plane of vibration of the transmitted wave will be turned toward the plane of incidence, as

compared with the incident wave.

When a wave is incident from a dielectric onto an absorbing medium (conductor) it follows
from eq. (2.85) that the angle of refraction becomes complex'. The phase shifts experienced
by the components of the electric vectors of the reflected and transmitted waves will, in
general, be different than zero or TU A linearly polarized incident plane wave will then become

elliptically polarized upon reflection and refraction at the insulator-conductor interface.

The complex Fresnel reflection coefficients r, and rs for the p and s components are defined

as:
R i3

r, _A—Z_\rp\ﬁ P (2.88)

r, = is =|r | @™ (2.89)
with

L (2.90)

p ‘Ap‘ > p p 1p

R,
r|= |A , O, =@, -0, (2.91)

|Apl, |Agl, [Rp|, [Rq| are the real amplitudes and @, @s, @p, @ are the initial phase angles of the
harmonic vibrations of the electric vectors of the p and s components of the incident and

reflected waves.

The ellipsometric angles P and A are defined in terms of the ratio q of the complex reflection

coefficients:

-

q=-L=tan ™ (2.92)

rS

' The transmitted wave is then an inhomogeneous wave, because the surfaces of constant amplitude and the
surfaces of constant phase will, in general, not coincide [15].
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so that

I &
r
_nl_ R
tan = ': —m (2.93)
A,
and
£=8 -8 =(¢, -¢.)- (@, - ¢.) (2.94)

Accordingly, tan) determines the change in the ratio of the real amplitudes of the orthogonal
components (parallel and perpendicular to the plane of incidence) of the electric vector upon
reflection. A determines the change in the phase difference between the orthogonal
components of the electric vector occurring upon reflection of the incident wave at the

boundary.

A measurement of P and A by a suitable technique allows the determination of the complex
index of refraction N, of the reflecting medium from the complex index of refraction N; of
the “incident” medium, provided that the angle of incidence 6; is known [16]. If the medium
in which the incident and reflected waves propagate is transparent (k; = 0), N, is related to n;

by:

2
n, —jk, =n, Gan®, EEI - 112)2 sin’ ei} (2.95)

The complex reflection coefficients r, and r, that were defined by eqgs. (2.88) and (2.89) are

related to the reflectances p, and p; for the p and s polarizations by:

‘Rp‘z cosB, ‘Rp‘z 2
= = = 2.96
P ‘Ap‘z cos 6, ‘Ap‘z ‘rp‘ =0
:|R52coser :|R52 T (2.97)
P |AS ’ cos 0, |AS rw '

where 0 denotes the angle of reflection. p, and p, give the fraction of the energy of the
primary wave that is incident upon and reflected off a unit area of the boundary per unit time

for the p and s polarizations. Accordingly, the fraction p of the total energy of the primary
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wave that is incident upon and reflected off a unit area of the boundary per unit time is given

by:

(JRP|2 +|Rs|2)E:oser _p [IlAp|2 +p, []]AS|2
VA, +[A eose,  |A[ +[A]

(2.98)

For normal incidence the distinction between the p and s components disappears and it

follows from egs. (2.87a), (2.87b) and (2.98) that

2
p=p,=p, = % (2.99)
For randomly polarized (unpolarized) light it can be shown [17] that
Pun =%(pp "'Ps) (2.100)
For normal incidence, it follows from egs. (2.99) and (2.100) that
Pun =P, =P zmz (2.101)
N, +N,

When the medium in which the incident and the reflected wave propagate is transparent

(k; =0) egs. (2.99) and (2.101) become:

D :(nz_n|)2+k22
o (nz +n1)2 "'kz2

(2.102)

It should be kept in mind that everything that has been mentioned in this section applies
exactly only to boundaries that reflect perfectly specularly. Perfectly specular reflection is
said to occur when all the reflected flux is concentrated along a single direction that lies in the
plane of incidence and satisfies 6; = 0,. In addition, all quantities introduced in this section are
frequency-dependent. Consequently, the quantity py, that was introduced in eq. (2.100)
corresponds to the spectral directional-hemispherical reflectance that was defined in
eq. (2.23). The spectral normal-hemispherical reflectance that appears in the energy balance
equation for opaque materials (eq. 2.31) corresponds to py, for normal incidence in

egs. (2.101) and (2.102).
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3 THE MEASUREMENT SYSTEM

3.1 General

The method used in this work was based on rapid resistive self-heating of the wire-shaped
specimens by a large current pulse from a capacitor-discharge circuit. Due to the high heating
rates achieved in this configuration (>10” K-s™) the specimens reached temperatures hundreds
of degrees above their melting points before collapsing under the gravitational force, thus
allowing the measurement of their liquid properties. Furthermore, because of the short
duration of each experiment (less than 100 Us) problems caused by specimen evaporation and
by chemical reactions between the specimen and its container were avoided. Heat losses due
to heat conduction and radiation could be neglected even at the highest achieved

temperatures, making the data analysis much simpler.

A total of seven quantities were measured during each experiment. These were the current
through the specimen and the voltage across a defined portion of the specimen, the radiance
emitted by the specimen surface, and the four Stokes parameters describing the polarization
state of a laser beam that was reflected off the specimen surface. All quantities were measured
simultaneously as functions of time. The thermophysical properties finally derived from these
measured quantities were the melting point, heat of fusion, electrical resistivity, specific
enthalpy, and specific heat capacity of the specimen; the last three properties as functions of

temperature.

3.2 The experiment chamber

A new experiment chamber (fig. 3.1), made of 304 stainless steel and capable of holding high
vacuum, was designed and built for this work. It was cylindrical in its cross section with an
outer diameter of 152.4 mm (6 in), a wall thickness of approximately 3 mm (0.12 in), and an

inner height of approximately 347 mm (13.675 in).

It incorporated four viewports, formed by short weld stub flanges that were welded onto the
chamber at the appropriate positions. Two of them were used for polarimetry and one for
radiation thermometry. The fourth viewport was not used in this work. The two polarimetry-
viewports, one for the incident and one for the reflected laser beam, had an inner diameter of

approximately 16 mm (0.62 in) and included an angle of 140° (fig. 3.2), as dictated by the
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requirements for the polarimetric measurement (§3.8). The third and the fourth viewport had a

larger diameter of approximately 47.5 mm (1.87 in).

The windows used for polarimetry were made of BK7 optical glass and were 25.4 mm (1 in)
in diameter and 3.18 mm (0.125 in) in thickness. The other two windows were cut out of
ordinary glass and were approximately 71 mm (2.8 in) in diameter and 3.18 mm (0.125 in) in
thickness. Each window was secured between an outer flange and the viewport flange using a
hinged clamp with a single wingnut for closure. In order to reduce the mechanical stress
introduced into the window material by the tightening of the clamps, elastomer O-rings on
both sides of the windows were used for cushioning. This was particularly important for the
polarimetry-windows, in order to avoid stress birefringence. At the same time, the inner O-
ring (towards the chamber) made the vacuum seal upon compression. The three windows used
in the measurements had to be replaced after each experiment, because they were damaged by
specimen-debris. The single-wingnut closure of the window clamps facilitated this frequent

assembly and disassembly.

A short weld stub flange, similar to the ones that served as viewports, was welded to the
chamber near its lower end and was used as the vacuum port. A fine mesh screen installed in
this port prevented metal particles produced by the disintegrating pulse-heated specimens

from reaching the vacuum line.

Two threaded Swagelok™ tube-fittings were welded onto the top of the chamber. One served
as the inlet for the inert gas with which the chamber was filled prior to pulse-heating a
specimen (§3.1). A pressure gauge was attached to the other fitting, in order to control the

amount of inert gas that was filled in.

The experiment chamber was fastened onto its base using a large banded clamp, which, like
the window flanges, was also tightened by means of a single wingnut. The vacuum seal was
made by a compressed O-ring. A central high-current feedthrough and two floating-shield,
double-ended BNC feedthroughs were welded onto the base, which was permanently attached
to the experiment table. The copper conductor of the current feedthrough was separated from
the mounting flange (i.e. from the base) by ceramic material that provided electrical
insulation. The same applied to the central and the coaxial outside conductors of the BNC

feedthroughs. One of the BNC feedthroughs was used for the voltage measurement, whereas
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the other one was not used in this work.

Access to the specimen holder (fig. 3.3) was gained by removing the chamber from its base.
The specimen holder and the specimen itself were at the center of a conducting structure of
coaxial geometry (fig. 3.4). The inner conductor of this structure was formed by the current
feedthrough, the specimen holder, the specimen, and some additional spacers that completed
the connection to a twelve-sided plate at the top. The coaxial outer conductor of the structure
was formed by two cylindrical rods and ten bars of rectangular cross section that surrounded
the specimen holder. The rods were used to increase the rigidity of the structure. The rods and
the bars were attached to the twelve-sided plate at the top and a twelve-sided ring at the
bottom. The ring at the bottom was attached to the base of the experiment chamber, which
was part of the current path. In a crowbar-mode discharge (§3.4) the current flowed in an
upward direction through the base of the chamber and along the bars and rods to the top of
this coaxial structure, and returned to the circuit in a downward direction through the

specimen and the central current feedthrough.

This geometry was chosen because it offered the advantage of increased symmetry in the
electric forces exerted upon the specimen. Since antiparallel currents repel, any small
movement of the specimen in a radial direction resulted in a net force back towards the center,
where the forces canceled because of the symmetry of the setup. During the experiments,
however, three of the surrounding bars were removed because they would otherwise have
obstructed the radiometric and polarimetric measurements. A fourth had to be removed to
retain the symmetry of the geometry (fig. 3.2). Except, of course, for the specimen, and two
supporting rods in the specimen holder that were made of Bakelite, all other components of

this coaxial structure were made of brass.

The inner surface of the chamber, as well as the inner surfaces (towards the specimen) of the
brass bars surrounding the specimen holder inside the chamber, were sprayed with flat black

paint to reduce the impact of internal reflections on the radiometric measurement.

39



Fig. 3.1: The experiment chamber. 1 port for pressure gauge, 2 gas inlet, 3 polarimetry
viewport (incident laser beam), 4 vacuum port, 5 polarimetry viewport (reflected beam),
6 radiometry viewport, 7 hinged clamp, 8 window, 9 outer flange, 10 O-rings,
11 baseplate, 12,13 BNC feedthroughs, 14 current feedthrough.
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Fig. 3.2: Top view of a cross section through the experiment chamber at the height of the
specimen midpoint showing the arrangement of the viewports. 1 polarimetry viewport for
the incident laser beam, 2 vacuum port, 3 specimen, 4 chamber, 5 lower twelve-sided
ring, 6 polarimetry viewport for the reflected laser beam, 7 elastomer O-ring, 8 viewport
clamp, 9 window, 10 outer viewport flange, 11 conducting rod, 12 conducting bar,

13 mounting screw, 14 radiometry viewport. Items 5, 11, and 12 are part of the conducting
coaxial structure inside the chamber (§3.2).
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Fig. 3.3: Two views of the specimen holder. B bakelite support rod, V voltage probe,
C clamp, S specimen.
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Fig. 3.4: The coaxial geometry inside the experiment chamber. 1 twelve-sided plate,
2 conducting rod, 3 clamp, 4 twelve-sided ring, 5 BNC feedthrough, 6 current feed-
through, 7 retainer ring, 8 O-ring, 9 centering ring, 10 conducting bar.
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3.3 The vacuum and inert gas systems

A schematic diagram of the vacuum system is shown in fig. (3.5). A belt-driven, oil-sealed,
two-stage, rotary vane high-vacuum pump was used to evacuate the chamber. An exhaust
filter was installed to filter oil mist from the pump outlet. On the inlet side of the pump, a
coaxial foreline trap with a replaceable steel-wool filter element was used to limit oil-
backstreaming into the chamber. From there, a length of thick-walled rubber hose led to a
bellows-sealed block valve (V1 in fig. 3.5), and a short piece of rigid PVC tubing connected
this valve to the vacuum port of the experiment chamber. A thermocouple vacuum gauge and

an up-to-air valve (V4) were mounted on the PVC tubing.

Fig. 3.5: Schematic of the vacuum and inert gas system. 1 pressure gauge, 2 experiment
chamber, 3 vacuum gauge readout, 4 thermocouple vacuum gauge, 5 bucket filled with
water, 6 foreline trap, 7 two-stage rotary vane pump, 8 exhaust filter, 9 gas cylinder,
V1 right-angle valve, V2, V3 inline valves, V4 up-to-air valve.

Once the chamber was evacuated below approximately 0.1 mbar, it was isolated from the
pump by closing V1. The chamber was then filled with argon from a pressurized gas cylinder
by opening valves V2 at the cylinder and V3 at the top of the chamber. Valve V3 was closed
when the pressure gauge at the top of the chamber indicated 1-2 bar above atmospheric
pressure. After the specimen was pulse-heated the pressure was released, by opening the up-
to-air-valve V4, through a flexible hose whose open end was immersed in water. This way,
the finer particles from the disintegrated specimen, which managed to pass through the mesh

screen in the vacuum port of the chamber, were filtered from the exiting gas.
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3.4 The discharge circuit

A functional diagram of the pulse-heating system is shown in fig. (3.6). The capacitor-
discharge circuit consisted of a 24 kJ capacitor bank (120 pF, 20 kV), two switches and the
specimen. Both switches were high-voltage, mercury-vapor ignitron tubes. The circuit
represented an underdamped RLC-circuit with a nominal oscillation frequency of 10 kHz
(upper trace of fig. 3.7). To prevent the reversal of the current through the specimen, the
circuit was operated in the crowbar-mode. In this mode of operation the switch in parallel
with the specimen (Crowbar-ignitron) was closed just after the current reached its first peak,
thus creating an electrical short across the specimen. This allowed the energy that had been
stored magnetically during the initial rise of the current to be returned to the circuit as

unidirectional current through the specimen (lower trace of fig. 3.7).
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Fig. 3.6: Schematic diagram of the capacitor-discharge circuit including the current and
voltage measuring circuits.

High rates of current change (dI/dt) are always associated with electromagnetic noise. To
minimize the effects of electromagnetic interference (EMI) on the measurements, the
capacitor discharge circuit was located inside a shielded room. Tri-axial cables or coaxial
cables inside copper tubes, combined with appropriate feedthroughs, were used to transmit all

electrical signals to the data acquisition instrumentation outside the shielded room.
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Fig. 3.7: Electrical current vs. time for oscillatory (upper) trace and crowbar (lower trace)
capacitor-discharge conditions.

3.5 Current measurement

The current through the specimen was measured using a wide-band current monitor. Such a
current monitor comes in form of a loop. The current-carrying conductor passes through the
hole of the loop and the output of the monitor is sustained by the changing level of the
magnetic flux in its ferromagnetic core. A current monitor is electrically isolated from the
circuit being monitored. This isolation provides increased protection to both equipment and
personnel, eliminates to a large extent problems associated with ground loops, and minimizes
the impact on the current being measured by adding virtually no load to the discharge circuit.
In addition, toroidal construction and appropriate shielding makes the current monitor

sufficiently immune to stray electromagnetic fields for use near a capacitor-discharge circuit.

Two current-monitor models were used in this work, depending on the peak current to be
measured. One was rated to 50 kA, with a nominal sensitivity of 10 mV-A'l, and the other to
100 kA, with a nominal sensitivity of 5 mV-A™. In both cases, they were terminated at the

data acquisition instrumentation with a 50 Q non-inductive voltage divider of nominal ratio
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50:1. Since the equivalent circuit of the current monitors was that of a voltage source in series
with a 50 Q resistor, terminating them with a 50 Q voltage divider effectively halved their
output voltage. Accurate values of their sensitivity and of the divider ratio were obtained by

calibration.

3.6 Voltage measurement

The voltage us across the specimen consisted of a resistive and several inductive components:

u, =R_0, +L, s 4 Gd—+MGd— (3.1)

dt dt

15 denotes the current through the specimen, Ry the specimen resistance, Ls the specimen self-
inductance, and M the mutual inductance between the discharge circuit and the voltage-

measuring circuit.

According to [18], the self-inductance L (in Henrys) of a solid, round, straight, and

nonmagnetic conductor of radius r and length / can be approximated by:

L=2><10'7M[E1 20 _ %} (3.2)
r
For [ = const., it follows that:
dL|=2x107 TEal (3.3)
r

Differentiation of eq. (3.3) with respect to time yields for the third term on the right side of
eq. (3.1):

ddL =2 x 10‘7mﬁdid— (3.4)

where 1y is the specimen radius.

In a typical pulse-heating experiment with niobium in which a specimen was heated to
3200 K in 90 ps, the average current through the specimen was approximately 27 kA and the
average voltage across a specimen length of 23 mm was 210 V. According to [19], the
volume expansion V/V, of niobium at 3200 K is 1.18, with V, denoting the volume at room
temperature. Converting this to a purely radial expansion (see footnote 3 on page 86) we

obtain a value of 0.086 for Ary/rs at 3200 K, with ro denoting the specimen radius at room
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temperature. Substitution of these values into eq. (3.4) yields is|ALs/At=0.12 V, which is
less than 0.06% of 210 V. Therefore, this voltage component could be neglected without

introducing a considerable error.

In actuality, the voltage was not measured across the entire specimen. The above mentioned
23 mm corresponded to the ‘effective’ specimen length, which was defined by two shallow
knife marks (grooves) that were made on the middle portion of each specimen. The exact
distance of the marks was measured using a traveling microscope. Tantalum strips (6.4 mm
wide and 0.25 mm thick), that had been sharpened to a knife-edge on one end, were placed on
the knife marks to serve as voltage probes, with the sharp end touching the specimen (fig.

3.3). Some tension was applied to the voltage probes to ensure good electrical contact.

The voltage-measuring circuit was connected in parallel across the specimen (fig. 3.6). It
consisted of a resistor in series with a rotatable tuning-coil that was placed below the
experiment chamber, near the central current feedthrough. The voltage across this parallel
path was equal to the voltage across the specimen. Applying Kirchhoff’s voltage law to the
loop formed by the parallel path and the specimen, and using eq. (3.1) for the voltage across

the specimen, we can write

y

di
R[ﬁl-1)+L[—|7 +MEEe =R [, +L, - (3.5)
dt dt dt

where the loop currents 1. and i, on the discharge-circuit-side and on the parallel-path-side,
respectively, have been introduced (fig. 3.6). R, and L, are the total resistance and the total

self-inductance of the parallel path.

It can be seen from eq. (3.5) that the inductive voltage components cancel if M satisfies

(L, +M)G‘2—;=(LS +Lp)E-l(:—tp (3.6)

In this case we obtain the simple expression
R, i, -i,)=R, G, (3.7)

In other words, the resistive component of the voltage across the specimen R-(ic — 1) can be

determined from 1, and R,
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If we rearrange terms in eq. (3.7),
R, O, =(R, +R )0, (3.8)

it becomes apparent that when eq. (3.6) is satisfied, the current i, in the parallel path “follows”

the current i, in the main discharge circuit; in other words the two currents are in phase.

The mutual inductance M between the voltage-measuring circuit and the discharge circuit was
varied by rotating the tuning coil with respect to the direction of the magnetic field produced
by the main circuit. This, in effect, changed the magnitude of the voltage that was induced in
the coil by changes in the magnetic field, resulting from dic/dt. The induced voltage was a
maximum when the axis of the coil was parallel to the direction of the magnetic field. In order
to find the position for which eq. (3.6) was satisfied, each experiment was preceded by a few
trial discharges in the oscillatory mode, in which i. and i, were recorded. To avoid excessive
heating of the specimen the capacitor bank was charged to the lowest possible voltage that
still ignited the ignitron-switch. The tuning coil was readjusted after each trial until i, was in

phase with i.. Usually, one or two trials were sufficient.

Combining egs. (3.6) and (3.8) we arrive at the following expression for M, when i. and 1, are

in phase:

:Rs DLp _RP DLS = (RS/RP)DLP L, = R, (L -L (3.9)

M R, +R, R,R,)+1 R, °

The last step is justified, considering the fact that R, was approximately 20 Q, whereas the
resistance Ry of the Nb and Ti specimens at the highest temperatures did not exceed 12 mQ

and 20 mQ, respectively.

Equation (3.9) was used to roughly estimate the effect of Ry on the value of M that was
required for i. and i, to be in phase. The self-inductance L of the specimen was computed

using eq. (3.2). The self-inductance L of the tuning coil was obtained from

L =0.001F [d (N> (3.10)

where L is in UHenry, d is the coil-diameter in cm, N is the number of turns, and F is a shape-
factor [18]. Assuming that the total self-inductance L, of the voltage-measuring circuit was

determined by the self-inductance of the tuning coil, it was estimated that a six-fold increase

49



in Ry during a typical pulse-heating experiment with niobium caused a change of 4% in M.
Similarly, a more than three-fold increase in Ry during a typical pulse-heating experiment
with titanium caused a change of 6% in M. Thus, it can be said that M is a relatively weak

function of specimen resistance.

The current i, through the voltage-measuring circuit was measured with a current monitor,
similar to the one that was used to measure the current i through the main discharge circuit
(§3.5). By passing i, twice through the current monitor the output signal was doubled yielding
a nominal sensitivity of 0.2 V-A™'. Accurate values for the sensitivity of the current monitor

and the resistance of the parallel path were obtained by calibration.

3.7 Radiation thermometry

3.7.1 The radiation thermometer

The radiance temperature of the pulse-heated specimens was measured using a single-
wavelength radiation thermometer built by E. Kaschnitz in 1993. Its main components were a
pair of identical plano-convex achromatic lenses with a combined effective focal length of
160 mm as the objective, an interference filter as the wavelength-selecting element, and a
rectangular field stop of 9.8 mm height and 0.5 mm width. This corresponded exactly to the
target size, i.e. the size of the area viewed on the specimen, since the magnification of the
instrument was unity. The light from the specimen was coupled into an optical fiber light
guide and transmitted to a silicon PIN photodiode. The photodiode and the signal amplifying
electronics were contained in a separate box that shielded them against EMI. The amplifying
electronics had a low-gain and a high-gain output. The nominal radiance temperature ranges
for the two outputs were 1600 to 2800 K and 1400 to 2200 K, respectively. Two coaxial
cables inside copper tubes of adequate wall thickness, again for the purpose of shielding
against EMI, transferred the output signals to the data acquisition instrumentation outside the

shielded room.

3.7.2 Radiance temperature calibration

The radiation thermometer was calibrated in-situ against a gas-filled tungsten-filament
reference lamp. The lamp had been previously calibrated against the NIST Photoelectric

Pyrometer [20] by the NIST Optical Technology Division and was issued a calibration
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certificate reporting filament currents for thirteen radiance temperatures at 655.3 nm in the
range of 1000 to 2200°C in steps of 100°C'. A quadratic function of radiance temperature vs.
filament current was fitted to these values in the range of 1800 to 2200°C (fig. 3.8a). The
deviation of the fit from the actual values was less than 0.4°C (fig. 3.8b). All temperatures

reported in this work are based on the International Temperature Scale of 1990 (§2.2.1).
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Fig. 3.8: (a) Lamp radiance temperature at 655.3 nm vs. lamp filament current.
(b) Deviation of the quadratic fit from the values reported on the lamp
calibration certificate.

The radiation thermometer was calibrated at 2073.15 K and at 2373.15 K in radiance
temperature. When the lamp current was not identical to the values corresponding to these
two temperatures as specified on the calibration certificate, the actual radiance temperature of
the filament was computed using the quadratic fit. It can be seen from fig. (3.8b) that at
1800°C and 2100°C the deviation of the fit from the values on the calibration certificate was
less than 0.2°C. The lower-temperature calibration was used for the titanium measurements
and the higher-temperature calibration for the niobium measurements. The lamp was aligned

according to the procedure outlined in [21]. Since the measurement of specimen temperature

! Because lamp calibration certificates issued at NIST report temperatures in degrees Celsius, this unit will be
used in a limited manner in this section.
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involved focussing the radiometer on the specimen through an experiment chamber window,
an identical window was interposed between the reference lamp and the radiometer during

calibration.

Having calibrated the radiometer at Ty, an unknown specimen radiance temperature T, was

computed using eq. (2.50), which when solved for T yields':

- G 1

T, = [
nlA, _
Typ=Ty In 1+:8:03[ﬁexp( 2 C, < J_l}
A L

where At .1, is the mean effective wavelength between Tp and Ty.. S(To) and S(T,) denote the

(3.11)

radiometer output signal when viewing a target at Ty and T, respectively.

3.7.3 Effective wavelength calibration

In order to be able to compute XTo-Tw the limiting effective wavelength Ar of the radiation

thermometer as a function of temperature had to be determined. For this, the instrument had to
be calibrated in terms of its spectral-radiance responsivity Ri(A), as follows from eq. (2.46).

This quantity was defined in eq. (2.40), which is repeated here for convenience:
R, (A\)=bGEA)R, (M) (3.12)

For brevity, the double integral over the spatial parameters A and ® has been replaced by the
constant G and these parameters have been omitted, since attention is now focused on the
dependence of Ry on the spectral parameter A. The spectral behavior of Ry is determined by
the spectral transmittance t©(A) of the optical components in the radiometer (primarily the

interference filter) and the detector spectral-flux responsivity Re(A).

An existing, specially designed automated monochromator system [22] was used to measure
T(A), up to a constant multiplicative factor. The main component of the system was a
computer-controlled, wide-aperture, grating monochromator combined with a filter wheel for
stray light reduction and unwanted order elimination. Immediately prior to the t(A)-
measurement the monochromator was calibrated using the 730 nm line of a low pressure

mercury lamp. As a check of this calibration, several more of the mercury-lines were scanned

! Keeping in mind the simplifying assumptions that led to eq. (2.39).
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in the range 400 to 1100 nm. The mercury lamp was then replaced by a gas-filled tungsten-

filament lamp.

An essential requirement in the measurement of t(A) is that the illumination of the
interference filter and the other optical components in the radiometer be identical to that
during temperature measurements, since the spectral transmittance of interference filters is
strongly dependent upon the particular direction of the incident radiance. In the
monochromator system described here, the radiance from the tungsten-filament lamp was
focused on the entrance slit of the monochromator by a pair of achromats similar to those
used in the radiometer objective. The radiometer, in turn, was focused on the exit slit of the
monochromator. The radiometer output signal was recorded as a function of wavelength as

the monochromator scanned the range from 570 nm to 740 nm in steps of 1 nm.
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Fig. 3.9: Relative, peak-normalized spectral transmittance ©(A) of the optical components in
the radiation thermometer.

In a second step, a stand-alone silicon photodiode was mounted on the monochromator exit
slit and the photodiode current was recorded as the monochromator scanned the same spectral

range. The peak-normalized ratio of the radiometer output signal to the stand-alone
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photodiode signal represented the (relative) peak-normalized spectral transmittance curve
Ti(A) of the optical components in the radiometer (fig. 3.9). Each scan was preceded by a
measurement of the ‘dark’ signal (with a shutter between the lamp and the monochromator in
the ‘closed’ position) that was then subtracted from the ‘bright’ signal to account for the zero-

offset of the radiometer and the dark current of the stand-alone photodiode.

By substituting eq. (3.12) into eq. (2.39) the radiometer signal recorded in the first

monochromator scan may be expressed as:

S(A)=bGER(A) R, (AL, (A) DA (3.13)

m

A denotes the monochromator setting and ALy, the wavelength interval around A of significant
transmission through the monochromator. L,(A) is the lamp spectral radiance at A. The
integral of eq. (2.39) was replaced in eq. (3.13) by a simple product, assuming that t(}),

Ro(M), and Ly (LX) were constant throughout the narrow' interval Adp.

Similarly, the signal of the stand-alone photodiode recorded in the second scan may be
expressed as:

S,H(A)=G,, R, ()L, () (3.14)

m

Gpn 1s a factor taking into account the geometry of illumination of the photodiode, similar to

the factor G in eq. (3.12).
The ratio of S(A) to Spu(A) 1s proportional to T(A):

S(A) _bG
Su() Gy

(M) (3.15)

Normalization of this ratio with respect to its peak value yields the relative, peak normalized

spectral transmittance of the optical components in the radiometer:

T.(A\)= ) (3.16)

Amax denotes the wavelength of peak transmittance.

' A measure for A\, when the entrance and exit slits are equal in width, is the double spectral slit width, 2-A\,

of the monochromator. A\, is defined in [23] as Ax-(dx/dA)", with Ax denoting the width of the exit slit and
dx/d\ denoting the linear dispersion of the instrument. The actual values for Ax and (dx/d.)" were 0.25 mm and

3.0 nm'mm’™, respectively, yielding 1.5 nm for 2-A,, [24].
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Substitution of T(A) from eq. (3.16) into eq. (2.46) yields for the limiting effective wavelength

of the radiometer as a function of temperature:

[ Fa )R, ()L, , (1) A

L I
— = 3.17
A [ PR, 0T o

The detector flux-responsivity Re(A) was approximated within the integration limits by a

linear function of wavelength tangent to the responsivity curve at Apax
Rm()\):Rm()\max)-'-a[ﬂ)\_)\max) (318)

with Ro(Amax) =0.45 AW and a=1 A-W'-um™. These values were obtained from the

photodiode manufacturer’s data sheet.
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Fig. 3.10: The inverse limiting effective wavelength of the radiation thermometer as a
function of inverse temperature.

Figure (3.10) shows the inverse limiting effective wavelength of the radiometer, computed at
six temperatures in the range 1500 to 3500 K. A linear function of inverse temperature was

fitted to the computed values of inverse limiting effective wavelength:

" A\ is the wavelength interval of significant instrument responsivity and should not be confused with AL,
which denotes the wavelength interval of significant monochromator transmittance.
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i = (1.527906 um™) - (9.502448 ”I?_:l ] E—I;— (3.19)
The largest deviation of the fit from the computed values of 1/Ar was less than 4x10° pm™,
corresponding to a deviation of less than 0.002 nm in Ar.

Using egs. (2.47) and (3.19), A1,.1, was computed as a function of target radiance temperature
T, in the range 1500 to 3000 K, for both calibration temperatures To=2073.15 K and
To=2373.15 K (fig. 3.11).

The variation of )“TO'T)L over the entire temperature measurement range was considered small.

Therefore, specimen radiance temperature was computed from the measured radiance using a
constant value of 656.3 nm for Ar,r, in eq. (3.11). The error in radiance temperature
stemming from this simplification was less than 0.35 K over the entire range and less than

0.2 K in the range of 1700 to 2800 K.
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Fig. 3.11: The mean effective wavelength }‘TO'TA of the radiation thermometer as a function of
target radiance temperature T;, for the two calibration temperatures Tp.

3.8 Reflection Polarimetry

3.8.1 Determination of normal spectral emittance from polarimetric measurements

In reflection polarimetry a light wave of known state of polarization is reflected off the
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specimen surface at a specified oblique angle of incidence 6; and the state of polarization of
the reflected wave is measured. This leads to the determination of the ratio q of the complex
Fresnel reflection coefficients (§2.3.6) for the p and s polarizations, from which the complex

index of refraction N, of the specimen material is derived by use of eq. (2.95):

2

n, —jlk, =n, [{an®, [I1 - 4q —sin’ 6, (2.95)
(1+q)

where it has been assumed that the medium in which the incident and reflected waves

propagate is transparent (k; = 0).

Assuming that the specimen surface reflects specularly, the spectral normal-hemispherical

reflectance p,n(A,T) (§2.1.14) can be computed from N, by use of eq. (2.102):

(n, —n,)" +k,’

(2.102)"
n,+n,)" +k,’

pn,h ()\’T) =

In this work, the quantity of interest was the normal spectral emittance &,(A,T) of the
specimen surface, which was needed in order to convert the measured radiance temperature to
true (thermodynamic) temperature. &,(A,T) was determined indirectly from the spectral

normal-hemispherical reflectance via the energy balance equation for opaque materials:

PunAT)+e (A, T)=1 (2.31)

3.8.2 The Division-of-Amplitude Photopolarimeter

In order to measure the change in the state of polarization of a laser beam upon its reflection
at the specimen surface, a microsecond-resolution Division-of-Amplitude Photopolarimeter
(DOAP) was used. The DOAP was first conceived by R. M. A. Azzam [25]. Compared to
static ellipsometers the DOAP offers the advantage of having no moving parts, which makes

it predestined for fast measurements.

The DOAP used in this work was a prototype developed by Containerless Research, Inc

(CRI) in Evanston, IL, USA. This instrument was similar in design to an earlier, slower

! For brevity, the modifiers A and T have been omitted from the right side of the equation. However, it should be
kept in mind that n;, n, and k, are all wavelength-dependent and, in addition, n, and k, depend on the
temperature T of the specimen.
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DOAP device, designed by CRI for use with a millisecond-resolution pulse-heating system
[4,26]. However, a number of modifications had to be made to accommodate the
requirements of microsecond-resolution pulse-heating experimentation. These modifications,
which will be explained below, were dictated by the need for high-speed operation and for

shielding against EMI in a capacitor-discharge environment.

The DOAP consisted of three modules. The polarization state generator (PSG), the
polarization state detector (PSD), and the electronics module. The PSG and the PSD
contained the polarizing and analyzing components, respectively, and were situated close to
the experiment chamber, each in front of one of the polarimetry viewports. The electronics
module, including the modulated laser source and the photodetectors, was located outside the
shielded room in order to minimize the effect of EMI on the measured signals. This was one
of the major modifications, as compared to the millisecond-resolution DOAP that was

mentioned above.

3.8.2.1 The Polarization state generator (PSG)

The light from the laser source was delivered to the PSG inside the shielded room using a
fiber optic light guide. The PSG was used to polarize the laser beam that was incident on the
specimen. It contained a Glan-Thompson crystal-prism linear polarizer, a mica quarter-wave
retarder (QWR), and a converging lens. The linear polarizer and the QWR were each mounted
on a computer-controlled motorized rotator. The lens reduced the divergence of the laser
beam so that the spot size on the specimen was approximately 1 mm in diameter. The PSG sat
on a micrometer-driven horizontal translation stage for alignment in a direction normal to the
axis of the beam. This translation stage was, in turn, mounted on top of a laboratory jack for
vertical alignment. The entire unit (PSG, horizontal translator, jack) was attached to a carrier
that could slide on an optical table rail in a direction parallel to the laser beam. In addition, the
PSG could be finely rotated about its optical axis (roll) and about the horizontal axis
perpendicular to the optical axis (pitch). The roll was particularly important, since it directly
affected the azimuth of the polarization ellipse of the polarized laser beam. Pitch and roll were

monitored using two spirit levels attached to the PSG in the appropriate directions.

By independently rotating the linear polarizer and the QWR any desired state of polarization
could be generated. The Stokes vector Spsg of the light at the output of the PSG can be
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derived from the Stokes vector S =[Sy S; S, S3]t of the beam delivered to the PSG through the
optical fiber, where the superscript t indicates the transpose, if the Mueller matrices of the
polarizing components are known. Assuming that the linear polarizer and the quarter wave

1 . .
retarder are perfect’, their Mueller matrices can be expressed as

1 cos2P sin 2P 0
1 |cos2P cos’ 2P sin2P [Gos2P 0
M, =-0. . ., (3.20)
2 | sin2P sin2P [dos2P sin” 2P 0
0 0 0 0
1 0 0 0
0 cos’2 sin2Q [G0s2Q —sin2
M = Q Q Q Q (3.21)

Q" 710 sin2Q [Bos2Q sin’2Q c0s2Q
0 sin2Q —c0s2Q 0

where My p is the Mueller matrix of the linear polarizer and Mqwr 1s the Mueller matrix of the
quarter-wave retarder. P and Q are the angles of rotation (in a counter-clockwise sense when
looking against the direction of propagation) of the transmission axis of the linear polarizer
and the fast axis of the QWR, respectively, with respect to the zero reference direction, i.e. the
x-axis of the coordinate system to which S and Spsg are referenced” and from which the
azimuth of the polarization ellipse is measured. In practice, P and Q were measured from the
zero reading on the graduated circles on the polarizer and QWR rotators. When the bubbles in
the spirit levels on the PSG were centered, the laser beam was horizontal and the zero reading
(x-axis) of both rotators corresponded to the laboratory horizontal direction, whereas the 90°
reading (y-axis) corresponded to the laboratory vertical direction. Since the specimens in the
experiment chamber were installed vertically, the laboratory horizontal direction was parallel

to the plane of incidence during measurements.

" A linear polarizer is considered perfect if the transmittance for light that is linearly polarized parallel to the
extinction axis is zero (extinction ratio = 0) and the transmittance for light that is linearly polarized parallel to the
transmission axis is one.

A QWR is considered perfect if its transmittance is one, regardless of incident polarization, and the relative
phase retardation for linear polarizations parallel to its fast and slow axes is exactly 90°.
* This right-handed Cartesian coordinate system is chosen such that the positive z-direction is parallel to the
propagation direction of the beam (§2.3.4).
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By carrying out the matrix multiplication'
SPSG = MQWR |:h/[LP m (322)

the Stokes vector Spsg of the outgoing light is found to be

1
g = (Sq+8,cos2P+S,sin2P) | c0s2Q [80s(2Q - 2P) (3.23)
Ps6 2 sin 2Q [8os(2Q —2P) '
sin(2Q —2P)

It follows from eq. (3.23) (by forming the sum of the squares of the elements of Spsi) that the
outgoing laser beam is totally polarized. This is expected, since we assumed the polarizer of
the PSG to be perfect. Furthermore, by inspecting the multiplicative factor in eq. (3.23), it is
evident that the stronger the linear preferences in the light that is incident on the PSG are, as
expressed by nonzero values of S; and S,, the more the outgoing beam will be modulated by a

rotation of the linear polarizer.

A comparison of egs. (3.23) and (2.72) yields the following system of equations relating P

and Q to the azimuth 0 and the ellipticity andgle € of the polarization ellipse of the outgoing

laser beam:
c0s2Q [¢0s(2Q —2P) = cos 20 [dos 2€ (3.24a)
sin 2Q [¢0s(2Q —2P) = sin 20 [d0s 2€ (3.24b)
sin(2Q —2P) =sin 2¢ (3.24¢)

For a given pair of 0 and ¢, these equations can easily be solved to yield the values of P and Q
required to generate that particular state of polarization. Specifically, it follows from eq.

(3.24c¢) that P and Q can be chosen such that either

Q-P=¢ (3.252) or Q—P:i;—s (3.25b)

' The converging lens alters only the total radiant flux of the beam, not its polarization state. Its effect is
neglected here for simplicity, since we’re not interested in the absolute radiant flux.
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Equations (3.24a) and (3.24b) then yield:

Q=6 (3.262) or Q=6 ig (3.26b)
respectively, provided that cos2e # 0. The signs in eqgs. (3.25b) and (3.26b) can be chosen
independently of each other. The difference in choosing either sign is only formal, since

azimuthal orientations of the QWR or the linear polarizer that are 180°-apart are physically

indistinguishable.

If cos2e = 0, then € = £70/4, which means that the outgoing light is circularly polarized. In that
case, the azimuth 0 is, of course, indeterminate. The angular position of the QWR relative to
that of the linear polarizer that is required to generate circularly polarized light follows from

egs. (3.25a) or (3.25b):
. Tt
For RCP light: Q-P= 1 (3.27)

For LCP light: Q-P= —’ZT (3.28)

To generate linearly polarized light (¢ = 0) the QWR has to be oriented with its fast axis either

parallel or perpendicular to the transmission axis of the linear polarizer:

Q-P=0 (3.29a) or Q-P=t

S

(3.29b)

In both cases, the azimuth of the linearly polarized light is determines the required azimuth of

the linear polarizer:

P=0 (3.30)

For linearly polarized output light, eq. (3.23) takes on the simpler form

1
S, = (S, +S,cos2P +8S, sin2P) Cf)sZP (3.31)
2 sin 2P
0

This is equivalent to removing the QWR from the optical train. Equation (3.31) can, therefore,

be directly obtained from eq. (3.22) if Mqwr is omitted.
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3.8.2.2 The polarization state detector (PSD)

A functional diagram of the PSD is shown in fig. (3.12). Light reflected off the cylindrical
specimen was collected by the objective lens' and was focused on the plane of a 2 mm
pinhole. An iris diaphragm in front of the objective acted as an aperture stop. Since cylindrical
surfaces produce a diverging ribbon of reflected light in the plane of incidence, the iris
opening controlled the angular range over which light was collected, as well as its amount.
The polarimeter signals increased with increasing opening, but at the same time so did the
angular uncertainty (0; in eq. 2.95). An opening of 10 mm in diameter was a reasonable
compromise between increased accuracy and better signal to noise ratio. An interference filter
was used to block most of the background light that was thermally emitted by the specimen.
The filter was centered at 677 nm and had a nominal bandwidth (FWHM) of 3 nm. Having
passed through the aperture, the beam was collimated by a lens before it struck a beamsplitter
made of ZnS and coated with a thin layer of MgF,. The beam splitter, which was the key
element of the DOAP, was oriented at an angle of 70° to the optical axis of the PSD. It
divided the incident beam into a reflected and a transmitted beam. Each of these beams was,
in turn, analyzed into two orthogonally polarized beams, i.e. the ordinary and the
extraordinary beam, by a beamsplitting Glan-Thompson prism. The angular separation of the
two beams exiting each prism was 45°. The orthogonal transmission axes of the Glan-
Thompson prisms were oriented at 45° and 135° with respect to the plane of incidence at the
coated beam splitter. The four light beams that were produced by the three beamsplitters
constituted the output of the PSD. They were focused into optical fibers that transmitted the
light to four photodetectors in the electronics module outside the shielded room, thus ensuring

immunity to EMI.

Like the PSG, the PSD sat on a micrometer-driven horizontal translation stage for left-right
alignment, a laboratory jack for height adjustment, and a carrier that could be moved along an
optical table rail in a direction parallel to the optical axis of the PSD in order to focus the PSD
on the specimen. The PSD could be rotated about its optical axis, the vertical axis, and the
horizontal axis perpendicular to the optical axis, to finely adjust its roll, yaw, and pitch,

respectively. Pitch and roll were monitored with a circular spirit level. The design was such,

"In actuality, a pair of plano-convex lenses with the interference filter placed in-between.
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that the base point of rotation when changing the pitch or yaw of the PSD lay near the center
of the iris diaphragm in the front, largely decoupling such a rotation from a translational
alignment of the PSD’s front end. This facilitated the alignment of the instrument, which had

to be carried out with great care because the measurement was rather sensitive to

misalignment.
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Fig. 3.12: Functional diagram of the PSD.

As in the case of the PSG, the roll was very important, since a rotation of the PSD about its
optical axis in one direction would have been perceived by the instrument as a rotation in the
opposite direction of the ellipse of polarization of the light entering the PSD. Just as important
was the angle between the optical axis of the PSD and that of the PSG. This angle determined
the angle of incidence 6; on the cylindrical specimen that had to be accurately known in order
to compute the complex index of refraction of the specimen (eq. 2.95). Although the rails, on
which the PSG and the PSD could be moved, were installed such as to include an angle of
140°, an exact value for 6; was established using a custom-made glass prism placed at the
specimen location (fig. 3.13). The laser was first directed at the front prism face (toward the
PSG) and the prism was rotated until the beam was reflected back into itself, which meant that
the front face was perpendicular to the incident laser beam. The PSG was then horizontally

translated until the laser beam struck the inclined prism face, which exactly included an angle
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of 70° with the back prism face, thus ensuring that the angle of incidence was also 70°. The
PSD was translated until the reflected laser beam entered centrally through the iris diaphragm,
which for this purpose had been closed to a small diameter. Finally, the PSD was rotated
about the vertical axis (yaw) to have the laser beam pass centrally through the pinhole, as
well. An enlarged image of the pinhole could be viewed on a TV monitor via a small CCD-
chip and a pellicle beamsplitter that were installed inside the PSD (fig. 3.12) to facilitate

alignment.

PSG

laser beam

Prism

PSD

Iris
diaphragm

Pinhole

Fig. 3.13: Schematic drawing explaining the alignment of the PSD using a prism to establish
an angle of incidence of 70°. The drawing is not to scale.

3.8.2.3 The electronics

A temperature-stabilized laser diode system was used as the laser source for the DOAP
measurements. As mentioned above, it was contained in the electronics module outside the
shielded room. It featured active thermoelectric temperature control via a bipolar Peltier
element. This was important because the emitted wavelength in laser diode systems is known
to depend on temperature (typical temperature coefficients range from 0.1 to 0.3°nm-K™"). The
temperature control allowed the laser wavelength to be finely adjusted until it closely matched
the wavelength of peak transmission of the interference filter (677 nm), yielding maximum

signal. In addition, the constant temperature prevented a drift in wavelength as the diode
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heated up during operation. To improve the signal-to-noise ratio and reject light that was
thermally emitted by the specimen within the passband of the PSD’s interference filter the
laser was amplitude-modulated. A 4 MHz square TTL-level waveform was used as the carrier

signal.

The laser beam was then coupled into the optical fiber that was clamped in a custom-made
fixture. This fixture permitted translational and angular alignment of the clamped fiber end
along and about two orthogonal axes perpendicular to the beam to achieve the best possible
coupling of the laser light into the fiber core. The modulated laser beam was delivered to the

PSG, reflected off the target, and analyzed by the PSD.

The four output light signals of the PSD were collected by four optical fibers and delivered to
an equal number of silicon PIN photodiodes inside the electronics module. Each of the
photodiode signals was then individually pre-amplified, demodulated using phase-locked
loops, and further amplified to be finally recorded by the data acquisition instrumentation. A

block diagram of one (out of a total of four) of the DOAP channels is shown in fig. (3.14).
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Fig. 3.14: Block diagram of the DOAP electronics (courtesy of CRI). Only one channel is
shown.

3.8.2.4 Measurement

In order to derive the equations relating the four electrical output signals of the DOAP to the

optical properties of the reflecting specimen, it is not necessary to know the exact details
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describing the propagation of the light through the system. Following the linear-systems
approach introduced in §(2.3.5), the optical system is simply described in terms of the

component Mueller matrices.

The laser light entering the PSD was split into four separate beams that were then coupled
into the collection fibers and delivered to the photodiodes. Each of these beams can be
described in terms of a Stokes vector and the path the beam propagated through by a Mueller
matrix. The following four equations relate the Stokes vectors of the four light beams that are
coupled into the fibers, via the Mueller matrices of their respective paths through the PSD, to
the Stokes vector S; of the light entering the PSD:

S, =M, [S, (3.32a)
S, =M, [S, (3.32b)
S =M_[S, (3.32c)
S, =M_[8, (3.32d)

The subscripts tt, tr, rr, and rt stand for ‘transmitted-transmitted’, ‘transmitted-reflected’,
‘reflected-reflected’, and ‘reflected-transmitted’, respectively, and describe the path of a
particular beam in the PSD. Transmitted-reflected, for instance, would mean that the beam
was first transmitted at the coated beamsplitter and subsequently reflected at the beamsplitting
Glan-Thompson prism. My, My, M;;, and M, can be derived from the optical properties and
orientations of the optical components of the PSD, most importantly the coated beam splitter
and the beam-splitting Glan-Thompson prisms. In most cases though, a calibration procedure

performed in-situ will be more accurate.

The four electrical signals making up the output of the DOAP were each proportional to the
radiant flux of one of the four beams exiting the PSD, hence to the first component of the
Stokes vector representing that particular beam (eqgs. 3.32a - 3.32d). If we cast these four

signals into a column vector I, then this vector is related to S; by the following expression:

<0>
tt Ly Btt,o I DV[H
<0>
rtl' BH,O I"fr |:]yltr S (3 33)
r. [$ M| ' '
T Ir tr,0 L, T
<0>
It I Brt,o W mn
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Stt0, Str0, Sio, and Sy denote the first element of Sy, Sy, Su, and Sy, respectively. The
transmittance of the fibers, the responsivity of the photodiodes, the current-to-voltage
conversion and subsequent amplification of the photodiode signal by the DOAP electronics,
and the gain of the data acquisition instrumentation were all lumped into four proportionality

constants, ry, Ty, Tr, and 1y, one for each of the four DOAP channels. M;”, M, M, and

tr by

M;” denote the first row of the respective Mueller matrices.

The matrix by which S; is pre-multiplied in eq. (3.33) is a real 4%4 matrix that is characteristic

of the instrument. It is called the instrument or calibration matrix of the DOAP and will be

denoted by F:
r, M
m<0>
F= ? e (3.34)
r, M~
Thus, eq. (3.33) takes on the simple form
I=FI[S, (3.35)

Pre-multiplication of eq. (3.35) with F', the inverse instrument matrix, yields
S.=F'l0 (3.36)
A condition for F™' to exist, is, of course, that F be non-singular.

The light that is analyzed by the PSD during measurement is light that was first reflected off
the specimen. Therefore, S; can be expressed in terms of the Stokes vector S; of the laser

beam that is incident on the specimen and the Mueller matrix M. of reflection:

S. =M, S, (3.37)

ref

As already stressed in §(2.3.5), M;.r depends on the azimuthal orientation of the (x,y) and
(x",y") axes of the coordinate systems to which S; and S; are referenced. When the directions
of x and x” are chosen in the plane of incidence, the Mueller matrix M, of an isotropic, non-

depolarizing reflector as a function of the ellipsometric angles y and A, is given (see [27]) by:
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1 —cos2y 0 0

p, +p, | —cos2y 1 0 0
ot = . . , (3.38)
2 0 0 sin2P [dosA  sin2yP EinA
0 0 —sin2P Bin A sin 2y [dos A

The factor by which the matrix is pre-multiplied can be recognized as the reflectance for

unpolarized incident light (eq. 2.100).

With S; known from the angular positions of the linear polarizer and the quarter-wave retarder
in the PSG (eq. 3.23) and S; measured by the DOAP, eq. (3.37) could be solved for y and A.
Since we were not interested in the absolute radiant flux of the incident and of the reflected
beams, S; and S, were normalized with respect to their first element S; and S, respectively.

The letter n in the subscript of the Stokes parameters in the following equations stands for

‘normalized’:
2llJ Si In _Sr In (3 39)
cos2y = —bn Trin |
1_Si,ln Br,ln
: 1-S., [dos2y
A = 5 i,In : S B _S' B 340
o |.(Si,2n )2 + (Si’3n )2J [din 21 [ﬂ r,2n i3n  Di2n r,3n) ( )
1-S., [dos2y
471 Y S, 20 3,5, +S,5, [3 341
- |.(Si,2n )2 + (Si,3n )2J Eln Zl.IJ [G i,2n r,2n i,3n r,3n ) ( )
tanA = Sr’2n Bi,3n _Si,Zn Br,3

n (3.42)
Si,2n |Sr,Zn +Si,3n ISr,?m

Equation (3.42), which was derived from eqs. (3.40) and (3.41), was used to compute A.
Attention was paid to the signs of the numerator and denominator in eq. (3.42) to determine
the proper quadrant for A. Equations (3.40) and (3.41) were used as a consistency check since

they had to obey

sin> A+cos’A=1 (3.43)
Substitution of cos2y, sinA, and cosA from egs. (3.39) - (3.41) into eq. (3.43) yields

- (Si,ln )2 DPr2 - (Sr,ln )2

in®A+cos’ A=
R i R I

(3.44)

where P; and P; denote the degree of polarization (eq. 2.76) for the incident and the reflected
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light, respectively. In our case, P; was very close to 1 because the incident light was polarized
in the PSG. Thus, P; had to be very close to 1, as well, since we assumed the process of
reflection to be non-depolarizing (eq. 2.79). If we substitute P; =P, =1 into eq. (3.44) we
obtain eq. (3.43). Therefore, any larger deviation of sin’A + cos’A from unity would have
indicated that the surface was depolarizing, possibly as a result of excessive roughness. Rough
surfaces are known to be depolarizing. When surfaces are depolarizing, non-zero values occur
in the 2x2 off-diagonal blocks of M,.t. In addition, terms in the 2x2 diagonal blocks, which in
the case of the isotropic specular reflector are numerically equal, become unequal [28, 29]. In

that case, the use of eq. (3.38) is not justified.

3.8.2.5 Calibration

The goal of the calibration was to obtain the instrument matrix F. This was done by recording
the DOAP response to a number of known polarization states generated by the PSG. F was

then computed from the acquired data by inversion.

For calibration, the PSG was moved from the measurement position' to the straight-through
position, meaning that the polarized laser beam was incident directly onto the PSD (fig. 3.15).
The distance of the PSG from the PSD during calibration was equal to the combined distances
of the PSG and the PSD from the specimen during measurements. A neutral density filter was
inserted in front of the linear polarizer in the PSG to prevent the DOAP output from

saturating.

PSG

Laser

PSD —

1
(-

A

\

LP QWR BS

Fig. 3.15: Functional diagram showing the PSD and the PSG in the calibration position
(adapted from [30]). LP...linear polarizer, QWR...quarter-wave retarder, BS...beamsplitter,
D;...reference detector.

' As outlined in §(3.8.2.2), when conducting measurements, the PSG and the PSD were set up such that their
optical axes included an angle of 140°.
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The different polarization states required for calibration were generated by rotating the linear
polarizer and the quarter-wave retarder in the PSG. Because the beam, which was delivered to
the PSG via an optical fiber, exhibited residual linear preferences, the rotation of the linear
polarizer caused a variation in the total radiant flux incident on the PSD (eq. 3.23). This
unwanted effect was cancelled by normalizing the four DOAP signals with respect to the
varying incident flux. To measure this flux, a pellicle beamsplitter was installed in front of the
PSD and a reference detector attached to the PSG. Both these components were used only
during calibration and removed afterwards. The beamsplitter was tilted by a small angle (<5°)
with respect to the plane perpendicular to the incident laser beam and reflected part of it onto
the reference detector. Because this reference beam was generated by near-normal incidence
reflection from the beamsplitter, its flux was a fixed fraction (approximately 5%) of the
incident flux, irrespective of the incident polarization [31]. Therefore, any changes in the
reference detector signal i, were a direct measure for the relative variation in the total incident
flux, caused by the rotation of the polarizer or, perhaps, by instabilities in the laser source. By
using the normalized DOAP signal vector I/i; to determine the instrument matrix F both
effects were rendered inconsequential. At the same time, this normalization justified the use

of a normalized Stokes vector [1 S; S, S;]' to describe the input light to the PSD.

In principle, the instrument matrix can be determined from the response of the DOAP to only
four linearly independent polarization states'. If we let Sy denote the Stokes vector of one of
these states and I the corresponding column vector formed by the four electrical signals

constituting the DOAP response, then, according to eq. (3.35):
I, =F[§, (k=0...3) (3.45)

Let I denote a matrix whose columns are the four signal vectors Iy and S denote a matrix
whose columns are the corresponding Stokes vectors Sy of the four incident polarization
states. Then, the above system of four algebraic equations can be reduced into one that only

involves 4x4 matrices,

—
I

F[S (3.46)

' By linearly independent polarization states we mean polarization states whose Stokes vectors are linearly
independent.
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from which the instrument matrix is obtained by pre-multiplication with S™:

F=I08" (3.47)

The inverse matrix 8™ ought to exist, since the columns of S (i.e. the four calibration Stokes
vectors) are linearly independent. An optimum choice of polarization states for this calibration
results if the endpoints of the four vectors Sy in the Stokes subspace (§2.3.4) become the
vertices of a tetrahedron [32]. This is the maximum-volume pyramid inscribed inside the unit-

sphere (Poincaré sphere) and corresponds to the maximum determinant of S.

The accuracy of this straightforward calibration procedure, called the four-point method, is, of
course, negatively influenced by imperfections in the polarizing components of the PSG.
Superior results can be obtained by a different calibration scheme, known as the equator-poles
method, that has been described in [30]. It involves the measurement of the DOAP response
to a larger number of incident polarization states and allows the instrument matrix F to be
determined mostly free of the small imperfections in the PSG. The equator-poles method was

used in this work to calibrate the DOAP. It was carried out in two steps.

In the first step, the QWR was removed from the PSG and the four output signals of the
DOAP were recorded as the linear polarizer was rotated through 360° in steps of 10°. In other
words, the instrument response to incident linearly polarized light of variable azimuth was
measured. Ideally, azimuthal positions of the polarizer that are 180°-apart are physically
indistinguishable and one should only need to let the linear polarizer complete half a
revolution to obtain all the desired information. In practice, however, this is not exactly the
case because of a small angular beam deviation introduced by the polarizer. By averaging the
responses of the DOAP recorded at 180°-apart this effect was largely cancelled. It was found
that the difference between the responses of any of the four DOAP detectors to two such
diametrically opposite orientations could be as much as 12%. The average difference, though,

was much less, approximately 2% to 5%.

The normalized Stokes vector of the incident linearly polarized light, as a function of the

polarizer azimuth P, is given by eq. (3.31):
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S = cos2P (3.48)
Y sin2P '

The four normalized DOAP signals are linked to Spp by the instrument matrix F. Substitution

of eq. (3.48) into eq. (3.35) yields

0 F,, + F,, [dos2P +F,, 8in2P
1| _| o +F, [dos2P +F,, [Sin2P
, | | F,, +F,, [Bos2P +F,, Bin 2P
.| LF, +F, [Gos2P +F,, [Ein2P

(3.49)

F; denotes the element in the i™ row and j™ column of F (ij=0,1,2,3). Iy, I}, I, and I

correspond to Iy, Iy, Iy and I;; of eq. (3.33), in exactly this order.

By fitting Iy, [;, I, and I5 to the simple Fourier series of eqs. (3.49), the first three columns of
F were obtained. Allowing most of the instrument matrix to be obtained without the QWR in
the optical train is an important feature of the equator-poles method, considering that the most

significant imperfections of the PSG reside in the quarter-wave retarder [30].

In the second step of the calibration, the instrument response to circularly polarized light was
measured. The normalized Stokes vectors of right-circularly and left-circularly polarized light

are given by:

1
0 0

Spcp = (3.50a) S, = (3.50b)
0 0
1 -1

Substitution of eqs. (3.50a) and (3.50b) into eq. (3.35) yields for the DOAP response to

circularly polarized light:

Foo + F03 Foo - F03
F _+F F. -F
I.,=| " " 3.51a I.,=/" " 3.51b
RCP E, +E, ( ) LCP E, -F, ( )
F3o + F33 F3o - F33

Thus, the fourth and last column of the instrument matrix can be obtained from the difference
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between I cp and Ircp:

Fys

1 F

E(IRCP _ILCP)= FZ (3.52)
E;

In addition, the average of the two signal vectors yields the first column of F:

Foo

1 F

E(IRCP +ILCP) = F::) (3~53)
F3o

Equation (3.53) was only used as a consistency check, since the first column of the instrument
matrix was obtained in the first step of the calibration from a multitude of incident linearly
polarized states. Typically, the largest relative difference in the elements of the column

obtained in the two steps was below 1%.

According to egs. (3.27) and (3.28), the only condition to be satisfied in order to generate
RCP (or LCP) light, is that the QWR lead (or lag) the linear polarizer by 45°. However,
imperfections in the QWR make it practically impossible to produce exact circular
polarization states (CS). Instead, elliptical states that are more or less near-circular (NCS) will
be generated by the PSG when the fast axis of the QWR is oriented at (or near) +45° with
respect to the transmission axis of the linear polarizer. Nevertheless, it is still possible to
measure the DOAP response to exact circular states, without being able to produce them, if

the deviation of the near-circular states from the ideal is small [30].

The difference B of the ellipticity angle € of an elliptical state from +45° can be used as a

measure of how close to circular this state is:
B=45° —|€| (3.54)

If B is small enough for the first-order approximations cos2 =1 and sin2f=2p to be
justified, it can be shown that the DOAP response to a circular state equals the average

instrument response to two near-circular states of orthogonal azimuths, 6 and 6+90°:

Ty =5 [l (8) 15 (6+90°) (3.59)
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To obtain Ircp, any two right-handed near-circular states with the same B and orthogonal
azimuths can be used. Similarly, to obtain Iy cp, any two left-handed near-circular states with
the same P and orthogonal azimuths can be used for the response to LCP light. No explicit
knowledge of either 0 or B, and hence of the PSG imperfections, is required for this

measurement.

The effect of angular beam deviation as it traverses the PSG, needs again to be taken into
account, as in the first calibration step. Since there are two components in the beam path now,
four measurements have to be averaged for every combination of P and Q, namely with the
linear polarizer and QWR oriented at (P,Q), (P,Q+180°), (P+180°,Q), and (P+180°,Q+180°).
Combining this with eq. (3.55), a total of sixteen measurements have to be taken to obtain the
DOAP response to right-circular and left-circular light. The values of P and Q (initial
orientation) can be arbitrarily chosen, as long as they satisfy P-Q = +45°. A possible choice

is:

l[1(0",45°) +1(0°,225°) +1(180°,45°) +1(180°,225°)]
_1]4
Iicr _E 1 (3.56)
+Z[I(90°’135°) +1(90°,315°) +1(270°,135°) +1(270°,315°)]
l[I(O°,135°)+I(O°,315°)+I(180°,135°)+I(180°,315°)]
14
I, =5 | (3.57)
+Z[I(9O°,45°) +1(90°,225°) +1(270°,45°) +1(270°,225°)]

where the first angle in the round brackets indicates the polarizer azimuth and the second one

the retarder azimuth.

The computer-controlled rotators in the PSG were, by default, programmed to take thirty eight
measurements, nineteen for RCP and nineteen for LCP light. The polarizer-retarder
combination was rotated solidly as one piece through a complete circle in steps of 20°, once
with the retarder leading the polarizer by 45° and once with the retarder lagging by the same
angle. Although this is a deviation from the recommendations in [30], the large number of

calibration states should yet warrant results of nearly the same quality.

The top graph in fig. (3.16)' shows the raw polarimeter signals (prior to normalization) and

! Figures (3.16) - (3.19) are at the end of this section.
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the reference detector signal recorded during the latest calibration. A total of seventy five data
points was acquired in both calibration steps. The effect of the varying incident flux is
apparent in the instrument response to the (near-) circular states, which should be (nearly)

constant.

The normalized signals are shown in the bottom graph of the same figure. As expected, the
response to the (near-) circular states is now much more constant. The residual variation
probably stems from the above mentioned angular deviation of the beam and the fact that the
incident states are not exactly circular. Table (3-1) lists the standard deviations of the

individual signals from their mean value, before and after normalization.

Figure (3.17) shows the normalized instrument response to linearly polarized light of variable
azimuth, in the range 0° to 180°, after averaging signals recorded at azimuths that were 180°-
apart. The signals were least-squares fitted to the Fourier-series of eq. (3.49) to yield the first
three columns of the instrument matrix. The solid lines in the graph represent the fits. The
standard deviations of the measured data points from the fits were 3.6 mV for Iy, 2.2 mV for

I, 5.2 mV for I, and 5.6 mV for Is.

Table 3-1: Relative standard deviations of the individual polarimeter signals from their mean
value, for the different incident (near-) circular states generated during calibration, before and
after normalization.

Relative standard deviations

Before normalization | After normalization
RCP LCP RCP LCP
Iy 3.64% 3.29% 2.39% 1.91%
I 3.29% 3.66% 1.22% 1.51%
I 2.42% 2.47% 1.57% 1.42%
I3 2.52% 2.63% 1.11% 1.93%
ref. det. 3.17% 3.36%

The instrument matrix obtained by this calibration and its determinant are shown below:

0.845 0224 0.781 —-0.112
1228 0314 -1.098 0.119

F= (3.582) detF=-0.699  (3.58b)
0.651 —0.508 —-0.193 —=0.190

0.758 —-0.583 0.224  0.272
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Since inversion of a matrix is associated with division by its determinant, the larger the
determinant of the instrument matrix, the better. A small determinant would indicate a near-
singular matrix. In the real world, where the elements of the instrument matrix are always
accompanied by a measurement uncertainty, inversion of a near-singular matrix would greatly
amplify any error, eventually rendering the matrix useless. For ease of reference the inverse
instrument matrix F™' is also given here:

0434 0311 0.186  0.172

F= 0.536  0.417 -0.843 -0.550 (3.59)
0.580 -0.404 -0.262 0.233 '

-0.537 0361 -2.108 1.825

The physical meaning of the rows and columns of the instrument matrix is discussed in detail
in [33]". Each of the rows of F is associated with one of the polarimeter channels. More
specifically, it follows from eq. (3.35) that the response of a channel to a particular incident
polarization state, represented by a Stokes vector S, is determined by the scalar product of the
corresponding row of F with S. If the incident light is unpolarized (eq. 2.71), the response is
determined by the first element of that row. In other words, the first column of the instrument
matrix specifies the DOAP response to unpolarized light, normalized per unit incident radiant
flux. Because the polarimeter signals can only be non-negative, the elements in the first
column of F must be positive (zero response to unpolarized light would indicate zero

transmittance of the corresponding channel).

If the rows of F are interpreted as vectors in four-dimensional space, the polarimeter signals
can be thought of as the projections of S along these vectors. Four independent projections are
needed to fix S in four-dimensional space’. Because of this analogy, the rows of the
instrument matrix are also called projection vectors. If these vectors and S are each
normalized with respect to their first element, the four projections can easily be visualized in

the three-dimensional Stokes subspace (§2.3.4). The normalized projection vectors (NPV’s)

' Actually, in the cited reference the instrument matrix of a different device, the four-detector photopolarimeter
(FDP), is discussed. However, the FDP and the DOAP are mathematically equivalent except for some of the
constraints on the elements of the instrument matrix.

* If the number of available independent projections exceeds four, for instance in a polarimeter with more than
four channels (detectors), then there may exist several distinct possible combinations of four projection vectors
whose associated instrument matrices are all non-singular. In this case the Stokes vector S is overdetermined,
and an average of several determinations of S can be taken to improve the accuracy and precision of
measurement [34].
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are defined by:

. R
p=l b B B o003 (3.60)
FiO FiO FiO

F is non-singular if these vectors do not all lie in the same plane.

In terms of the four NPV’s, eq. (3.35) can now be written as:
I =F, 8, {1+f38) , i=0,1,2,3 (3.61)
s denotes the normalized Stokes vector in the Stokes subspace:

t
Equation (3.61) states that a signal is maximum when the incident light is totally polarized
(Is|=1) and its Stokes vector parallel to the corresponding projection vector. It is minimum
when the incident light is totally polarized and its Stokes vector antiparallel to the
corresponding projection vector. Put differently, the polarization state that yields minimum
signal is orthogonal to that which yields maximum signal. The average signal is equal to the
response to unpolarized light1 (s =0) or light whose Stokes vector is perpendicular to the

corresponding projection vector (fi-s = 0).

It also follows from eq. (3.61) that, since Fjp and S, are both positive, the length of the NPV’s
cannot exceed 1. A NPV will be of unit length if the last element in the optical train of that
particular channel (prior to the photodetector) is an ideal polarizer (analyzer). In that case, the
minimum signal will be zero, and if s were to scan the entire surface of the unit sphere in the

Stokes subspace the modulation” of the signal would be one.

With F from eq. (3.59), the four normalized projection vectors are:

f, =[0.265 0.924 -0.133]' £,=0.970
f, =[0.256 -0.894 0.097)' If=0.935

; (3.63)
f, =[-0.780 -0.296 -0.292]' If,|=0.884
f, =[-0.769 0.296 0.359]' If,]=0.899

' Remember that unpolarized light can be thought of as the superposition of two polarized waves of equal
amplitude and orthogonal polarizations.
2 Defined as (Iimax~Lmin)/ (Inaxtimin)- Also known in optics as the contrast or visibility.
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Although the last (polarization-altering) element in all channels of the PSD is a prism
polarizer, a reduction in the length of the NPV’s is expected because of the fibers delivering
the light to the photodetectors. A slower DOAP described in [35] did not utilize fibers. The

reported NPV’s for that instrument do, indeed, have lengths that are closer to one.

The four characteristic Stokes vectors that result in maximum signals can be derived from eq.
(3.63). They are listed below, together with the ellipticity angles and azimuths of the

polarization ellipses that they describe:

S,=[l 0273 0952 -0.137] (€, =-3.94°, 8, = 37.0°)
S, =[1 0274 -0.956 0.104]' (€, = 2.98°, 8, =-37.0°) (3.64)
S,=[1 -0.882 -0.335 -0.330]' (e, =-9.65°, B, =-79.6°)
S,=[1 -0856 0329 0.399]' (g, = 11.8°,8,= 79.59

3.8.2.5.1 Verification

Upon completion of the calibration and with the PSG and the PSD still set up in the straight-
through mode, a verification procedure was started to check the validity of the newly obtained
instrument matrix. With the linear polarizer fixed at P =0, the QWR was rotated through a
complete circle in steps of 10°, thus generating a variety of polarization states that were
measured with the DOAP. The measured Stokes parameters were then compared to the
predicted Stokes parameters, that are given by:
1
cos’2Q

S =
9 10.5Ein4Q
sin2Q

(3.65)

as follows from eq. (3.23) in its normalized version and with P set zero.

Figure (3.18) shows the results of the verification that was carried out immediately after the
calibration which led to the instrument matrix of eq. (3.58a). The maximum deviations of the
measured from the predicted parameters were 0.041 for S, 0.014 for S,, and 0.066 for Ss. The
average deviations were 0.019 for S;, 0.005 for S, and 0.028 for S;. The measured degree of
polarization is also plotted in the same figure. Its mean value was 1.004, with a standard

deviation of 0.024.
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3.8.2.5.2 Prism - Check

After calibration and verification the PSG was returned to the measurement position and the
PSD was aligned using a prism, as described in §(3.8.2.2). As a final check before the prism
was removed, a measurement, consisting of 2048 data points, was taken. The index of
refraction n and the extinction coefficient k of the prism material (BK7 optical glass) were
computed and compared with the ‘should be’ values. This convenient quick check was also
done routinely in-between calibrations to realign the PSD and ensure that the instrument
matrix in use was still valid. To check the linearity of the system, the measurement was
repeated at different signal levels by changing the neutral density filter in front of the linear
polarizer in the PSG. A total of three neutral density filters with varying transmittances was
used. A slight tendency for the measured n to increase with increasing signals was observed.
Nevertheless, this occurred when the signals by far exceeded (three to four times higher)
typical signals recorded during measurements on cylindrical specimens. The relative
difference between the value of n obtained with the highest signals and that obtained with the

lowest signals was approximately 1%.

Figure (3.19) shows the results of a prism-check, including the raw signals (lowest of the
three levels). The average measured n was 1.520 with a standard deviation of 0.032 (=2%)
compared to the published value of 1.51370" at 677 nm. The average measured k was 0.007
with a standard deviation of 0.11. The extinction coefficient should, of course, be exactly zero
for a dielectric. The value of the spectral normal (-hemispherical)® reflectance at 677 nm,

computed from the measured n and k (eq. 2.102), was 0.0426.

In all the prism checks that were done in the course of this work, the measured values for the
index of refraction of the prism were always higher than the published value. The average
deviation, when the signals in the prism check were comparable in magnitude to those during
measurements, was +1.7%. This points to a systematic error, which, unfortunately, could not

be traced to its source.

! Source: Schott Optical Glass catalog 1995.
% See the comments at the end of §(2.3.6).
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normalized detector signals, V

Fig. 3.16: The four polarimeter signals recorded during a equator-poles calibration. Shown before (top)

non-normalized detector signals, V
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and after (bottom) normalization with respect to the reference detector signal.
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normalized and averaged detector signals, V
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Fig. 3.17: The normalized instrument response to incident linearly polarized light as a function of the
varying azimuth.
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Fig. 3.18: Results of the verification procedure. In the bottom graph, the symbols represent the
measured Stokes parameters S;, S,, and S;, whereas the solid curves are plots of the predicted Stokes
parameters, as a function of the QWR azimuth. The deviation of the measured from the predicted
values is plotted in the top graph. The middle graph shows the degree of polarization of the measured
Stokes vectors (values greater than one are, of course, the result of measurement errors).
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Fig. 3.19: Results of the latest prism-check. Shown from top to bottom are the DOAP raw signals, the
index of refraction, the extinction coefficient, and the computed spectral normal (hemispherical)
reflectance of the prism material (BK7 optical glass).

82



3.9 The data acquisition

The data acquisition system consisted mainly of four data acquisition boards installed in a PC.
Each board featured two analog input channels, each with its own 12-bit A/D-converter, with
a full scale input range of 0 to +10 V, a sampling rate of 2 MHz, and a sampling size of up to
4095 samples/channel. Two of the boards were used to acquire the demodulated polarimeter
signals, the third board was used for the two radiometer outputs, and the last one for the
current and voltage measurements. All four boards were triggered simultaneously by a TTL-

signal generated by the DOAP electronics module.

A fifth, slower (16-bit, 160 kHz A/D-converter), data acquisition and I/O board was used
primarily to control digital I/O operations of the timing and overload conditions of the DOAP
electronics module. It was also used during polarimeter calibration to acquire the

demodulated reference detector signal.

The radiometer, current, and voltage signals were also simultaneously acquired by a digital
oscilloscope (four channels, 12-bit, 10 MHz max. sampling rate). Its was used in the trial

discharges to adjust the tuning coil (§3.6) and for double-checking purposes.
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4 DATA REDUCTION

4.1 Temperature

The thermodynamic temperature T of the specimen at each instant was obtained from its
measured radiance temperature T) (§3.7.2) and normal spectral emittance &,(A,T) (§3.8.1)
using eq. (2.52):

©2 g ! (4.1)

- I]\ ]
HAne ln{l +€, ()\T _T,T)[Eexp(cz] —1}}
' nlA; [T,

The implicit assumptions regarding the target size, field of view of the radiation thermometer,

T

and constancy of the specimen emittance throughout the spectral passband of the radiation
thermometer, that led to this expression, should of course be kept in mind (§2.2.3, §2.2.5). No
correction was made to account for the difference in the operating wavelengths of the

polarimeter and the radiometer.
In computing radiance temperature, the mean effective wavelength Ar .r, was assumed

constant at 656.3 nm throughout the covered temperature range, as explained in §(3.7.3). In
converting radiance temperature to thermodynamic temperature, the mean effective
wavelength between a different pair of temperatures has to be used. Namely, between the

radiance temperature and the thermodynamic temperature of the specimen. Since T depends

on the normal spectral emittance of the specimen, so does Ar,.r. However, the error caused by
the use of Ar,.r=656.3 nm for this computation as well, was negligible compared to the
overall uncertainty caused by the uncertainty in the normal spectral emittance. Ar,.r as a
function of T for three values of normal spectral emittance is shown in fig. (4.1). For ease of
comparison, At,.r, from fig. (3.11) is also shown. Figure (4.2) shows the error caused by the

use of a constant value of 656.3 nm for Ar,.r , as a function of radiance temperature in the

range 1500 to 3000 K.
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Fig. 4.1: The mean effective wavelength XTX_T as a function of radiance temperature T,
computed for three values of normal spectral emittance €,. Aryr, from fig. (3.11) is also
shown here for ease of reference.
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4.2 Electrical resistivity

The specimen resistance at each instant, was determined from the measured voltage U across
the effective’ specimen length I and the measured current I through the specimen.
Computing resistivity requires knowledge of the specimen dimensions as a function of time,
as well. Since no experimental means were available to measure thermal expansion, the
resistivity data reported in this work are based on the room-temperature specimen dimensions.
They were obtained using®:

P =Yg Y¥n (4.2)
I yO |]eff

where vii, 1s the linear density of the specimen (mass per length) and vy, is its density at room-
temperature. Prior to pulse-heating a specimen, its linear density was derived from a weight
measurement, using a precision scale, and a length measurement, using a traveling
microscope. This proved more reliable than a direct measurement of the specimen diameter.
By measuring the linear density of each individual specimen, small differences in the
specimen diameter, caused, for instance, by different degrees of polishing, could be taken into
account. The average value of Vi, for the niobium specimens was 1.682x1072 kg-m’l, and for

3

the titanium specimens 0.8490x107 kg:m™. For the density yo, values of 8570 kg'm™ and

4540 kg-m™ were used for niobium and titanium, respectively.

Having obtained the ‘uncorrected’ electrical resistivity using eq. (4.2), it is a simple matter to

account for thermal expansion if such data are available from literature:

2
pel,c = pel I:EL] (43)
Iy

The subscript ‘c’ stands for ‘corrected’. ry denotes the specimen radius at room temperature,

r the specimen radius as a function of temperature”.

For each experiment the thermodynamic temperature was plotted against resistivity. A plateau

' The effective specimen length was defined by the distance of the voltage probes (§3.6) and was measured using
a traveling microscope.

* Although the symbol p has already been used to denote reflectance, it will always be clear from the context and
the different subscripts which quantity is actually meant.

3 Thermal expansion was only possible in the radial direction because the specimens were tightly clamped at
both ends. In addition, buckling does not take place at sufficiently high heating rates [19, 36].
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indicated melting of the specimen. Linear functions were fitted to the data in the solid phase
and in the liquid phase. In the case of niobium a linear function was also fitted to the data in
the melting plateau. The intersections of the melting-plateau fit with the solid-phase fit and
with the liquid-phase fit provided the resistivity values at the start and at the end of melting,
respectively. In the case of titanium, however, resistivity changed little during melting. Fitting
a straight line to such a short melting plateau (in terms of resistivity change) was impractical.
In order to obtain the resistivity values at the start and at the end of melting the solid- and
liquid-phase fits were extrapolated to the average measured melting temperature, instead.
Using the fits obtained from each experiment in the solid and in the liquid phase, resistivity
was computed every 50 K in the temperature range of interest. At each of these temperatures
(every 50 K) the mean of the individual-experiment-values was computed. Linear functions
were then fitted to these mean resistivity values from all experiments, in the solid and in the

liquid phase.

4.3 Specific enthalpy
The specific energy absorbed by the specimen during heating, as a function of time, was
obtained from the integral of imparted electrical power over time, divided by the number of

moles of the ‘effective’ specimen:

M t

U(t)1(t")dt’ (4.4)
ylin leff 0

Aq(t) =

where M is the molar mass of the specimen material. For niobium M = 92.91x10~ kg-mol™

and for titanium M = 47.88x10™ kg-mol™ was used.

For an isobaric experiment, the increase in the specific enthalpy h of the specimen is equal to

the electrical energy Aq(t) absorbed by it during heating:
Ah(t)=h(t)-h, =Aq(t) (4.5)
ho denotes the specific enthalpy at room temperature and ambient pressure.

At the temperatures and speeds involved in the present work, the only significant heat loss
from the specimen can be that due to thermal radiation. Using the Stefan-Boltzmann law that
relates the total self-exitance of a surface element to the fourth power of its temperature, this

heat loss can be estimated. With an effective specimen length of 23 mm and a specimen
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radius of 0.8 mm, we obtain values' of 687 W and 154 W for the emitted radiant power at
3200 K and 2200 K, respectively. These two temperatures correspond to the upper limit of the
temperature ranges in which data for niobium and titanium are reported in this work. At that
point of the discharge (near the experiment end), the imparted electrical power was
approximately 4 MW, in the case of niobium, and larger than 1 MW in the case of titanium.
Thus, at the highest temperatures, the heat losses due to thermal radiation represented less
than 0.02% of the imparted power and could be neglected without significant reduction in

accuracy.

4.4 Heat of fusion

To obtain the heat of fusion, the temperature was plotted as a function of Ah. A plateau in that
plot indicated melting of the specimen. In the case of niobium, a quadratic function was fitted
to the solid-phase data and linear functions were fitted to the melting plateau and to the data in
the liquid phase. For titanium linear functions were fitted to the data in the solid phase, the
melting plateau and in the liquid phase. The intersections of these three fits were used to
define the beginning and the end of melting. The heat of fusion hr was then computed as the

increase in specific enthalpy between the beginning and the end of the melting plateau.

4.5 Specific heat capacity

The specific heat capacity at constant pressure c,, is equal to the derivative of specific

enthalpy with respect to temperature:

oh
= — 4.6
Cp ( aT jp:const. ( )

Having already obtained functions of temperature vs. specific enthalpy (§4.4), c, was

computed as the reciprocal of the slope dT/dh of these functions.

4.6 Thermal conductivity and thermal diffusivity

The principal mechanism for thermal conduction in pure metals in the liquid state is through

the transport of electrons. Although lattice conduction can make a significant contribution at

! These values were computed using a value of one for the total-hemispherical emittance of the specimen
surface. The increase in specimen radius because of thermal expansion was not accounted for.
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lower temperatures, electronic conduction is dominant at temperatures around the melting
point [37]. Under these conditions, thermal conductivity' A can be derived from electrical
resistivity using the Wiedemann-Franz-Lorenz law:
—_ LO Er
P

A 4.7)

where T is the thermodynamic temperature, peic 1s the ‘corrected’ electrical resistivity, and
Lo=2.45%x10" W-QK? is the theoretical Lorenz number (as given by Sommerfeld).
However, data computed using eq. (4.7) should only be regarded as estimates, since
experimentally determined values for the Lorenz number can vary with temperature and

specimen material.

Thermal diffusivity a is related to thermal conductivity by:

G ADM L TIM
pr pelmpljlo

(4.8)

cp 1s the specific heat capacity (expressed in Jmol-K™"), M denotes the molar mass of the
specimen, v is the density as a function of temperature, v, is the density at room temperature,
and p denotes the electrical resistivity based on the room-temperature dimensions of the

specimen.

' The symbol A has been used throughout this work to denote wavelength. It is reintroduced here because of its
widespread use in the materials-science literature, where it refers to thermal conductivity. It will always be clear
from the context, which meaning is attributed to A.

&9



5 EXPERIMENTS

5.1 Measurements on niobium

The purity of the niobium material was 99.9+%. The impurities, as reported by the
manufacturer, were: Ta, 100 ppm; O, 73 ppm; W, 50 ppm; N, 29 ppm; Zr, Mo, Ti, Fe, Ni, Si,
Mn, Ca, Al, Cu, Sn, Cr, V, Co, Mg, Pb, and Hf, each less than 20 ppm; and C, H, B, and Cd,

together less than 21 ppm.
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Fig. 5.1: Current, voltage, and radiance temperature at 656.3 nm, as functions of time, during
a pulse-heating experiment with niobium.

In a typical experiment, the capacitor bank was charged to 6.6 - 6.7 kV and discharged in the
crowbar-mode of operation (§3.4). The specimen was heated from room temperature to its
melting point in approximately 50 ps. After 100 ps, it reached a radiance temperature of
approximately 2850 K, corresponding to a true temperature close to 3300 K. Figure (5.1)
shows the time variation of current, voltage, and radiance temperature at 656.3 nm, during an
experiment with niobium. The peak current through the specimen was about 45 kA and the
peak voltage across its effective length was close to 275 V. The apparent phase difference
between current and voltage is most likely due to the rapidly increasing resistance of the

specimen as it heats. The peak electrical power imparted on the specimen was approximately
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11 MW. The plateau in the radiance temperature trace indicates the melting of the specimen.
The heating rate in the solid phase, at about 200 K below the melting point, was

approximately 5x10" K-s™',

Though some of the specimens were used ‘as received’, most of them were given some
treatment prior to pulse-heating in the capacitor-discharge circuit. The purpose of this
treatment was to improve the specimen surface for the polarimetric measurement by removing
possible oxide layers and making the surface more specular. These two conditions of an
oxide-free, specular surface, had to be met as closely as possible, in order to justify the use of

the Fresnel-equations (eqs. 2.87a and 2.87b).

To achieve this goal, some of the specimens were finely ground, some were subjected to one
or two ‘pre-heating’ pulses prior to the experiments, and some were both ground and pre-
heated. Grinding was done in successively finer steps, using silicon carbide sheets down to
4000-grade. Pre-heating was done using the millisecond-resolution pulse-heating system at
NIST [1]. This system is designed for highly accurate thermophysical property-measurements
of electrically conducting materials up to their melting range. It uses a battery bank for energy
storage, a variable resistor for rough control of the heating rate, and a computer-controlled
FET-switch for accurate control of the current through the specimen [38]. The temperature is
determined by means of radiation thermometry and millisecond-resolution laser polarimetry.
The radiometer output is coupled to the FET-switch via a feedback algorithm that allows
heating the specimen to a preset radiance temperature and holding it at that temperature for a
specified amount of time (up to 20 s). All pre-heating pulses were carried out in argon, at

slightly above atmospheric pressure. They were about 250 ms in duration.

In order to obtain the optimum parameters for pre-heating, a series of trials was conducted on
‘as received’ specimens. The results are summarized in figs. (5.2) - (5.7). In general, it was
observed that some surface cleaning took place in the first shot, provided the temperature was
high enough, which manifested itself in a ‘bumpy’ emittance' trace. As a consequence, the
room-temperature emittance (after the specimen had cooled off again) decreased significantly.

Subsequent pre-heating pulses on the same specimen to the same radiance temperature (but

! All emittance values reported in this section in conjunction with pre-heating, are normal spectral emittance
values at 633 nm, the wavelength of the He-Ne laser used with the millisecond-resolution polarimeter.

91



slightly higher true temperature because of the lower emittance), exhibited a much smoother
and very reproducible decrease in emittance with temperature. In addition, the room-
temperature emittance did not decrease significantly with subsequent pre-heating pulses to the

same temperature.

Figure (5.2) shows the radiance and true temperature traces, as functions of time, during two
pre-heatings to 1800 K radiance temperature', conducted on the same specimen (Nbl). The
second pre-heating took place two days after the first one, during which time the specimen
remained in the experiment chamber but was exposed to air. Figure (5.3) shows the pre-
heating of a different specimen (NbS8) to a higher temperature, in which the same ‘bumpy’
emittance is observed. Despite the higher temperature, the emittance at the peak temperature
dropped to the same value it had dropped to during the lower temperature pre-heating pulse.
Also, the decrease in the room-temperature value of emittance was the same as in the lower

temperature pre-heating.

Figures (5.4) and (5.5) offer a different view of the emittance vs. true temperature traces of
the previous two figures. It is interesting to see that there is some hysteresis between the
heating and cooling branches of the curves. Its width was always large in the first shot, as
expected, since the cleaning of the surface could not be undone. The remaining hysteresis in
subsequent pre-heating shots could not be explained. It probably indicated some surface
changing process that could not keep pace with heating and continued to take place in the

initial cooling period, when the temperature was still high.

Figure (5.6) shows the change in room-temperature emittance of several specimens, after one
or more pre-heating pulses. Specimens Nbl, Nb2, and Nb3 (upper row), were heated to
1800 K in radiance temperature. In the middle row (specimens Nb8, Nb9, and Nb10), the
peak radiance temperature was nominally 2000 K. No significant difference was observed
between the higher and lower temperature pulses, with respect to their effect on room-
temperature emittance. Specimens Nbl and Nb10 were pre-heated twice. It is interesting to
see, that the room-temperature emittance of specimen Nbl, rose slightly in the two days

between the two pre-heatings, during which time it was exposed to air. This was not the case

! Radiance temperatures reported in this section in conjunction with the pre-heating experiments, were measured
at the mean effective wavelength of the millisecond-system radiometer, which was approximately 651 nm.
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with specimen Nbl10, that was subjected to the second pre-heating pulse some ten minutes
after the first one and remained in the argon atmosphere during this time. Specimen Nb15 was
pre-heated several times to temperatures'* that were increasingly close to the melting point of
niobium (2422 K in radiance temperature at 653 nm, [39]). This was done in an effort to
produce a mirror-like surface by surface-melting, and consequently increase the polarimeter

signals.

Figure (5.7), which is the counterpart of the previous figure, shows the change in the room-
temperature millisecond polarimeter signals after every pre-heating pulse. It can be seen, that
after the ninth and tenth shot on specimen Nb15, the polarimeter signals did, indeed, all rise.
However, it was rather difficult to achieve this result with all specimens. Often, after a pulse
this close to the melting point, deep grain boundaries appeared on the specimen surface.
Though the individual grains themselves were very shiny, the grain boundaries had a

deteriorating effect on the reflected laser beam (scattering) and the polarimeter signals.

Therefore, this effort was abandoned. Instead, it was decided to pre-heat the specimens only
to a radiance temperature (at 651 nm) of 1750 to 2000 K, corresponding to a thermodynamic
temperature of 1880 to 2170 K, which was enough to produce the ‘cleaning’ effect described

above.

' The temperatures shown in figs. (5.6) and (5.7) for the pre-heating pulses on Nb135, are inaccurate (lower) by a
few degrees. The error was probably caused by an old transmittance value for the neutral density filter that had
to be placed in front of the radiometer in this high-temperature pre-heating series. In other words, the actual
temperatures were even closer to the melting point of niobium.

* Unfortunately, some data of the first and eighth pre-heating pulses on Nbl5 were not saved properly. The
radiance temperatures shown in figs. (5.6) and (5.7) (2400 K and 2410 K) are the nominal peak radiance
temperatures, to which the system was preset. The actual values could have differed by 1-2 K. The
corresponding values of peak true temperature could not be recovered.

93



Nb1

0.52

1st preheat 0.48

2nd preheat

0.44

2000

W 0.40

1950

Tivomax = 1924K (1st)

T =1945K (2nd)

true,max

1900

1850 |- fod

X
o
=
& 1750 |-t [ TN b e
8 1700
=
o
= 4650 |t T e e e
1600 Tsamax = 1797K (1st)
"""""""" T aamax = 1803K (2nd)
1550 |-oocde b bbb b

1500

1000 1200 1400

Time, ms

0 200 400 600 800

1600 1800 2000

e at 633 nm

n

Fig. 5.2: Pre-heating specimen Nbl twice to a nominal radiance temperature of 1800 K at
651 nm, using the slow millisecond-system. The second preheat was done two days after the
first one. The radiance and thermodynamic temperature traces, as well as normal spectral

emittance at 633 nm, are shown as functions of time.
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slower millisecond-system. The normal spectral emittance at 633 nm is shown as a function
of thermodynamic temperature during pulse-heating and subsequent natural cooling.
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5.2 Measurements on titanium

As reported by the manufacturer, the titanium material was 99.9% pure, with the following

major impurities: O, 700 ppm; Fe, 300 ppm; C, 100 ppm; N, 40 ppm; H, 35 ppm.

All specimens were treated with abrasives prior to the experiments, as described in the
previous section for niobium. Attempts to pre-heat resulted in discolored specimens that had
to be discarded. The reason was probably the high affinity of titanium for oxygen and

nitrogen', combined with residual atmospheric gases inside the experiment chamber.
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Fig. 5.8: Current, voltage, and radiance temperature at 656.3 nm, as functions of time, during
a pulse-heating experiment with titanium.

Because of the significantly higher resistivity of titanium as compared to niobium, it was
much easier to pulse-heat, and required a lower capacitor voltage. In a typical experiment, the
capacitor bank was charged to 4.3 kV and discharged in the crowbar-mode of operation
(§3.4). Figure (5.8) shows the time variation of current, voltage, and radiance temperature at
656.3 nm, during an experiment with titanium. The peak current through the specimen was

about 26 kA and the peak voltage across its effective length was approximately 510 V. The

! This property of titanium is useful in its application as a deoxidizer and denitrogenizer in metallurgy, and as a
getter pump inside vacuum tubes.
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peak electrical power imparted on the specimen exceeded 13 MW. The melting point was
reached in about 35 ps. After 63 ps, the specimen had reached a radiance temperature of
approximately 2050 K, corresponding to a true temperature of about 2250 K. The heating rate
in the solid phase, at about 200 K below melting, was approximately 6.5%x10” K-s™'. The o —
phase transformation (from hexagonal close-packed to body-centered cubic) of titanium at
1166 K [40], which is accompanied by a rapid resistance change, was visible as a sudden

change in the slope of the voltage trace.
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6 RESULTS
6.1 Niobium

6.1.1 Melting point

As outlined in §(4.1), the thermodynamic temperature of the specimens was computed from
the measured radiance temperature and normal spectral emittance. Although radiance
temperature, as such, does not bear much significance from a materials-science point of view,

it plays an important role in high-temperature radiation thermometry.

As a result of a significant amount of research in the last three decades, it has been observed
that, at a given wavelength (in the range of 0.5 to 1 um), the radiance temperature of pure
metals at their melting points remains constant, at least during the initial melting period', and
that this value is highly reproducible for different specimens of the same metal, irrespective of
the initial surface condition of the specimen or the operational conditions of the experiment
[41, 42, 43]. This was found to be valid over a wide range of heating rates, 300 to
20000 K-s™', corresponding to a range in heating durations (from room temperature to the
melting point) of 0.04 to 1.2 s. Since radiance temperature is a surface property, it may be
concluded that, at these heating rates, the surface topography of the specimen becomes
uniform upon melting. Furthermore, it is reasonable to assume that the same holds for slower

experiments, as well.

The present work, however, involved heating rates that were higher by a factor of at least
2.5%x10*. Therefore, the possibility of a different melting behavior could not be excluded.
Figure (6.1) shows the radiance temperature at the melting transition of niobium, as measured
with (i) specimens that were pulse-heated without any prior treatment, (i1) specimens that had
been pre-heated to 1750 K in radiance temperature (at nominally 650 nm), and (iii) specimens
that had been pre-heated to higher temperatures. The mean melting radiance temperature was
highest for the ‘as received’ specimens and lowest for those preheated to the higher
temperatures. A modified one-sided t-test applied to the measured data [44], confirmed that

the mean value of melting temperatures in the first specimen group (2430.9 K) exceeded that

" In slower millisecond-resolution experiments the specimen collapses before melting is completed, except in
microgravity or in levitation experiments.
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of the second group (2425.3 K) at a statistical significance level of approximately 99%.
Similarly, the mean melting temperature of the second group exceeded that of the third group
(2416.0 K) with the same level of confidence. Although this by no means represents a

systematic study, it certainly points to an interesting trend.
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Fig. 6.1: Effect of pre-heating on the melting point radiance temperature at 656.3 nm. The
sample means and standard deviations are shown for the three groups of specimens.

As mentioned above, radiance temperature is a surface property. At the melting point, the
highest value it can assume is that of the thermodynamic melting temperature, as is the case
with specimens incorporating a blackbody cavity (emittance=1). With a perfectly planar
surface, the radiance temperature will be a minimum, determined by the optical properties
(n, k) of the specimen material. In all other cases, the radiance temperature at the melting

point will lie in-between the two extremes.

When the specimen surface melts, it becomes very smooth because of the surface tension of
the liquid. This might explain, why in the slower millisecond-resolution pulse-heating
experiments, the radiance temperature at the melting transition of pure metals is very
reproducible, irrespective of the initial surface condition of the solid specimen. At higher

heating rates, however, the characteristic time of the surface smoothening may be too long
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compared to the duration of the melting plateau, so that some residual roughness is still
present during melting, affecting the measured radiance temperature. In other words, at high
heating rates it is conceivable that the melting-point radiance temperature is, to some degree,

a function of the initial surface roughness of the specimen.

Along these lines, fig. (6.1) suggests that pre-heating a specimen changes its surface in a way
that it behaves closer to ideal (perfectly smooth surface) at melting. This is another
manifestation of the ‘cleaning’ effect that was always observed in the emittance-vs.-time trace
of the first pre-heating pulse, as described in §(5.1). Pre-heating to higher (than 2000 K)
temperatures or multiple pre-heating pulses did not further decrease the melting-point

radiance temperature.

According to everything mentioned so far, the radiance temperature at the melting point of the
third specimen group of fig. (6.1) should be closest to that measured in millisecond-resolution
experiments (2422 K at 653 nm [39]). The fact that it is even lower (2416 K), may be
explained, at least in part, by the ‘size-of-source’ effect [8, 45]. In short, we talk about a ‘size-
of-source’ effect, when radiation from outside the specified target area' can enter the field-
defining aperture and reach the detector, because of lens aberrations, internal reflections
inside the radiometer, and scattering” in the lenses of the radiometer or the window of the
chamber. The radiometer output then becomes dependent on the size of the hot object being
viewed. This effect is cancelled if the measurement conditions are identical to the calibration
conditions. In our case, the radiometer was calibrated on the 3 mm - wide tungsten strip of the
reference lamp (§3.7.2), but the objects viewed during measurement were wires of 1.6 mm
nominal diameter. If the total area on the tungsten strip from which the detector received
radiation during calibration, extended in width® beyond the edges of the wire during
measurement, then viewing a wire at the same radiance temperature as the strip would yield
an apparently lower radiance temperature® for the wire. In order for the difference to be 6 K at

2422 K, the radiometer would have to receive approximately 2.3% of the total radiant flux

" In our case, 0.5 mm x 9.8 mm (§3.7.1).

2 Dust on the outer surface of the objective lens is a commonly encountered source of scattering.

3 In both cases, calibration and measurement, the objects viewed by the radiometer extended in height much
beyond the nominal target height of 9.8 mm, so that any size-of-source effect in that direction was probably
cancelled. This, of course, is based on the assumption that there is no temperature gradient along the portion of
the tungsten filament viewed by the radiometer during calibration, as there is none along the pulse-heated wire.

* The impact of radiation reflected off the experiment chamber wall into the radiometer is neglected here.
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that it received during calibration from the area on the tungsten strip to the left and right of the

central portion of 1.6 mm in width'.

The difference, in terms of radiance temperature at the melting point, between the first and
third specimen groups of fig. (6.1), corresponds to a difference in normal spectral emittance of
close to 6%. Unfortunately, the between-experiments variation of the measured emittance at
the melting point was of the same order of magnitude®, so that this difference could not be
resolved. In other words, the systematic decrease in the melting-point normal spectral
emittance, caused by pre-heating the specimens, was obscured by the random error of the

polarimetric measurement.

At this point, it should again be stressed that the determination of normal spectral emittance
by laser polarimetry requires specimen surfaces that are as close as possible to the ideal case
of an optically smooth surface. The measurements on titanium (§6.2.1) suggest that the
polarimeter does measure a higher normal spectral emittance on rougher surfaces. It is not
clear yet, where the limits, in terms of roughness, are, within which the results can be trusted.
In any case, it appears that the degree of surface roughness encountered in this work, did not
have too much of a deteriorating effect on the measurement, other than perhaps reducing the
polarimeter signal levels. These problems are of course much reduced in the liquid phase,

when the specimen surface becomes very smooth.

The mean value of the thermodynamic temperature at the melting transition of niobium was
2736 K, compared to the accepted value (on ITS-90) of 2749 K [46]. The normal spectral
emittance exhibited a rapid decrease at melting, and remained constant in the liquid phase, up
to 3200 K. Its mean value in the liquid phase was 0.36 at 677 nm, somewhat higher than the
value at melting of 0.339 at 653 nm, which is computed from the melting point of 2749 K and
the melting-point radiance temperature (at 653 nm) of 2422 K [39].

Figure (6.2) shows the radiance temperature, thermodynamic temperature, and normal

spectral emittance of a niobium specimen, as functions of time during a pulse-heating

" This estimate was computed using Wien’s approximation to Planck’s law (§2.1.8). Furthermore, some
simplifying assumptions were made, notably that both the strip of the reference lamp and the wire-shaped
specimen can be treated as iso-radiance emitters (lambertian and uniform). In the case of a wire, this also means
neglecting the curvature of its surface.

* This rather large variation, is mainly caused by differences in the initial alignment of the PSD and/or specimen
movement.
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experiment. For a given specimen, the plateau temperature (radiance or thermodynamic) was
determined by averaging the measured temperatures along the plateau. The standard deviation
of an individual temperature from the plateau average was in the range of 0.1 to 2.7 K, for the
radiance temperature plateaus, and of 11 to 29 K, for the thermodynamic temperature
plateaus. The trend of radiance and thermodynamic temperature along each plateau was
determined by (least-squares) fitting a linear function of time to the measured temperatures.
The slope of the radiance temperature plateaus was in the range of 0.038 to 0.664 K-us™, and

that of the thermodynamic temperature plateaus in the range of -0.765 to 3.3 K-ps™.
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Fig. 6.2: Radiance temperature (at 656.3 nm), thermodynamic temperature, and normal
spectral emittance (at 677 nm), as functions of time, during a niobium pulse-heating
experiment.

The variation of the four polarimeter signals with time during a niobium pulse-heating
experiment is shown in fig. (6.3). During melting and in the liquid, three out four signals
increased significantly. The decrease in the signals at the experiment end is probably caused
by specimen movement. Also shown, as a function of time, is the degree of polarization of the
reflected laser beam, computed from the measured Stokes parameters. A significant deviation
from one would have indicated some problem and questioned the use of eq. (3.38) (see the

discussion in §3.8.2.4).
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Fig. 6.3: The four polarimeter signals, the normal spectral emittance of the specimen, and the
degree of polarization of the reflected laser beam, as functions of time, during a niobium
pulse-heating experiment. s and e indicate the start and end of melting, respectively.

6.1.2 Electrical resistivity

The linear functions representing the measured resistivity pe (not corrected for thermal

expansion) of solid and liquid niobium, in the ranges of 1600 to 2700 K and 2800 to 3200 K
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respectively, were

solid: P, =60.8+2.42x107(T —1600) (6.1)

liquid P, =98.7+3.95x107° (T —2800) (6.2)

per 18 expressed in uQ-cm and the temperature T in K. The resistivity at the beginning and at

the end of melting was 87.5 pQ-cm and 98.5 uQ-cm, respectively.

Using data from literature, the measured electrical resistivity was corrected for thermal
expansion. Specifically, the linear thermal expansion of solid niobium as a function of
temperature in the range of 1500 to 2700 K that is reported in [47], was used:

=l =5.4424x107 —8.8553x107° T +1.2993x10° T?
solid: [y (6.3)

-4.4002%107* T +6.3476x107'° T*

Since niobium is of body-centered cubic structure, the linear thermal expansion can be

converted to a purely radial volume expansion using:

V(Y (. 1=hY
70_[%] (1-’- l j (4

where V denotes volume, and V, is the volume of the ‘effective’ specimen at room

temperature.

For liquid niobium, expansion data from [19] were used:

liquid: %=0.9627—2.5><10_5T+3.14><10_8T2 -1.17x107"* T? (6.5)

0

By combining eqs. (6.4) and (6.5) with egs. (6.1) and (6.2), the following functions of
temperature were obtained for the corrected electrical resistivity of niobium, in the same

temperature ranges as above:
solid: Pue =62.8+2.64x10(T =1600)+1.44x10™(T =1600)’ (6.6)

liquid: Pu. =110+1.76x107 (T —2800) (6.7)

Again, pe is expressed in pQ-cm and the temperature T in K. Extrapolation of these

functions to the measured melting temperature of 2736 K, yields 94.7 uQQ-cm and
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108.9 uQ-cm for the resistivity of niobium at the beginning and at the end of melting,
respectively. The ratio of these two values (liquid/solid) did not change significantly by the

correction for thermal expansion.

Figure (6.4) summarizes these results and compares them to data obtained at NIST in the past,
using the millisecond-resolution [48] and microsecond-resolution pulse-heating facilities [49].
Thermodynamic temperature in [49] was computed from radiance temperature using the
known melting temperature of niobium, under the assumption of constant emittance in the
liquid. Since it was found that the normal spectral emittance of liquid niobium is indeed
constant, the older liquid phase resistivity data agree well with that obtained in the present

work.
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Fig. 6.4: Electrical resistivity of niobium as a function of temperature.

6.1.3 Heat of fusion

The mean value of the heat of fusion from all experiments was 32.0 kJ-mol”. The standard
deviation from the mean was 1.5 kJ-mol™". This value for the heat of fusion agrees reasonably

well with results obtained at NIST in the past. In [50] a value of 31.5 kJ-mol™ is reported. It
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was measured with the slower millisecond-resolution system using the ‘sandwich’ technique'
to prevent the specimen from collapsing during melting. In [51] a value of 31.1 kJ-mol™ is
reported. This was measured using the microsecond system. Since there were no means to
obtain true temperature at that time, the heat of fusion in [51] was computed from least-

squares fits to the radiance-temperature-vs.-absorbed-energy data.

6.1.4 Specific heat capacity
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Fig. 6.5: Specific heat capacity of niobium as a function of temperature.

The quadratic function representing the specific heat capacity of solid niobium, in the range of

1600 to 2700 K, was:
solid: ¢, =30.0+4.7x107(T =1600)+7.8 x10™*(T = 1600)’ (6.8)

¢, is expressed in J-mol-K™" and T in K.

In the liquid phase, up to 3200 K, the specific enthalpy increased linearly with temperature

From the slope of the linear function that was fitted to the specific enthalpy vs. temperature

' This means that a strip of the metal under study (niobium in this case) was ‘sandwiched’ between two strips of
another metal with a higher melting temperature. The two outer strips provided support for the inner strip when it
melted.
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data, a value of 38.9 J-mol™-K™' was obtained for the specific heat capacity of liquid niobium.

The solid and liquid heat capacity of niobium is shown in fig. (6.5) as a function of
temperature. The results of the present work agree, within their uncertainty, with data

obtained at NIST in the past, which, for ease of reference, are also shown in the same figure.

6.1.5 Thermal conductivity
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Fig. 6.6: Thermal conductivity of solid and liquid niobium as a function of temperature,
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estimated from the corrected electrical resistivity data, using L, =2.45x10" W-Q-K?. Ty, is the

melting point of niobium, as measured in the present work.

From the corrected resistivity data, egs. (6.6) and (6.7), the thermal conductivity of solid and
liquid niobium could be estimated, using eq. (4.7), in the ranges 1600 to 2700 K (solid) and
2800 to 3200 K:

solid: A =62.5+1.17x10(T =1600) -3.93x10™ (T ~1600)’ (6.9)
liquid A =62.4+1.28x107(T -2800)-3.28 %10 (T - 2800)’ (6.10)

A is expressed in W-m™-K™' and the temperature T in K. A value of 2.45x10™® W-QK? was
used for the Lorenz number L,. Equations (6.9) and (6.10) are plotted in fig. (6.6), together

with estimates for the thermal conductivity of niobium reported in [52].
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6.1.6 Thermal diffusivity

The thermal diffusivity of solid and liquid niobium, in the temperature ranges 1600 to 2700 K
(solid) and 2800 to 3200 K (liquid), was estimated from the measured resistivity (not

corrected for thermal expansion) and specific heat capacity, using eq. (4.8):

o =0.233+1.64%x107° (T —-1600)-8.64 x10™(T —1600)’
+2.82x107"(T -1600)’

solid: (6.11)

liquid: a =0.194+6.05x107 (T —2800) (6.12)
o is expressed in cm*s™ and T in K. A value of 2.45x10™® W-Q-K? was used for the Lorenz

number L.

Equations (6.11) and (6.12) are plotted in fig. (6.7).
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Fig. 6.7: Thermal diffusivity of solid and liquid niobium as a function of temperature,
computed from the estimated thermal conductivity data (fig. 6.6). Ty, is the melting point of
niobium, as measured in the present work.
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6.2 Titanium

6.2.1 Melting point

The mean value of the measured radiance temperatures (at 656.3 nm) at the melting transition
of the titanium specimens was 1835 K. This is considerably higher than the accepted value of
1800 K (at 653 nm), determined using a (slower) millisecond-resolution pulse-heating
technique [53]. The difference may be explained by the much higher heating rates involved in
the present work. The standard deviation of the melting-point radiance temperatures of the
individual specimens from the overall mean', was 10 K, which is rather large. It should be
remembered that the titanium specimens could not be pre-heated in the slower millisecond-
system, prior to pulse-heating in the microsecond-system (§5.2). Their treatment with
abrasives to remove any oxides, probably produced surfaces with varying degrees of
roughness, which, combined with the high heating rates, could be the reason for this large

standard deviation.

The mean value of the computed thermodynamic temperatures at the melting transition of all
specimens was 1941 K, close to the accepted value of 1945 K for the melting point of
titanium [54]. The standard deviation from the mean was 6 K. The mean value of the normal
spectral emittance at the melting point of titanium was 0.52. This is significantly higher than
the value of 0.4 that was obtained with the slower pulse-heating technique. But it is
compatible with the higher radiance temperature at the melting point, yielding a much better
agreement with the slower experiments in terms of thermodynamic temperature. Whatever the
reason for the higher melting-point radiance temperature, the polarimeter ‘reacted’ correctly
to it. If the reason was indeed residual surface roughness at the melting point, then it is not
clear at this point why the polarimeter measured the correct emittance (within the
measurement uncertainty), considering that its ‘measurement equation’ (§3.8.2.4) is based on

the assumption of a perfectly smooth specimen surface.

As outlined in §(6.1.1), the melting plateau temperature (radiance or thermodynamic), for a

given specimen, was determined by averaging the measured temperatures (data points) along

"It is not strictly correct to compute the mean value of the radiance temperatures at the melting transition of the
different specimens, since there is reason to believe that in fast pulse-heating experiments the observed
differences between specimens, are, at least in part, real, and not entirely attributable to a random measurement
error.
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the plateau. The standard deviation of an individual temperature from the plateau average was
in the range of 0.75 to 1.9 K, for the radiance temperature plateaus, and of 5.9 to 10 K for the
thermodynamic temperature plateaus. The trend of radiance and thermodynamic temperature
along each plateau was determined by (least-squares) fitting a linear function of time to the
measured temperatures. The slope of the radiance temperature plateaus was in the range of
-0.14 t0 0.8 K-ps™', and that of the thermodynamic temperature plateaus in the range of -1.0 to
23 Keus™.

Figure (6.8) shows the radiance temperature, thermodynamic temperature, and normal
spectral emittance of a titanium specimen, as functions of time during a pulse-heating
experiment. The normal spectral emittance gradually decreased in the solid, remained
constant during melting, and further decreased in the liquid phase. The rapid drop at the onset
of melting that was observed with niobium, is absent here. It is interesting to note that the
emittance decreased in the liquid until it reached a value of approximately 0.4, which is the

value measured with the slower pulse-heating technique at the melting point of titanium.

In the past, when no means were available to measure normal spectral emittance in such high-
speed pulse-heating experiments, the measured radiance temperature was converted to
thermodynamic temperature using the known melting point of the specimen (from literature),
under the assumption that the emittance was constant in the liquid phase and equal to its value
at the melting transition'. As demonstrated by niobium, this assumption was justified in some
cases. In the case of titanium however, it would have introduced an error in true temperature
because the normal spectral emittance decreased significantly after melting was completed.

Figure (6.9) shows that this error would quickly have exceeded 50 K.

Figure (6.10) shows the four polarimeter signals, the normal spectral emittance, and the
degree of polarization of the reflected laser beam, as functions of time during a titanium
pulse-heating experiment. All four signals increased during melting, something that was
observed with niobium, as well. The low-frequency fluctuation of the signals in the liquid
phase was probably caused by specimen movement and did not affect the computed

emittance, since all four signals varied ‘in step’.

! A serious limitation of this method was of course that it could not be used in the solid phase, and hence no
reliable temperature measurement was possible below melting.
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Fig. 6.8: Radiance temperature (at 656.3 nm), thermodynamic temperature, and normal
spectral emittance (at 677 nm), as functions of time, during a titanium pulse-heating
experiment.
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Fig. 6.10: The four polarimeter signals, the normal spectral emittance of the specimen, and the
degree of polarization of the reflected laser beam, as functions of time, during a titanium
pulse-heating experiment. s and e indicate the start and end of melting, respectively.
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6.2.2 Electrical resistivity
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Fig. 6.11: Electrical resistivity of titanium as a function of temperature.

The linear functions representing the resistivity pe (not corrected for thermal expansion) of
solid and liquid titanium, in the ranges of 1500 to 1900 K and 1950 to 2200 K respectively,

WEre:

solid p, =149.6 +1.57x107(T —1500) (6.13)

liquid P, =156.9-6.48x107*(T —1950) (6.14)

per 18 expressed in uQ-cm and the temperature T in K. The resistivity at the beginning and at

the end of melting was 156.5 pQ-cm and 157 pQ-cm, respectively.

In the liquid, the measured resistivity was corrected for thermal expansion using volume-

expansion data from [55]:

liquid: % =1.093+1.575x10™* (T =T, )+5.671x107° (T -T,, )’

0

(6.15)

where T, denotes the melting temperature. By substituting 1941 K for T, the following

function of temperature was obtained for the corrected electrical resistivity of liquid titanium,
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in the range 1950 to 2200 K:

liquid: P =171.7+1.76x107(T ~1950) (6.16)

Again, pe 1s expressed in pQ-cm and the temperature T in K. Extrapolation of this function
down to the melting temperature, yields 171.5 uQ-cm for the resistivity of titanium at the end

of melting.

Figure (6.11) summarizes these results. The resistivity in the solid phase (not corrected) is
compared to data that was obtained at NIST in the past [56] using the millisecond-resolution
pulse-heating system. The corrected resistivity of liquid titanium is compared to the data
reported in [55]. Temperature in [55] was computed using the assumption of constant normal

spectral emittance in the liquid phase.

6.2.3 Heat of fusion

The mean value of the heat of fusion from all experiments was 13.2 kJ-mol™". The standard
deviation from the mean was 0.4 kJ-mol”. In the past, a value of 13.0 kJ-mol” had been
measured at NIST using the same microsecond-resolution pulse-heating technique [57]. At
that time, a different radiometer was in use, whose measurement range started above the
radiance temperature of titanium at its melting point. In order to be able to detect a melting
plateau, the interference filter was removed to increase the radiant flux incident on the
detector. The radiometer output therefore corresponded to an integral of the emitted radiance
over a wide wavelength range. Heat of fusion was computed from least-squares fits to the

radiometer-output-vs.-absorbed-energy data.

6.2.4 Specific heat capacity

For the specific heat capacity of titanium in the ranges of 1500 to 1900 K (solid) and 1950 to
2200 K (liquid), constant values of 37.6 and 35.3J -mol™-K™", were obtained. Although, it is
common for liquid metals to have a constant heat capacity, a constant value in the solid phase
is not realistic. The reason for not being able to resolve a positive (upward) curvature in the
specific-enthalpy-vs.-temperature data, was the noise in the computed true temperature
combined with the short temperature interval that was covered in the solid. Consequently, the
agreement with heat capacity data of solid titanium obtained in the past at NIST, using the

slower millisecond-system, is not good, particularly at the lower temperatures (fig. 6.12).
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Fig. 6.12: Specific heat capacity of titanium as a function of temperature.

6.2.5 Thermal conductivity

Using the corrected resistivity data, eq. (6.16), the thermal conductivity of liquid titanium was

estimated, in the range of 1950 to 2200 K:
A =27.83+1.11x107*(T —1950) (6.17)

A is expressed in W-m™-K™' and the temperature T in K. A value of 2.45x10® W-Q-K? was
used for the Lorenz number L. Equation (6.17) is plotted in fig. (6.13).

6.2.6 Thermal diffusivity

The thermal diffusivity of liquid titanium, in the temperature range 1950 to 2200 K, was
estimated from the measured resistivity (not corrected for thermal expansion) and specific

heat capacity, using eq. (4.8):
a=9.10x107 +5.094 %107 (T —1950) (6.18)

o is expressed in cm®s™ and T in K. A value of 2.45x10™® W-Q-K? was used for the Lorenz

number L.

Equation (6.18) is plotted in fig. (6.14).
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Fig. 6.13: Thermal conductivity of liquid titanium as a function of temperature, estimated

from the corrected electrical resistivity data, using Lo=2.45x10" W-Q:K?. Ty, is the melting
point of titanium, as measured in the present work.

™ T T T T T
|
i Titanium
|
105 |- ! -
|
|
|
L \ _
- l
” |
|
Ng 10.0 | : -
o :
~ |
Z B : i
= i
[2]) |
£ I
S 95 ! i
g E Liquid
(0] - ! .
< I
= |
|
|
90 | : -
|
Tl
L I I I I I
1900 2000 2100 2200

Temperature, K

Fig. 6.14: Thermal diffusivity of liquid titanium as a function of temperature, computed from
the estimated thermal conductivity data fig. (6.13). Ty, is the melting point of titanium, as
measured in the present work.
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7 MEASUREMENT UNCERTAINTIES

In computing and reporting measurement uncertainties, an effort was made to comply, as
closely as possible, with the guidelines outlined in [58] and [59]. In what is to follow, the
symbol u will be used to denote standard uncertainties, which are estimated standard
deviations. When an output quantity y is not measured directly but is derived from N input
quantities, Xi,...,Xn, through a functional relation, the standard uncertainty components,
Uy, (Y),...,ux(y) of the output quantity will be determined using the law of propagation of
uncertainty. The symbol u(y) will then be used to denote the combined standard uncertainty
of y, computed as the square root of the sum-of-the-squares of these uncertainty components.
The symbol U(y) will be used to denote the expanded uncertainty of y, which is obtained by
multiplying uc(y) by a coverage factor k. In this work k =2 was used, and thus expanded

uncertainties represent two-standard-deviation estimates.

7.1 Radiance temperature

In order to estimate the uncertainty of the measured radiance temperature T;, eq. (3.11) was
written in a simpler form, that was derived using the Wien approximation to Planck’s law

(eq. 2.16):

o1y nmm(s_oj (7.1)
T, T, c, \S

where T, denotes the calibration temperature, n the refraction index of air, A the mean
effective wavelength of the radiometer between Ty and T,, Sy the radiometer output signal
during calibration (target at radiance temperature Ty), and S the signal during measurement

(target at radiance temperature T)).

The (relative) uncertainty components of T, were obtained by forming the partial derivatives

of 1/T, with respect to 1/Ty, So, S, and A:

um(ij = u[ij o W) To(n) (7.2)

T)\ TO T)\ TO TO

[L)-Re) | sl a0y .

T, C, So So

>
(@)
S

4 (LJ:HD\@(—S) ug(T,) _ nALT, d.l(S) (7.4)
s T, ¢, S T, c, S .
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u{iJ =1 D]n(s—oj m(\) - w(h) _

T, ) ¢, S T,

%—1‘ dlg\l) (7.5)
It is important to note that the first two (absolute) uncertainty components (eqs. 7.2 - 7.3)
increase with temperature as T,>. The third component (eq. 7.4) actually decreases with
increasing temperature, because the signal S increases with temperature much faster' than T,
Finally, the uncertainty with which the mean effective wavelength is known gives rise to an
uncertainty in T, that is exactly zero at the calibration temperature, and increases with

|Ty:(Ta-To)| in both directions.

Uncertainty in the calibration temperature T)

The calibration certificate for the tungsten-filament reference lamp that was used as the
secondary standard stated that the expanded uncertainty in radiance temperature was 1.0 K at
2073.15 K (1800°C) and 1.3 K at 2373.15 K (2100°C). The expanded uncertainty due to drift,
since the lamp was last calibrated by the NIST Optical Technology Division, did not exceed
1.5 K at 2073.15 K and 2.0 K at 2373.15 K. This estimate was based on the changes observed
between periodic recalibrations of the lamp (its calibration history).

The current through the tungsten filament of the lamp, was computed from the voltage across
a calibrated high-stability resistor, that was connected in series with the lamp. The voltage
was measured using an 8'-digit multimeter. The auto-calibration feature of the digital
multimeter was always used prior to performing a radiometer calibration. The expanded
uncertainty of the lamp radiance temperature, stemming from the uncertainty in the measured
lamp current (based on the multimeter manufacturer’s specifications), was 0.6 K at 2073.15 K
and 0.85 K at 2373.15 K.

Combined, these uncertainties yielded an expanded uncertainty in To of 1.9 K for the
calibration at 2073.15, and 2.5 K for the calibration at 2373.15 K.

No systematic correction was applied to account for the different mean effective wavelengths

(by about 1 nm) of the NIST Photoelectric Pyrometer (PEP) [20], against which the reference

" The sensitivity of blackbody spectral radiance to temperature variations can be expressed as the fractional
change in spectral radiance per fractional change in blackbody temperature (dL/T)/(dT/T)=Z(T). For small
temperature changes the function Z(T) is approximately constant, Z(T)=Z, and we may write L~T. In the Wien
approximation (accurate to better than 1% for nAT < 3100 um-K), Z = c,/nAT. Thus, at the lower limit of our
measurement range (=1500 K) L increases with temperature approximately as T'’, whereas at the highest

temperatures (=2850 K) it increases approximately as T®. This holds for the radiometer signal S, as well, since
S~L.
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lamp was calibrated, and the microsecond pyrometer. Because of this difference, the radiance
temperature of the reference lamp as seen by the microsecond-system pyrometer deviated
somewhat from the certified radiance temperature. This probably introduced an error of about
0.4 to 0.6 K in Ty [22].

No systematic correction was applied to account for the different field of views of the two
pyrometers. Specifically, the microsecond-pyrometer accepted light from the lamp over a
larger solid angle, as compared to the NIST PEP. Since the emittance of the tungsten strip
varies with direction (it increases with angle from the normal), the radiance temperature of the
lamp as seen by the microsecond radiometer was probably a little higher than the certified
radiance temperature. The error in T, introduced by not applying a correction is estimated to
be less than 1 K [22].

Furthermore, the NIST PEP measured the radiance emitted from a 0.8 mm x 0.6 mm
rectangular area on the lamp filament, whereas the microsecond-pyrometer accepted radiance
from a 9.8 mm x 0.5 mm area on the filament. Because the emittance of the tungsten filament
is not uniformly constant over its entire area, and because of true-temperature gradients along
the length of the filament, again, the radiance temperature of the lamp as seen by the
microsecond-pyrometer differed from the certified radiance temperature. No correction was
applied to account for this difference. However, in order to estimate the magnitude of the
error introduced by not making a correction, the tungsten-filament was ‘scanned’ using a
small-target pyrometer (circular target, 0.2 mm in diameter), with the lamp at a radiance
temperature of 1973.15 K (1700°C). It was found that the lamp radiance temperature as seen
by the microsecond-pyrometer was lower by about 1.2 K than that seen by the small-target

(O 0.2 mm) pyrometer.

Uncertainty in Sy and S

Two of the uncertainty sources in the recorded signals were the noise from the radiometer
electronics and the digitization by the analog-to-digital converter. Their combined effect on
the signals was determined by computing the standard deviation of individual digitized
samples from the mean of a thousand samples taken when the radiometer was focused on a
steady radiance source (the tungsten-filament lamp). This standard deviation was found to be
independent of the signal level, which indicated that the uncertainty in radiance temperature

due to noise and digitization rapidly increased with decreasing temperature.
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To compensate for any drift in the radiometer amplifiers with time and room temperature, the
signal was always computed as the difference between a ‘bright’ signal, with the radiometer
viewing the target, and a ‘dark’ signal, with the radiometer aperture blocked. Hence, the noise
and digitization errors entered the computation twice.

The (relative) expanded uncertainty in Sy, due to noise and digitization, was 0.015% for the
calibration at 2073.15 K, and 0.006% for the calibration at 2373.15 K. The expanded
uncertainty in S was 19 mV for the high-gain-low-temperature radiometer channel (used for
the titanium measurements) and 3.2 mV for the low-gain-high-temperature radiometer
channel (used for the niobium experiments).

In the case of Sy, there was an additional uncertainty caused by the combined effect of the
angular alignment of the reference-lamp and the positional alignment of the radiometer on the
tungsten strip during calibration. The corresponding (relative) expanded uncertainty of Sy was
0.2%, based on the difference in Sy after each of several realignments of the lamp and the
radiometer.

In the case of the signal S, some uncertainty was introduced by the fact that the experiment
chamber window during measurement was different than the window that was interposed
between the reference lamp and the radiometer during calibration. In addition, the chamber
window was replaced after each experiment (§3.2). Allowing for a variation (expanded
uncertainty) of 1% in the transmittance of the individual windows around the transmittance of
the calibration window, we obtain an expanded uncertainty of about 1 K at 1500 K radiance
temperature and about 3.6 K at 2800 K radiance temperature.

No correction was applied to the measured signals to account for possible non-linearities in

the radiometer amplifiers and/or the data acquisition cards.

Effective wavelength

The expanded uncertainty in the determined mean effective wavelength of the radiometer,
arising from sources such as errors in the spectral transmission measurement and drift of the
interference filters, was estimated at 2 nm.

As explained in §(3.7.3), no correction was applied for the variation of the mean effective
wavelength with temperature. The error introduced in the measured radiance temperature was

estimated to be less than 0.2 K over most of the measurement range.
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Scattered light

As described in §(6.1.1), the size-of-source effect probably caused the measured radiance
temperatures to be too low by a few degrees. If the difference in the melting radiance
temperature of the preheated niobium specimens from that measured in the slower
millisecond-system were entirely attributable to the size-of-source effect (-6 K at 2422 K),
then the error, caused by scattered light, would be approximately -2.4 K at 1500 K and -8.2 K
at 2800 K. However, since the radiometer was not actually characterized with respect to the

size-of-source effect, no systematic correction was applied.

Table (7-1) gives a summary of expanded uncertainty components of T;, as well as its (total)
expanded uncertainty, at three temperatures, for each of the two radiometer output signals
(high-gain-low-temperature and low-gain-high-temperature). It is important to keep in mind,
that this expanded uncertainty of T, is rather optimistic, considering that probably significant
uncertainty components were not taken into account, because of the incomplete
characterization of the instrument.

Table 7-1: Uncertainty components in the measurement of radiance temperature using the
microsecond-resolution radiation thermometer.

Amplifier gain 10 1

Calibration at 2073.15 K 2373.15K

Expanded uncertainties of T, (in K) at

1500 K 1800 K 2150 K|1600 K 2400 K 2800 K

. uncertainty of Ty (B)* 1.0 1.4 2.0 1.1 2.6 3.5
:‘g noise and digitization of Sy (A)* 0.02 0.02 0.03 0.01 0.02 0.02
g alignment during calibration (B)*  0.21 0.3 0.42 0.23 0.53 0.72
‘g noise and digitization of S (A)" 18 2.3 0.45 12 0.33 0.12
g mean eff. wavelength (B)* 1.3 0.72 0.24 1.6 0.1 1.5
- window transmittance (B)" 1.0 1.5 2.1 1.2 2.6 3.6
Expanded uncertainty: U(T)) = 18 3 3 12 4 5

* The uncertainty components may be grouped into two categories according to the method used to estimate
their numerical values:
A. those which are evaluated by statistical methods,

B. those which are evaluated by other means.
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7.2 Thermodynamic temperature

The uncertainty in thermodynamic temperature T was determined from the uncertainty in the
radiance temperature T, and the uncertainty in the measured normal spectral emittance € of
the specimen. Again, using Wien’s approximation to Planck’s law, eq. (4.1) may be written in

the simpler form:

Lo Ly nBye) (7.6)
T T, C,
As outlined in §(4.1), A should strictly be the mean effective wavelength between T, and T.
However, the error introduced by using the m.e. wavelength between T, and T, instead, is

negligible compared to the other uncertainties (see fig. 4.2).

Equation (7.6) is identical to eq. (7.1), if T is replaced by Tj, T) by Ty, and € by S¢/S. Hence,

the (relative) uncertainty components of T were obtained in the same fashion

il T p(h) (7.7)
T T, T, '

u, (T) _nlAT dJ(E)

c, €

(7.8)

The component arising from the uncertainty in A has already been taken into account in u(T).

The largest contributions to the uncertainty of the measured normal spectral emittance come
from signal noise, alignment of the PSD, and specimen movement. This uncertainty was
estimated from the standard deviation of the normal spectral emittance at the melting point of

niobium and titanium from its mean value.

With an expanded relative uncertainty of 7% in €, and using the expanded uncertainty in T
from the previous section, we obtain an expanded uncertainty in the reported melting

temperatures of 25 K, in the case of niobium, and 13 K, in the case of titanium.

7.3 Resistivity

A detailed discussion of uncertainties associated with the measurement of current and voltage
can be found in [60]. Specific items in the error analysis were recomputed when the present

conditions differed from those in the earlier publication.

124



A summary of uncertainty components contributing to the expanded uncertainty of p is given

in the following table.

Table 7-2: Uncertainty components of the measured resistivity (not
corrected for thermal expansion).

Expanded relative

Source of uncertaint .
Y uncertainty component

Voltage measurement (B) 2%
Current measurement (B) 2%
Linear specimen density (B) 0.4%
Volume density (B) 0.4%
Effective specimen length (B) 1%
Expanded relative uncertainty: Uy(pe)) = 3%

The uncertainty in the linear density was computed from the uncertainties of the weight
measurement and the measurement of the total specimen length, and was rounded upwards.
According to the scale manufacturer’s specifications for the range that was used, the
uncertainty in the measured total weight of the specimens was 0.042% for the niobium
specimens and 0.084% for the titanium specimens. The uncertainty in the measurement of the

total specimen length, using the traveling microscope, was estimated at 0.15%.

The uncertainty in the reported resistivity-vs.-temperature functions was computed from the
uncertainty in pel, the uncertainty in the determination of thermodynamic temperature, and the
standard deviation of the mean resistivity values from all experiments that were computed
every 50 K (§4.2). A summary of the magnitudes of the various uncertainty components is

given in Table (7-3).
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Table 7-3: Uncertainty components of the linear functions of temperature representing the
measured electrical resistivity of niobium and titanium.

Expanded relative uncertainty components
of the pe(T) functions

niobium titanium

solid liquid solid liquid

uncertainty in pej (B) 3% 3% 3% 3%

uncertainty in T (B) 1.0%  02% | 02%  0.1%

Uncertainty
sources

uncertainty in the mean resistivity values

1) 0 h) 0
from all experiments (A) 0.8% 0.8% 0.3% 0.2%

Expanded relative uncertainty: U,[pe(T)] = 3% 3% 3% 3%

7.4 Heat of fusion

The uncertainty in the computed heat of fusion was determined from the uncertainty in
specific enthalpy, the uncertainty in the determination of thermodynamic temperature, and the
standard deviation of the mean value from all experiments. The uncertainty in specific
enthalpy was, in turn, determined from the combined uncertainties in the imparted power
(product of voltage and current), the effective specimen length, and the linear density of the
specimens. A summary of the magnitudes of the various uncertainty components is given in

Table (7-4).
7.5 Specific heat capacity

The uncertainty in the computed specific heat capacity was determined from the uncertainty
in specific enthalpy, the uncertainty in the determination of thermodynamic temperature, and
the standard deviation of the mean value from all experiments at each temperature. A

summary of the magnitudes of the various uncertainty components is given in Table (7-5).
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Table 7-4: Uncertainty components of the

computed heat of fusion of niobium and

titanium.
Expanded relative uncertainty components
niobium titanium
imparted power (B) 2.8% 2.8%
§ effective specimen length (B) 1% 1%
; linear specimen density (B) 0.4% 0.4%
‘g temperature measurement (B) 2% 0.5%
5 uncertainty in the mean value from all 4% 6%
experiments (A)
Expanded relative uncertainty: U(hr) = 5% 7%

Table 7-5: Uncertainty components of the computed specific heat capacity of niobium and

titanium.
Expanded relative uncertainty components
niobium titanium
1600 K 2200 K 3200 K liquid | solid  liquid

o specific enthalpy (B) 3% 3% 3% 3% 3% 3%
'§ § temperature measurement (B) 6.6%  0.2% 13% 1.8% | 0.22% 0.12%
5}
é 7 uncertainty in .the mean value 2 6% 1% 48%  6.6% | 14% 49

from all experiments (A)

Expanded rel. uncertainty: 8% 3% 14% 7% 3% 5%
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8 DISCUSSION AND OUTLOOK

The present work proved the applicability of the laser polarimetric technique to the
measurement of thermophysical properties of metals using a microsecond-resolution pulse-
heating technique. The obtained data were in reasonable agreement with data that had been
obtained in the past at NIST, using both the millisecond and microsecond systems. For the
first time, it was possible to measure the normal spectral emittance of the pulse-heated
specimens at such speeds. This allowed the determination of their thermodynamic
temperature over a wide range that, in the case of niobium, extended some five hundred
degrees into the liquid phase. The technique has the potential to provide accurate
thermophysical property data up to much higher temperatures. Assumptions about the

behavior of the normal spectral emittance of liquid metals will no longer be necessary.

In the course of this work some interesting observations were made, concerning the
dependence of the radiance temperature at the melting point of niobium on the treatment that
the specimens had received prior to being pulse-heated in the microsecond system. Whereas
in slower millisecond-resolution pulse-heating experiments it is well established that the
melting-point radiance temperature of pure metals is highly reproducible, irrespective of the
initial surface condition of the specimen, the opposite was found to be true at the higher
heating rates of the microsecond system. In the case of titanium, the radiance temperature at
the melting point was significantly higher than the value obtained with slower experiments.
Even more importantly, its normal spectral emittance was found to decrease upon completion
of the melting transition, down to a value that was approximately equal to that at the melting
point of titanium when measured with the slower pulse-heating technique. This would have
led to a significant error in thermodynamic temperature, had the assumption been made of a
constant emittance in the liquid phase, and effectively demonstrated the advantage of an in-
situ measurement of the normal spectral emittance, simultaneously with the radiance

temperature measurement.

A possible explanation for these differences in melting behavior, as compared to the slower
technique, could be residual roughness at the melting point and even in the first stages of the
liquid phase. This raises questions about the use of a polarimeter on surfaces that are not

ideally smooth. Apparently, the instrument has some tolerance to surface roughness, at least
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within its accuracy. Nevertheless, more work, on an experimental as well as a theoretical

level, is required to understand its response to roughness.

Future work involving this microsecond-resolution pulse-heating technique will undoubtedly
have to focus on alloys instead of pure metals. On one hand, thermophysical properties of
industrially significant alloys in their liquid phase are of great interest in many applications
related to high-temperature technologies, particularly in the casting industry. On the other
hand, such measurements on complicated systems can provide important insight into the
physics of high-speed melting of alloys. A study on the effect of heating rate and grain size on
the melting behavior of a relatively simple binary alloy, Nb-47 mass% Ti, was recently
conducted at NIST, using the slower millisecond-resolution system [61]. In this study the
heating rate was varied in the range of 100 to 10000 K-s™, and the observed melting behavior
was successfully explained by a model that included diffusion in the solid coupled with a heat
balance during the melting process. This model predicted that T, (diffusionless) melting
would take place at significantly higher heating rates, at a temperature between the solidus
and liquidus temperatures of the alloy. Preliminary experiments with this alloy in the
microsecond system, showed that heating rates up to 10° K-s were not high enough to
achieve Ty melting. It would be interesting to modify the capacitor-discharge circuit and/or
use specimens of smaller diameter to heat the alloy even faster. Ideally, the circuit could be
modified to cover a much wider range of heating rates, for instance by using inductive coils to
slow it down, in order to close the gap between the slower millisecond and the faster

microsecond systems.

In the case of alloys, it will also be very interesting to study the effect of composition on the
normal spectral emittance. If there is such an effect, it will probably be difficult to model.
However, even some sort of an empirical law might prove very helpful for the high-
temperature alloy industry. The question here is, can an expression be found, reasonably
accurate for industrial applications, that relates the normal spectral emittance of an alloy to

that of its major constituents, via the alloy composition?
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