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CHAPTER I
INTRODUCTION

The k:nowledge of high temperature thermal radiation pr0pefties is of great
importance for space and military applications. It was the purpose of this research
to design, construct and test an instrument which would evaluate the high temper-
ature emittance of refractory metalé and ceramics by measuringtheir reflectance
very accurately at high temperatures. The design of heat shieldé for re-entry
vehicles, coatings for rocket nozzles, nosecones and leading edges of airfoils for
hypersonic vehicles, to mention only a few, requires the availability of high~
temperature emittance data for a wide variety of refractory materials.

The international temperature scale above 1063 °K is defined in terms of
radiation and such temperatures are measured mostly by means of an optical
pyrometer. The conversion of the brightness temperafure of any real material,
as measured by the optical pyrometer, to the true temperature requires a know-
ledge of the emittance of the material at the pyrometer wavelength. But at the
present time, an educated guess ‘is almost as good as any pﬁblished values for
high-temperature emittance, since it is not uncommon for data from different
published sources to differ by 100% for the same material. The reason for thistre-
mendous spread is poor description of the specimen measured and its condition

at the time of measurement on the one hand and great experimental difficulties



in obtaining high temperature emittance data on the other.
Difficulties of Direct Emittance Measurements

The usual approach of obtaining high temperature thermal radiation properties
is to measure spectral emittance directly.

The difficulty of direct emittance measurements arises from definition of
emittance as the ratio of flux emitted per unit area from a body to that emitted per
unit area from a blackbody (or perfect radiator) at the same temperature, and
under the same geometric and spectral conditions.

Emitted flux is a strong function of temperature. To illustrate this point, the
change of monochromatic flux due to a temperature increase of 1% as a function of
the product AT can be calculated. The monochromatic flux, defined as the flux
emitted per unit area and unit wavelength interval, calculated from Planck’s

equation, is given as é}\ b as foliows:

_ Cy
Y b (e /AT = 1] )

where ¢ and ¢; are constants
T the absolute temperature and
A the wavelength

Expanding & in a Taylor series and neglecting second and higher order terms

A, b
yields:
ADb

BE, =g AT @)

The partial derivative can be obtained from equation 1 and becomes:
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3T A° [(exp op /AT)- 12AT°

(3)
Substituting eguation 3 into equation 2 and dividing by G)\ b yields:
5% 4 exp 6 /AT e AT

4 :[(expog/kT) -1] AT T

(4)

Figure 1 shows a plot of this function for AT/T = 0. 01 as a function of AT.
If & , is divided by T°, this quotient becomes a function of the product AT.
$
Q)\, b c

T®  (AT) [(exp ¢ /AT) - 1] | )

This function has a maximum value at AT = 2900 um °K. The function (5) divided
by its maximum value is then the relative, dimensionless, blackbody function. The
second curve shown in figure 1 is a plot of this function. As can be seen from
figure 1, the change in flux increases rapidly at wavelengths 1shorter than the

maximum of the blackbody function. At a AT of 1000 um °K, an increase of tem-

. perature of 1% causes an increase of flux of 14. 4%. A situation like this canoccur

when the temperature of the specimen is measured by a thermocouple and the ouf-~
put from this thermocoﬁple is used to balance the EMF of an identical thermo-~
couple measuring the temperature of the blackbody. The imbalance of the two
EMPF’s is then used to activate a control unit whic,h brings the blackbody to the
temperature of the specimen thermocouple. Assuming that the specimen thermo-
couple measures a temperature which differs from the true temperature by 1%
then the blackbody would be controlled at a temperature which differs by 1% from
the actual specimen temperature. This then would correspond to the situation

described above and shown in Figure 1. Ife is defined as the measured spec-

A, m
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tral emittance and 3t the true spectral emittance, then the error in percent of
?

the true emittance is given by:

€. =-€
E = }""; A 100 (6)
A, t

but
Nt g}\m’z 0

and

 (T) &, (T)

€ = (8)

}\ = =
ym & (T +0T) 5 oD * 88

which by the use of équation (7) becomes:

€ = e}\, t ©)
Am 1+ M}\, b/ﬁ)\, b '

Substituting equation (7) and (9) into equation (6) the error becomes:
Ml, b/ @)\, b

1+08 /8 0

E (10)

For small M))\, b/@ the error is essentially equal to M)\, b/g)\, b If A%\',bjék,b

I oY
becomes large, then the error is larger than M)\, b/ @)\', b for anegative AT/T and
smaller than A,QK, b/ é)\’ b for a positive AT/T. Figure 2 shows the error in spec-
tral emittance when the difference between the blackbody and the sample is +0. 01
of the sample temperature. .This shows that very serious errors in spectral
emittance can occur dué to a temperature difference between sample and refer-

ence blackbody.

Even if it is possible to eliminate the temperature difference, it might be
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almost impossible to measure or even define the temperature of the sample. This
is especially trué for partially translucent materials of low thermal conductivity.
In this case, the emitted flux originates from a finite layer the thickness of which
depends on the extinction coefficient, which in turn is a function of wavelength.

If the specimen is heated from one side and radiates from the other, a steep
temperature gradient will exist across this-effective layer. Theoretically one
could define a temperature of an isothermal sample, which would yield the same
amount of emitted flux as the real sample with a thermal gradient normal to the
surface. However, Vthis effective temperature would be a function of wavelength,
since the thickness of the emitting layer is wavelength depéndent. In reality this
is a hopeless endeavor, due to the lack of knowledge of material properties at

the high temperatures involved.
The Reflectance Approach

All the‘ difficulties of direct emittance measurements can be minimized by
measuring the spectral, -directional, hemispherical reflectance and calculating
the spectral, directional emittance from the equation:

€,(8,9) =1 - p, (6,0;2m) (11)
This equation is derived from Kirchhoff' s law and the law of reciprocity (see
Appendix B) and is valid when the transmitted flux is negligible.

In this work, the spectral, directional, hemispherical reflectance was
measured by a high accuracy integrating sphere while the sample was being main-
tained at the desired temperature. Since reflected flux, as opposed to emitted

flux, is a very weak function of temperature, the requirement of high accuracy



temperature meésurements is eliminated.

The principal problem in measurin'g reflectance of specimens at high temper-
atures lies in the fact that the féﬂected flux must be measured in the presence of
the flux emitted by the hot specimen. Special techniques are reguired to measure
a small signal in the presence of a large background. The methed employed was
to use a high intensitg; ‘source, chopped incident flux and a Sﬁxchronous detector-
amplifier combination.

In order to furthér'increase the signal to noise ratio, a narrow bandpass
filter, whose peak transmittance coincided with the particular source wavelength,
was employed in front of the detector. In this way most of the emitted flux was
blocked, and only thé small portion contained in the traﬁsmittance band could
reach the detector.

Aswill be shown in the following chapters, this arrangement permitted
reﬂecténce measurements of high accuracy and precision regardless of the

material measured and its surface conditions.



CHAPTER II

DESCRIPTION AND THEORETICAL ANALYSIS

OF THE INTEGRATING SPHERE

The accuracy of the measurements is mainly determined by the performance
of the integrating sphere used in the experiment. This chapter is, therefore,
concerned with the description and theoretical analysis of the integrating sphere
as used in the experiment which, based on certain assumptions, will permit

limits to be put on the errors involved in the reflectance measurements.
Basic Theory

The theory of the integrating sphere is based on two fundamental laws of
radiation.

a. The flux received by an elemental area from a point source is inversely
proportional to the square of the distance from the source to the receiving area
and directly proportional to the cosine of the angle between \the normal fo the
receiving area and the direction of incidence.

b. The flux reflected by a perfect diffuser follows the cosine distribution law,
meaning the flux per unit solid angle reflected from a unit surface area in any
given direction is proportional to the cosine of the angle between the normal to

the surface andthe direction of reflectance.
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When these laws are applied to a sphere héving a perfectly diffuse wall of
uniform reflectance, it is found that the flux reflected by an area on the sphere
irradiates the sphefe wall uniformly. Each elemental surface of unit area on
the sphere receives the same amount of radiant flux by reflection. As shown in
Figure 3, let dA; be the reflecting elemental area on the sphere wall and dA, be
the receiving area. The two elemental areas are considered to be very small so

that they can.be treated as plane.

dAz

Figure 3. Basic Sphere Geometry
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Then the flux d® ¢ leaving dA; and incident directly on dAj is:
d®% = LdA; cos 8; dw

where L is the radiance of dA; and dw is the elemental solid angle subtended by

d.Ag at dAl .
Since
do = dAs cos 65
TR
o LdA; dA; cos8; cost,
&= 2
From Figure 3 we see that
91 = 62 =8

r = (2R cos 6)

and

£3 - LdA dA; cos® & _ LdA; dAp
4R° cos® 8 4R°

For a perfect diffuser the total reflected flux is dA; mL; and, therefore,

the fraction of the flux incident on dA, is:

s dA, sz?_’
mLdA, 4R°m A

where A = 4TR° is the total area of the sphere. Therefore, in a sphere whose
surface reflects in a perfectly diffuse manner, the irradiance due to reflected
flux is equal at all points, regardless of the geometric or areal distribution of

the incident flux.
Design of the Integrating Sphere

The sphere which was to be used in the laser integrating sphere reflecto-
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meter had to fulfill the following requirements.

a. The reflectometer should yield accurate results regardless of directional
distribution of the .reflected flux from the sample.

b. It should be possible to measure absolute reflectance, as well as reflec-
tance relative to a reference standard.

c. The specimen heater should not disturb the sphere configuration and
should be capable of heating the sample to temperatures from room temperature
to 2500 °K.

d. The sphere should be.capable of operation in vacuum, air, or inert
atmosphere. |

Before the integrating sphere can be discussed, it is first necessary to
describe its geometry. The sphere is made up of two hemispheres, which are’
joined by bolted flanges with an O- ring seal. The principal axis of the sphere is
defined as the diameter normal to the plane through the joint connecting the
hemispheres. The primary plane is defined as the plane containing the principal
axis and the center of the entrance port, and the secondary plane of the sphereis
the plane containing the principal axis and normal to the primary plane. The
entrance port is centered 12° from the principal axis, and by definition is in the
primary plane. The detector port is centered 45° from the principal axis and is
also located in the primary plane. The field of view of the detector is restricted
to a small area of the sphere wall centered around the principal axis in the low-
er hemisphere. The ports for the specimen and comparison standard are placed
in the secondary plane, 2C°on either side of the principal axis. They are thus

located symmetrically with respect to the entrance and detector ports. Small
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shields screen the area viewed by the detector from the specimen and compari-
son standard ports. See Figure 4.

A sphere designed as described above will meet the requirements establish-
ed above as indicated in the following paragraphs.

a. Sincethe field of view of the detector is restricted to a small portion of
the sphere wall which is shielded from the sample, no flux reflected from the
sample can reach the field of view directly. Thus the reflected flux will be
diffused by the sphere coating before it is incident on the area viewed by the
detector. Assuming that the sphere coating reflects uniformly in a perfectly
diffuse manner, then the flux received at the field of view is always a constant
fraction of the flux reflected by the sample, regardless of its directional distri-
bution. The possibility that flux reflected by the sample is received by the detec-
tor directly is eliminated by equipping the detector port with a light trap so that
any radiation reaching the detector port from directions outside the field of view
is absorbed before reaching the defector.

The field of view of the detector is located symmetrically with respect to
sample and comparison standard. When the sphere is used in the comparison
mode, the reflected flux from the heated specimen will be compared to that of a
water-cooled comparison standard made of the same material and fabricated in
the same manner. Therefore, we can assume within reason that the directional
distributions of the reflected fluxes are similar. If we assume furthermore that
the directional distribution will not change with increasing surface temperature,
then we can even drop the requirement that the sphere-coating be a perfect dif-

fuser, demanding only that the coating possess uniform reflectance. We can see
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this in the following manner. Since sample and standard are located symmet-
rically with respect to the entrance port and field of view, the reflected fluxes
will be distributed symmetrically with respect to the field of view as will be

the flux after being reflected by the sphere coating. As a consequence, the same
fraction of flux leaving the sphere wall will be incident on the field of view in
both cases, even if the reflectance function of the coating exhibits a directional
variation rather than being a constant.

b. Since it is always desired to obtain an absolute value for reflectance
rather than one based on some arbitrary and more or less doubtful standard, it
was decided to find a way to use the sphere as an absolute reflectometer. A
literature survey revealed that of the many ways possible to achieve this, one
method seemed to be especially suitable for the sphere configuration described
above. It has been reported, among others, by McNicholas[ 1], and can be sum-~
marized as follows. Assume a sphere configuration as described above where
the comparison standard is now rei)laced by a spherical cap of the same curva-
ture as the sphere and coated in the same manner as the sphere. If the beam is
first incident upon the sample shielded from the field of view of the detector, and
then upon a portion of the sphere wall not shielded from the view of the detector,
then the ratio of the resulting radiance (detector response) when the sample is
irradiated, to the radiance (detector response) when the sphere wall is irradiated,
is equal to the absolute directional, hemispherical reflectance of the sample.

The basic possibility of obtaining the absolute value of reflectance, regard-

less of the directional distribution of the reflected flux, by this method can be

proven as follows. Let & be the flux initially entering the sphere, Ay the areaof
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the field of view of the detector, A the total sphere area, pg (8,%;2m) the direc-
tional, hemispherical reflectance of the sample, pythe reflectance of the sphere
wall and L (e',cp')~ the radiance of the sample in the direction (6',cp'), due to
reflected flux.

The flux & is incident upon the sample from the direction (8,¢). The flux
intercepted by a small area dA of the sphere in the direction (el,cp') as seen from
the sample is:

L’(@ ',cp’) Aicose " dw,
where dw’ is‘the eleinental solid angle subtended by dA at the sample and Ai is
the irradiated portion of the sample area.

The flux leaving dA is:

Pu L'(G',cp') Aicose' dw"-
Since we assume the sphere coating to be a perfectly diffuse reflector, therefore,
the fraction of this flux reaching the area A, is eciual to the configuration factor
which in the case of the éphere hés been shown to be A, /A.

FdA —> Av

Thus the irradiance. of Ay due to the flux incident on dA is:

o L', 0") A, cost’ du’ é_g

o, L0 0") A, cosd’ dw’.

I ?|H

w1t

As shown by Taylor [2] and many others, the irradiance is increased by the fac-
tor 1/(1 - pu) due to multiple reflections within the sphere. Therefore, the irradi-
ance of Ay resulting from reflected flux incident on dA is:

Pw
A (1 - pw)

The total irradiance due to all the reflected flux is:

L' ©9) A cosd’ dw!
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21
p N ! ’ ’
el A L (9, cosé’  dw
Ao A, Ve ’

where the integration is performed over the solid angle of 2m. This gives rise

to a radiance leaving Ay ofs
1 p 2m
=i A [ Lo ! do’
mA(L -p,) lj; (® ,0 )cosd’ duw'.

2
Since Aif L'(e',cp’) cost’ du’ is equal to the total reflected flux &’ from the sam-
0

ple, we can also write the radiance of A, to be:

Pr 5’
AL - py) )

!

m
To effectively evaluate the initial flux &, we direct the beam onto the sphere
wall at a point which is not shielded from A,. The flux leaving the sphere wall is
Pw & . The fraction of this flux received by A, is again determined by the con-

figuration factor from the sphere area irradiated to A, or A,/A. The irradiance

of Ay is then:

1 Ay Pu %o
A, PP AT TR
Again the irradiance is increased by multiple reflections within the sphere bythe

factor 1/(1 -py ). Therefore the total irradiance of Ay is:

Puw
AQ - ®

This results in a radiance leaving Ay of:

_]_~ Pu @0
™A - pu)

The ratio of the radiances is:
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1 P ]

mAQ-p) 8 _
T T = (8, g3 2m),

= el
m A(1 - p,)

since 3'/8, is by definition the directional, hemispherical reflectance of the

sample.

It might be useful to restate the assumptions made or implied in the deriva-
tion. First it is required that the sphere coating be a perfectly diffuse reflector
of uniform reflectance. Secondly the‘sum of the areas of all openings is negligi-
ble compared with the total sphere area and finally the presence of the shield
does not change meésurably the irradiance of the sphere. However, no assump-

tion had to be made as to the directional distribution of &’.

When the reflectance of the heated specimen was measured, relative to a
cooled standard, then the spherical cap was exchanged for a sample holder with
a shield attached to it. Thus it is possible to use the sphere in the absolute as
well as the relative mode.

c. The method chosen for heafing the sample was induction heating. The
heating unit, which is described in more detail in Chapter I, was mounted out-
side the sphere and did not disturb the sphere configuration in any way.

d. All ports could be closed by quartz windows with O - ring seals. Also,
the heating unit had been built vacuum tight. Slots arranged concentrically
around the sample aliowed evacuation of the sphere. Inert gas could be introduced
through openings in the flange around the entrance port, and exhausted through

the evacuation slots and a valve located in the bottom of the heating unit.
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Error Analysis of the Integrating Sphere

In the previous section certain simplifying assumptions were made to show
the basic capability of obtaining absolute reflectance. It is the purpose of this
section to find the magnitude of the errors caused by the deviation of the real
integrating sphere from the ideal integrating sphere.

Many authors have dealt with the errors involved in the use of an integrating
sphere for reflectance measurements. However, none of the published equations
can be applied directly to this sphere.

The assumptions under which the following expressions will be derived are
that the sphere coating is a perfectly diffuse reflector of uniform reflectance and
that all flux leaving through the openings of the sphere is lost. In addition, we
assume that the detector signal is strictly proportional to the radiance of the
field of view Av' . This means that the detector-amplification-recorder system
has to be linear over the dynamic range used.

We will consider two cases. First, assume the sample to be a perfectly dif-
fuse reflector. In this (.:ase, the flux intercepted by the shield after its iniﬁal
reflection from the sample will be a maximum. In the second case, the sample
is treated as a perfect mirror. As can be seen from Figure 4, in this case no
flux reflected once only by the specimen will be incident on the shield. Since the
directional distribution of a‘real sample is somewhere between that of a perfect
diffuser and that of a perfect mirror, we will be able to place limits on the mag-
nitude of the error caused by the real sample. (This analysis does not consider

retroreflectors, but this is not a severe limitation, since almost all technical
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materials have a distribution which agrees with the statement above. )

Perfectly Diffuse Sample; Let @0 be the flux incident on the sample. Then

Py is reflected diffusely. Of this flux, the fraction F A —> A is intercepted by
i sh
the shield where F A —> A is the configuration factor from the irradiated
i sh

area on the sample to the shield. Figure 5 shows the geometry in its correct
proportions. Since the illuminated spot is only about % inch in diameter, we

can use the small area approximation for the configuration factor, namely:

1 cosb; cosby dAgh dAj cos6, cosfy dAgh
F I I i j‘ 1 2 sh

AAi —_ Ash AAi A hA T A Tre
sh i sh

This configuration factor is given in [ 3] and was calculated to 0.017. At this
point, we will adopt an abbreviation for the configuration factors involved. The
letter A for area will be omitted and the areas we are dealing with will be desig-
nated by their subscripts.

For example:

A, — A Fi, sh
i sh

and

F =F .
— +
ASh > A1 +A2 A3+A4 sh, 1234

The flux incident on the shield is therefore pséoFi b Of this flux the frac-
tion (1 - p h) is absorbed, where psh is the reflectance of the shield. Leaving the
s . ]

shield is:

Psh° séoFi, sh’
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Figure 5. Details of Sample - Shield Geometry
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From Figures 4 and 5 we can see that the shield can view all openings of the
sphere with the exception of the shaded part of A 4 which we name A 5 The flux
lost out the openings is:

(F +F + he)‘p P2

F
pshpsunJl, sh '"sh,1 sh, 2 s ,3 sh' s 0 i, sh™ sh, 1236

where the subscript 1 stands for the area of the entrance port
2 for the area of the detector port
3 for the area of the ring space around the sample

= - A
GforA6 A4 5

with A 4‘being the area of the evacuation slots and A5

the shaded part of A £

Another portion:

ps@oFi, shp sthh, S

of the flux is received by the sample. The remaining flux is incident on the

sphere wall. The flux which is incident on the sphere wall is:

(¥ )

- 1-
pshpsgoFi, sh pshp s@qu’ sh'” sh, 1236 sh s) sh s o} 1, sh( sh, 1236s

where the subscript s symbolizes the sample area.
After these preliminary remarks, we can proceed to investigate the diffuse
case. The flux & is incident on the sample and pg 3, is diffusely reflected. Of

the once reflected flux ps &, the fraction F is lost through the openings

i, 126
Al’ A2 and A 6(A3 cannot be ‘““seen’’ by the sample). The flux incident on the wall

directly is therefore:

~

pséo - F)sgoFi, 126 F)sgoFi, sh B pséo(1 - Fi, 126 Fi, sh)

In addition to the flux which is incident on the wall directly we have another
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contribution

QoFi, sh(:l - F )

Psh’s sh, 12368

which, as we havé seen, is the portion of the flux reflected by the shield andthen

the sphere wall.

All the flux incident on the sphere wall after one reflection by the specimen

is therefore:

P % (1-F, -F, )+

s 0 1,126 ~ i, sh 2 F ant - F

p
shPs’0 1, sh, 12365’
=p 8 [1-F . -F  + -

S0 i, 126 i, sh pshFi, sh(1 Fsh, 1236s)]

=p & {1-F - - -
P2t~ Fi 196 Ty entt P F b, 12368

Up to this point no flux was incident on the detector’s field of view Ay. Only flux

reflected by the sphere wall is able to reach Ay. This flux is:

PPl - Fy -F, [1-p

i, 126 i, sh (

)1}

sh Fsh, 12365

The flux striking A, after 3, has undergone one reflection from the sphere wall
is:

_A ) P T }
8,173 PoPedoll " F 106 Fi sht ™ Psnf® ~Fan, 123653

To evaluate the magnitude of the losses, the configuration factors have been

calculated:
Fi, <h 0. 017
Fi, 196 = 0.0051
Fsh, <" 0. 021
Fsh, 1” 0. 00069
Fsh, 9~ 0. 00026

= 0. 032
Fsh,S 0.03
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Fsh, 3= 0.019

Fen, 12365 ~ 0 073

From this we see that 1. 7% of the flux reflected by the sample undergoes
interreflection with the shield. To find out what fraction of the flux contained in
the sphere is received by the shield after the flux has been uniformly distributed
over the entire sphere surface, we divide the sphere into hemispheres by a

plane containing the shield. Let A, _be the area of the hemisphere facing the front

hl

side of the shield.and A, the area of the hemisphere facing the back side of the

h2

shield. All the flux leaving A the front side of the shield, has to strike A

sh1’ h1 o

Font, p1 =1

From the law of reciprocity, we know that:

= F
Acn1Fent, n1 = Ah1tha, sh1

or:
A :
hl, shl ' -~ TA
. s Ahl sh}, hl Ah 1
For the same reason:
h2, sh2 Ah2

Now if & is the total flux leaving the sphere wall, then approximately &2 is con-

tained in each hemisphere. The flux received by Ashl is:

3 shlzg sh:é sh
ZAhl 2A72 A
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where Ash/A =0.00031. This means that only 0. 03% of the flux contained in the
sphere after it has been uniformly distributed is incident on the front side ofthe

shield, where almost all shield losses are caused since AS views all openings

hl
except a part of A 4(see Figures 4 and 5). Therefore the following approximation
is justified. The exact losses due to the shield are taken into account only before
the flux has been: diffused by the sphere wall. After the flux has been distributed
over the entiré sphere surface, we treat the sihield as having a surface area of

2A . with a reflectance of p -
s Sh

h

The flux contaihed in the sphere after one wall reflection was:

= - - 1- 1-F +p°% F
2 =P " E 196 T B antt T Pen® ~ Fop 12368 ! * P50t sn”sh sh, 5

psh

- 1- “F [1-p . (1-F rp S
Pfsto " B 126 " B snt " Pen " Fip 123650 T s P, 1 sh sh,s’

Now we define an average sphere reflectance Sw such that:

= _ - + + A +p A
pw(A * ZAsh) psthsh * pw[A (Al * AZ A3 * A4 S)J pS '8
or
- 1
T cee—r———— + -— A y
Pw™ AT 2A, A Pen t Rl (A + Az tAgH A H Ao A

then if @n is the flux contained in the sphere after n reflections the flux after

n + 1 reflections is:

After any reflection n the fraction Ay /A of the flux §n is incident on Ay . There-

fore, the flux received by Ay is:

00

§v T1§1 év, n
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- . TF L. F
= + +
@v’ 1 [élpw §,00 +2.00 + ]
A
v - 1
= + —_— .
M1 TR MW T
Therefore:
A o
3 =—p p3{l-F ~-F, [1-p (1~F )1}
v A "wso i, 126 i, sh sh sh, 1236s
AV . psh EW
+=—Yo 0 5{1-F - 1- Sh e
2 PPl L, 126 ~ 5, sht ~ Teh, 123687+ s o % onTsh & T- Py
AV
= - $ {1-F - - -
A PwPstol 1,126 ~ T1, snt " Pen 7 Fap 1236507
{1+ pw 1+ pspshFi, sthh, 8 1)
1- T Zo (1= :
Po Pl " E 106 7 B gpll - gy P h, 123650

When we check the order of magnitude of the term:

P sp shFi, sthh, 8

Pt F 196 ™ T gntl " Pen® - Fo 12368

)1}

we see that it is much smaller than 1 and therefore can be neglected. (The maxi-

mum value of this term is about 0. 0004). Neglecting this term we can further

simplify the expression to:

_AV 3 {1-F -F . 1-p (1-F )T - - (12)
=& Pwsto T 1,126 7 L,sh”  "sh’  sh 12368 =
.
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Since we assume that the signal from the detector-amplifier-recorder system is
proporticnal to the radiance of Ay, §;, the signal when the beam is first incident

on the sémple, becomes:

1
5, et on, 123681 T

1
S, =K—0p pséo{l—Fi,I%— . sh 1 - (13)

1~ 55K Pw ~ Psh

where K is a proportionality constant,
To measure §, the beam is directed onto an area Aw of the sphere surface'
with an unobstructed view of Ay . Reflected off the sphere wall is py 8, of which

the fraction Ay/A is received by A,. Thus:

év, 1 A pw@o'

Of the flux pwéo’ the fraction FW is lost through the openings A 7 Azf and A4.

, 124
(The opening A 3 and the sample area are screened off by the shield. ) Another

F

fraction F is incident on the backside of the shield AS w. sh

W, sh h2
is reflected. The flux reflected off the shield is therefore:

of which psh

pshprw, sh2§o'
A portion of this flux is in turn lost through that part of A 4 which is viewed by

A . .This flux is therasfore:
sh2

P shpwé on, sh2 Fsh2, 4
The flux incident on the sphere wall directly is:

p.& F

FJwgpo - FJwgon9 124 " "w o w, sh2 pwéo(1 -wa, 124sh2)

of which the fraction Ay /A is again incident on Ay.In addition to this, there is a

1AW is located at the position of the comparison standard (see Figure 4).




28

small amount of flux:
P shpw§ on, shZFshz, v
which is reflected off the shield and then received by Ay. Thus:
y = - F y+pp & F __F
v,2 A wWo w, 124sh2”° "w sh o w, sh2 sh2,v
A P
=V s (1- A &h F
A pwéo(1 Fw, 124sh2 Av pW Fw, sh2 sh2, v)

The flux remaining after two wall reflections is:

=026 (1 - -
§2 - pwéo(1 Fw, 124sh2) * pwl;)shtiolz‘w,sh"z(1 Fsh2, 4)
Psh :
= - == (1 - .
pwéo[1 Fw, 124sh?2 * pW ]':‘w,shz(1 Fsh2, 4):’j

From this point on we assume that the flux is uniformly distributed over the
whole surface of the sphere and treat the following reflections in the same man-

ner as before. Therefore the sum of all the flux incident on A, after the second

wall reflection is:

A p
& =._.X._. Q w
n=3 vyvn A 2 1- WW
and therefore Qv becomes:
A A A p
v vV 2 v sh
T o— + o— 1 - + — —
Qv A pwgo A pWQO( Fw, 124s5h2 A p“; Fw, sh2Fsh2, v)
A P 7
vV 3 sh w
+ — 1-F + — -
A Palot " By 124sn2 T 5 i, sn® Fone, 21773
w w
Ay 1 Psh A
= + - — e 22 i +
A pwéo{1 pw[(1 Fw, 124sh2)1 - b‘w * pw Fw,shZ(A Fsh2,v
v
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p

w
1 - -5' (l - Fsh2, 4)>]}
w

(14)

Hence Sz, the signal when the beam is first incident on the sphere wall, becomes:

1 1 Psh
S.=K-——p & {1+p [(1- 8 A
2 TA pw o{ pw[( Fw, 124sh2)1 -7 * o Fw, shZ(A Fshz v
w w Ty !
-pw
+o— (1 - 1
-7, ( Fong, 4} (18)

The ratio of these two sig’nals S 1/82 is therefore:

f__ _) 1- Fi 126 7 Ty, sh[l ~Penll - Fsh_, 123687
Sz s (1 - EW)
1 - . - o
ol -F o d To 5 Fwosh2'a Feng v o5 4 Egpo o))
w w v w
(16)
or:
2

where C is a correction factor.
The magnitude of the correction factor, in precent of'the correct value, is

given by:

w

e .
Q
1
o), o
il P

p C -

-p
s, correct s, measured 100 = 7 100 = S 1 100 (17)

P s, correct

wy, o
Q

™

For a particular geometry C is a function of Py ps and Pen



In this case the shield is coated with the same material as the surface of

the sphere and therefore:

PL.=P

sh "w
All the configuration factors were calculated.

Fi, 126 = 0. 0051

= 0. 017
Fy gp= 00

Fsh, 1236 = 0. 00575

¥, 124sh2 =~ - 0072

= 0. 7
Fw, Sh2 001

Fsh2, v 0. 00672

Fsh2, M 0. 0079
In addition we have:

P = 0.9939p_ +0.
Py = p, * 0-00033p

and:
A
el 155,35
v

Using these values C reduces to:

100075 ~ (0. 00033p _ +0.00017p )

C= 0. 5779 + 0. 01695 _
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(18)

Table I ‘shows the calculated correction factor C and its percentage of the correct

value as a function of wall and a sample reflectance of 0. 1. Table II gives the

same values for a sample reflectance of 0. 95.



CORRECTION FACTOR C AND ITS PERCENTAGE OF THE -

TABLE I

CORRECT VALUE FOR pg = 0. 1 FOR THE CASE OF

A PERFECTLY DIFFUSE SAMPLE

31

Sample Reflectance ps 0.1
Wall Reflectance pw 0.4 0.6 0.8 0.9 1.0
Correction Factor C 1. 016 1. 013 1. 009 1. 008 1. 006
CcC-1 ‘
~— 100 [%] 1. 59 1.25 0. 92 0.75 0. 57
TABLE I
CORRECTION FACTOR C AND ITS PERCENTAGE OF THE
CORRECT VALUE FOR pg = 0,95 FOR THE CASE OF
A PERFECTLY DIFFUSE SAMPLE
Sample Reflectance Py 0.95
Wall Reflectance pw 0.4 0.6 0.8 0.9 1.0
Correction Factor C 1. 016 1. 012 1. 009 1. 007 1. 0055
c-1 1. 57 1.19 0. 89 0.71 0. 55

—— 100[4]
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Perfectly Specular Sample: Again let @o be the flux which is initially inci-

dent on the sample. Then pséo is the flux which is reflected by the Samﬁle in a
specular manner and strikes the sphere wall. (From Figure 4 it can be seenthat
no flux will be lost through any of the openings and none will be received by the

shield.) Leaving the sphere wall then is:

§
PwPs”o

of which the fraction A, /A is incident on the detectors field of view. Therefore,

A fraction of the flux leaving the sphere wall is incident on the sample and

specularly reflected towards the entrance port. If A i1 is the area where the

specularly reflected beam struck the sphere wall initially, then:

pwpséoFil, s

is the flux which is in turn specularly reflected towards A . This flux appears to

1

originate at the image of A11 which we call Ai—l as seen in the mirrorlike éample. '

The fraction of the flux leaving A,, which is lost through A 1 due to specular

i1
reflection by the sample is therefore determined by the configuration factor from
the image of Ai 1 to A 10T Fi_f' (See Figure 6.)

Since the areas involved are very small compared with the distance, it canbe

assumed that the configuration factor is essentially the same for any point of Aﬁ
and A 1 and therefore:

o =coseﬁ- cose1 R
i}, 1 B2 1

wherebeiT is the angle between the normal to A{f and the line of sight, | the



PLANE OF THE MIRROR

1 |

IMAGE OF THE SPHERE AS
\/SEEN IN THE SAMPLE

Image of the Integrating Sphere
As Seen in a Perfectly
Specular Sample
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analogous angle for A 1 and B the distance separating A 1 and Ai—l-.

From Figure 6 it can be seen that:

cosf— = cosf_ = cosh

i1 1
and:
B = 2(2R cosb).
With this
cos® 6 A Ay

T 17 716%° cose® 1~ (@ R°) ~ 1A

or the fraction of flux which is leaving A _ and is specularly reflected out the

i1

entrance port is equal to the area of the entrance port divided by four times the
total sphere area. However one restriction has to be observed. If, as in Figure?7,

the entire entrance hole can be seen from Ai—1 through the mirror then:

A

Fi_], 1 = i as indicated.

If on the other hand the sample is so small that it restricts the sight from Aﬁ to

Al’ as shown in Figure.8, then the configuration factor to use is not A 1/4A but

F=  which is equal to Fi

= A /A. The condition for F = A_/4A, where F is
il, s s g 1

1,

now used for the fraction specularly reflected out A1 is:

A1 As
TA SR OTA < 4Ag
and:
AS
=g A =4Al

IfA 1<.4As then pwpséo A 1/4A is lost through A_ . Sincs:

10




Ail
Figure 7. Sphere Geometry

For A_ < 4A
1 8

ONLY FLUX
CONTAINED
IN THIS CONE
CAN BE
SPECULARLY
REFLECTED
OUT A

Aiy
Figure 8. Sphere Geometry

For A_ > 4A
1 s

Gg
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A
2 - 2 3
pwpséoFil, 5 pwpséﬁo A

was reflected specularly towérds the entrance port, therefore:

[As Ay 1 1
2 —— - es— = 2 — — -
pwpséo A 4A 7 pwpséo A (As 4 Al)

is incident on the sphere wall around the entrance port.
If A 1 < 4As then all of the specularly reflected flux is lost through A 1 In
this case the flux lost is:

A

pp & =, (This includes the flux absorbed at the sample. )
s woA

.For our sphere A1 = 0.994 in° and As = 0. 196 in® therefore A1> 4As and the flux
lost is prs§>0 AJA.

Once the flux is uniformly distributed over the entire surface area of the
sphere, we need additional information to calculate the hole loss caused by spec-
ular reflection at thé sample. Now it is necessary to know the area from which

diffusely reflected flux is able to reach A, via the specular sample, Let this area

1

be A i Now, if & is the flux uniformly distributed over the sphere wall then

(Aiz/A) § is the flux leaving the area A Of this flux the fraction A JA is

i2’
recelved by the specular sample and reflected towards the entrance hole. This

reflected flux strikes the sphere wall within an area centered around the entrance
port. If Ai 3 is this irradiated area, then the fraction lost out the entrance portis

A 1/A, 13" Hence the additional loss through the entrance port caused by the

specular sample becomes:

Al AiZAs 5

= =t
Ayg H
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In the same way, there exists another portion of flux which is specularly reflec-
ted into the detector port and absorbed by the light trap without reaching the
detector. This flux can be expressed as:

;AE A14As

Ay A2

&

where A 5 and Ai

i 4 are the corresponding areas to A i3 and Ai

. The areas A

2 i2

and Ai 3 (or Ai 5 and Ai 4) can be found graphically as shown in Figure 9. The
method corresponds to finding the area on the sphere which is irradiated by the
mirror AS if the entrance port is replaced by a diffusely emitting sourbe of equal
area and then in turn finding the irradiated érea around the entrance port due to

the diffusely reflecting area A 5 0T Ai 4 respectively.

i

Now assume that after n reflections the flux is uniformly distributed over

the sphere wall. Let this flux be @n. Then the problem is to calculate @n LT

Of the flux @n the fraction 1/A (A1 + A2 + A3 + A Qs lost through the
openings directly. An additional fraction;
N NSNS

S
AT [Al A Thy x|
i3 ib

is lost due to specular reflections of the sample. (No flux can be specularly

reflected out A3 since A3 is in the same plane as As and no flux can be specularly

reflected out A 4 since A 4 is arranged symmetrically around the normal to As'
Therefore for any part of A 4 the corresponding area from which the flux would

have to originate is again a part of the opening A 4 with an effective p = 0. )(See

Figure 5. ) With this the total hole loss becomes:




Figure 9.

Graphical Method of Finding the
Areas Necessary to Compute
The Additional Hole Losses
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1 As A12 A'4 "
i
A[A1+A2+A3+A4+T <A17(' T A, 'A';SN ¢

The portion (A 5‘/‘A) @n is incident on the sample which absorbs:
As
—-— (1 - &
A ( ps) n

Another part, 2Ash/A’ is received by the shield which absorbs the flux:

A
2sh

A

sh) én ’

The remaining flux:

A 2Ah
—[— (A +A +A +A)+—+ 211

A A Qn

is incident on the sphere wall which absorbs:

1
- = A 1-
on{1 A[A1+A2+A3+A4+AS+2 sh]}( P’

Therefore the flux contained in the sphere after n + 1 wall reflections becomes:

$ =§ 1[A +A +A +A+ S/ i2 Ai4
n+1 ‘n A|l%1 TAl 2T>“n
15 7
A 2A
- (l-p)8 )8 -2 (A-TA +A
A s 'n sh" n A 1 2

+A_+A +A + -
3 4 s 2Ash]}(1 pw) Qn

. AL, A Ay A
=8 {1-2 » Sia A= 22V 8
¢, =0 A[A1+A2+A3+A4+ A(A1A13+A2A.5/_[.—A(1_ps)
1

2A
sh 1
- (1 psh)_I&{A_[A1+A2+A3+A4+As+2Ash]']- (L-p )
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A A A
1 s i2 i4
= 1-2 - g —
b1 TR M- RA A v A A T A w2A )] - 2 (A) 1= + A, )
i3 i5
2A A
LB B )
A sh A Pg
Now we define an effective sphere reflectance such that off §n+ I/ Qn where peff

can be calculated from the above equation.

It was previously shown that év 1 is given by:

b

A

.
év, 1 A prStI>O

The flux left after one wall reflection is {3,/A) pwpséo. Of that, the fraction
1 (A, +A_+A_+A)
AV 2 3 4
is lost out openings directly. As discussed earlier an additional hole loss occurs
by specular reflection, and by absorption at the sample which is given by:
As
w’s’o A
Another fraction Fiz, sh 18 incident on the shield which absorbs F12, sh a- psh)

of it. The remaining flux is received by the sphere wall which absorbs the

fraction (1 - pw) of it. The fraction received by the wall is:

A
1 s
-z - - -F 3
pwpsao A(A1+A2+A3+A4) pwpséo prp.s% i2, sh pwpso
A
= [1—-1-(A +A +A +A)-—=-F 1.
=P PBo L TA B H AT Ag T A T T Fip sh

Therefore @v 2 is given by:
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A

v 1
? =— %0 % 1-= -
v,2 A pwps o[ A (Al +A2 +A3 +A4 +As) Fi2, sh

]

The remaining flux after two reflections at the sphere wall is:

1
= --(A. +A +A +A + - & -
§2 pwps% A( 1 2 3 4 As) pwpséo Fi2,shpwps’o ( psh)
1
- 1--(A,+A +A +A + - -
pwpséo[ A( 1 2 3 4 As) Fi2,sh] (1 pw)
psh

1

3.=0pp & {1~-(A +A +A + - -

2~ Pu’s o{ A(l 2 3 A4+As) Fiz,sh(l p )3-
w

As in the previous cases, we assume from now on that the flux is evenly distri-
buted over the surface of the sphere and that after any reflection n the fraction

(Ay/A) @n is incident on Ay. Therefore:

® Av AV peff
= +F p° 4. )= — & ——
nZ3% 0" A Colesr ™ Yol R g
eff
o
and Y _ @ becomes:
n=1 v,n
AV Av 1 A
—_— + 4 ° - = - AN
L Py pwpséofl AB TA A TA + A) Fiz, Sh]+ = pwpséo{l
1 Pshy . Peft
-~(A_+A +A +A + - - --) ——
A ( 1 2 3 4 As) Fiz, sh (1 p ]1 ~p
w eff
A 1
v
= —_— + 1~z -
A pwpséo{1 pw[ A ( A1 i A2 " A3 " A4 " As) Fi2, sh]
sh peff

1 p
PR - R A T A A A v A -F, snt "5
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>

1
._Vp p¢{1+p [1—-(A +A tA A, +A)J————-—-——
A P
eff
Y Y '
) sh eff
-p F 1+(1-—— ) ——
- iz,sh[ (=== 1} (19)
w eff
In this case:
psht:pw
and the signal from the detector becomes:
S =K——1——pp ¢ {1+9p [1—-1-(A +A_+A +A +A)]—-—-1——-— F.__}20)
L 7AW son T Tw TATL T e T Ny T T A T R By

When the beam is directed onto the sphere wall then Qv, 1 and Qv, gare exactly
the same as in the diffuse case since the shield prevents the sample from viewing
the irradiated area of the sphere wall, hence, no flux is incident on the sample
before it has been reflected twice by the sphere wall. In fact, we can use the
equation év' if we replace the average wall reflectance Bw as used in the diffuse

case by the effective sphere reflectance as defined in the specular case. There-

fore Sz, the signal when the beam is first incident on the sphere wall, is given

by
s—K-—pe{1+p[(1 j——— +F (2 F
2 mTA w,124sh2”’ 1 - o off w, sh2 Av sh2, v
N PPN |
sh2, 4 ‘ (21)

1= Pt

and the Sl/ 82 ratio of the two signal becomes:
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1 1
{1+p M~-Z(A,+A +A +A +A)] —— -
s, wl TAWB A A A F A ] T priZ,sh}
{1+p 1-F y————+F (—-—F + eY(l-—F ))]}
w w,124sh2’ 1 -~ -
. 8 peff w, 8h2 Av sh2,v 1 peff sh2,4
(22)
or:
o :i C
s 82

where the correction factor C is defined by the equation (22).

In addition to the terms already used previously, we need P gt which was

given by:
. 24 A
—p[l-Z(A +A _5
Pogr ~ Pt "R A t A HAGHA A T 2A ] —p t o
A A A
-_i<A iz i )
A2
LAis A

= 0.9939p  +0.00033p _ - 3.628 x 10~7

A was set equal top .
when psh qa pw

From this we see that P off cannot be distinguished from EW and:

=p =0.993 + 0. 00033
peff pw 0. 99 9pw 03 ps

The other terms required are:

1
-A(A1+A2+A3+A.

= 0. 0061
LAY 70 006

and:

F = 5. -5
2, sh = 562 10

With this the correction factor becomes:



Wy

1 -0.00033p
S 23)

C = 150, 0166p +0.00033p < 0.001503p%
w 3] W

Table III gives the correction factor C and its percentage for a perfectly specu-
lar sample as a function of wall reflectance for a sample reflectance of 0. 1.

Table IV shows the same values for a sample reflectance of 0. 95.

TABLE I

CORRECTION FACTOR C AND ITS PERCENTAGE OF THE CORRECT
VALUE FOR A SAMPLE REFLECTANCE OF 0.1 FOR THE CASE
OF A PERFECTLY SPECULAR SAMPLE

=0.1
pS
P 0.4 0.6 0.8 0.9 1.0
w

C 0. 9959 0. 9957 0. 9968 0. 9979 0. 9992
C-1 ’
< 100 -0.41 -0.43 ~0. 32 -0.21 -0. 08

TABLE IV

CORRECTION FACTOR C AND ITS PERCENTAGE OF THE CORRECT
VALUE FOR A SAMPLE REFLECTANCE OF 0. 95 FOR THE CASE
OF A PERFECTLY SPECULAR SAMPLE

p_=0.95
S
o 0.4 0.6 0.8 0.9 1.0
w
C 0.9955  0.9952  0.9965  0.9974  0.9987
C-1
=== 100 ~0.45  -0.48  -0.35  -0.26  -0.13
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Since it would be very difficult and tedious to calculate the correction factor
for every real sample, the ratib Sl/S2 was set equal to the directional hemij-
spherical reflectance. In this case the correction factor for a perfect diffuser
from Tables I and II or the curves of Figure 16 show the maximum error.

One additional commént about the relatively large errors for perfectly dif-
fuse reflectors might be in order. These errors originate mainly from the fact
that part of the ﬂﬁx reflected at polar angles around 75° is intercepted by the
shield and part of the flux reﬂécted at polar angles around 85° is trapped by the
evacuation slots. Most real materials, even if they are considered to be good
diffusers, reflect considerably less at these large polar angles than does a per-
fect diffuser. This means that for any real material the error is much smaller
than that calculated on the basis of a perfect diffuser. Especially for metals
which reflect predominantly in the specular direction even when roughened, the
error will be closer to that for a perfect mirror than that for a perfect diffuser.

In any case, even if we take the error for a perfect diffuser as the upper
limit and assuming a sphere wall reflectance of not less than 0. 80, we see that
the error will be less than 1% of the correct reflectance. Reflectance measure-
ments to an accuracy of less than 1% are quite unusual even at room temperature.
An accuracy of 1% or better had been obtained previously with an ellipsoidal
mirror reflectometer [4], but this involved quite an elaborate correction pro-
cedure for several systematic errors present which ;equired additional measure-
ments.

Since the accuracy of the integrating sphere reflectometer does not depend

on the temperature of the sample, it is justified to conclude that based on the
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theoretical analysis,this integrating sphere reflectometer is capable of measur-

ing high temperature reflectance of any material to better than 1%.

List of Symbols

Areas:
A - Total surface area of the sphere A = 4R®m
A1 | = Area of the entrance port
A2 = Area of thé detector port
A3 = Area of the ring space around the sample
A 4 = Area of evacuation slots
A5 = Part of A 4 screened off from the irradiated area of the sample
A6 =A 4" A 5
ASh = Area of one side of the shield
Ashl = Area of the shigld facing the sample
Ash2 = Area of the shield not facing the sample
= Area of the hemisphere facing ASh 1
= Area of the hemisphere facing Ash2

= Area of the field of view of the detector

= Area of the sample

SR e

= Part of AS initially irradiated by &

= Area of'the irradiated spot on the sphere due to the perfect

A,
i1 specular reflection of & at the sample
AiT = Image of Ai 1 as seen in a perfectly specular sample
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Ai2 = Part of the sphere wall from which flux is able to reach A;
due to perfect specular reflection at the sample
Ai3 = Part of the sphere area centered around the entrance port,

"which is irradiated by flux leaving Ai due to perfect specular

reflection at the sample 2

A, = Area analogous to A,_ in connection with A
i4 i2 2
Ai5 = Area analogous to Ai 3 in connection with A2
Fluxes:
§ = Flux [ Watts]
& = Flux initially entering the sphere
3’ = Flux reflected by the sample regardless of direction
- = Sum of flux incident on the field of view of the detector
after & has undergone an infinite number of reflections
&, n - = Flux incident on Ay after % has undergone n reflections at
the sphere wall
) = Flux contained in the sphere after & has undergone n wall
n reflections
Reflectances:
P = Directional, hemispherical reflectance of the sample correctly
s 0
expressed as p(12~;2m)
Py = Reflectance of the sphere wall
psh = Reflectance of the shield
Ew = Average sphere wall reflectance as defined on page 25

= Effective reflectance of the sphere wall as defined on page 40




CHAPTER II
DESCRIPTION OF THE EXPERIMENTAL SETUP

The equipment_consisted of an integrating sphere, a He-Ne continuous wave
gas laser as a source, a 10 KW radio frequency generator, a He purification
system and a vacuum unit. A two-detector amplifier system was used for the
measurement of incident and reflected flux, while the temperature was measured
by a thermocouple or an optical pyrometer.

The sphere was formed by two stainless steel hemispheres, 14 inches in
diameter. All flanges Wére Heliarc welded and had O- ring grooves for vacuum
tight seals. The sphere had four openings, two in each hemisphere. The upper
hemisphere contained the entrance port and the detector port. The lower hemi-
sphere cérried the ports for sample holder and comparison standard, which
could be replaced by a plug té close the port. A detailed description as well as a
theoretical analysis of the integrating sphere is given in Chapter II

The spinere was coated with sodium chloride. The coating was applied by
spraying a Sodium chloride-ethyl alcohol suspension. Since sodium chloride had
never been used before as an integrating sphere coating, an experimental pro-
gram was started to investigate the reflective properties of the sodium chloride
coating. The experimental procedures employed and the results obtained are

given in Appendix A. The results showed that sodium chloride was indeed a very
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good choice for an integrating sphere coating.

As mentioned in the introduction, the necessity of a high intensity source
rules out any conventional radiation sources such as Globars or tungsten strip
lamps. At temperatures around 2000 °K, the signal to background ratio would
be so small that it would be extremely difficult to recover the signal with a high
enough accﬁracy. The source chosen was a He-Ne continuous wave gas laser
model 5220 manufactured by the Perkin Elmer Corporation. Three pairs of
interchangeable mirrors were provided to permit operation of the laser at 0.6328
1.15 and 3. 39pum. respectively. The laser was used in the multimode confocal
conﬁguratioﬁ. The multimode operation has the advantage of higher amplitude
stability and also increases tle power output. The confocal configuration makes
alignment of the mirrors less critical [5]. The plasma tube was closed off on
each end by a Brewstef angle window. These Brewster aﬁgle windows polarized
the laser beam. The beam of tﬁe laser was highly collimated which eliminated
the need fof'any external collimating' or focusing optics. The nominal output of
the laser was given by the manufacturer as one milliwatt at 0. 6328 pm.

The samples were heated by induction. Electrically conducting sémples weré
placed in a thoria crucible and heated directly. Nonconducting samples, for exam-
plé ‘metal oxides, were put in tungsten or iridium susceptors. The susceptor,
which is heated by induction, then transfers the heat to the sample by conduction
and radiation. Figure 11 shows the specimen heater and its location at the sphere.
The heater was a pancake shaped induction coil; the inpermost turn was soldered
to a slotted copper plate which acted as a concentrator. bThe rémaining turns

were insulated from the concentrator by a sheet of Teflon. The concentrator was
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Figure 11. Sample Heater and Sample Holdex Assembly
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machined to the curvature of the sphere, was coated and thus formed ¢n integral
part of the spheré wall. A cooling loop around the edge of the copper plate
removed the excess heat. The whole unit was enclosed by a Pyrex cylinder seal-~

ed off on both ends by Teflon gaskets. The two flanges separated by the Pyrex

cylinder were drawn togehter by twelve Bakelite bolts. _,

The sample holder assembly, also shown in Figuré 11, could be removed by
unscrewing thfee bolts in the lower plate. The whole assembly then slipped
through a hole in the lower plafe. This made it easy to change samples andto
adjust the thermocouﬁle with respect to the sample. The crucible or susceptor
was supported by an alumina tube which kept the conduction of heat down to the
stainless steel sample holder at a minimum. Centering the sample in the hole of
the concentrator was facilitated by a shoulderon the sample holder that fitted into
a hole in the lower plate. This plate in turn fitted into a shoulder on a Bakelite
ring, which was positioned with respect to the upper plate by three centering
screws spaced 120° apart around its' rim. Thus the sample holder‘could: be
removed and replaced without disturbing the alignment of the specimen.

During measurement it was first necessary to precisely position the laser
beam onto the sample, and then onto a spot on the sphere wall. Since a visual
check of the irradiated area in the infrared was not possible, the use of a micro-
metebr type adjustment was ruled out. Therefore, a flip~flop mirror was devised
which, after initial setting, allowed switching of the beand from the sample to the
reference spot and vice versa. No additional adjustment was necessary. The
mirror has one axis of rotation lying in its front surface and in the principal

plane (for definition: of the principal plane see Chapter III). A second axis of
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rotation is provided perpendicular to the first one. In the two switching positions,
the mirror mount is held by two magnets, cemented to the base plate, which are
resting against steel wedges. The wedges have push-pull adjustments. An
exploded view of the mirror mount is shown in Figure 12.

For measurements at 0. 6328 and 1. 15pm, an uncooled lead sulfide cell with
a sensitive area of 10mm x 10mm was used. If measurements at 3. 39pm are to
be made, the uncooled detector has to be replaced by a liquid nitrogen cooled lead
sulfide cell. Cooling a lead sulfide cell to -196 °C, the temperature of liquid
nitrogen, causes a shift of the maximum of specific responsivity2 from approxi~
mately 2 pm for an uncooled cell to about 3um, and also increases the specific
responsivity over its entire useful spectral region. Figure 13, taken from a data
sheet of the Eastman Kodak Company, shows the specific responsivity for an
uncoolal and a cooled lead sulfide cell. Figure 14 is a sketch of the light trap-
filter-detector arrangement on the sphere.

The radio 4frequency generator is operated at 450 KHz and has a fnaximum
power output of 10KW. The power output can be regulated continuously by use of
thyratron tubes and a saturable core reactor. The setting of tte thyratron tubes
is used to limit the maximum power output while the saturable core reactor is
used to vary the power from near zero to that preset maximum.

To avoid measurable oxidation of a sample, the éir pressure must be held to

about 10”8 torr or less. Therefore, as mentioned eaﬂier, the integrating sphere

2The specific i'esponsivity is equal to the signal in microvolts produced by
a photodector having one volt of bias applied across the detector and matching
load resistor combination when irradiated by a flux density of a microwatt per
square centimeter.
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and the heating unit were built vacuum tight to allow evacuation of the sphere.
The vacuumn system used consisted mainly of a mechanical pump, a 6-inch oil
diffusion pump and a cold trap between the diffusion pump and the gate valve,
which reduced backstreaming of oil vapors into the integrating sphere. The cold
trap was cooled by a refrigeration unit which used Freon as a refrigeraﬁt. The
temperature obtained in the cold trap was approximately -55 °C. The ultimate
pressure of the system was found to be around 1 x 10~7 torr.

Measurements at the highest temperatures were made in helium. The reason
was that the vapor préssure of the materials increases rapidly at high tempera-~-
tures. As an example, the vapor pressure of tungsten increases from 10~° torr
at 2350 °K to 10~7 torr at 2500 °K. and reaches 10™* torr at 3050 °K. This means
that significant evaporation may occur around 2500 °K at 10™° torr which, of
course, would ruin the sphere coating. The use of an inert atmosphere at a
pressure near atmospheric greatly reduces the contamination of sphere coating
and windows from volatilization of the specimen or susceptor, without apprecia-
bly increasing the oxidation.

Helium was chosen instead of argon for two reasons. First, helium has an
ionization potential of 24. 46 volts compared with 15. 68 volis for argon, hence is
less subject to arcing at the concentrator slot. Secondly, liquid nitrogen cooled
cold traps can be used to remove all condensable impurities from helium without
condensing the inert gas itself. The helium used was ultra high purity grade sup-
plied by the Matheson Company, Inc. The purity was given as 99. 999%. The con~
tent of impurities of main concern, namely oxygen and water vapor, was givenas

less than 2 ppm and 2. 4 ppm respectively. The purity was further increased in a
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purification system'which used copper in fine powder form deposited on diatoma-
ceous earth. This material can be bought. commercially in the form of pellets
under the name BTS catalyst. The method has been described in detail by F.Maak
and C. M. Sellars [6] and will only be outlined here‘. Figure 15 shows the
arrangement of the purification system. The pressure of the helium was reduced
in a special ultra high purity pressure reducer.® The gas then passed through a
glass tube ﬂoneter and further through a liquid nitrogen cooled cold trap which
condensed most of the water vépor. After this thé gas flowed through a tower of -
the catalyst in the reduced state, then through a tower of the catalyst in fhe oxi-
dized state, and finally through a second liquid nitrogen ccoled trap. The removal -
of oxygen from an inert gas by catalyst could be achieved in two different ways.
Hydrogen present in the gas as an impurity or added on purpose reacts catalytim
call.y with oxygen in the tower filled with reduced catalyst at temperatures above
70 ° C.

Hz +% Oz - HgO o ' (24)
If this reaction is not possible, thenthe BTS catalystin the reduced state acts as
an oxygen absorption agent. The copper in the catalyst will be converted to oxida.

Cu+% Oy ~ CuO (25)

~ After the catalyst has become oxidized, it can be regenerated by the use of

hydrogen.

CuO +H_ - Cu+Hz0 (26)

8 Ordinary bellow type pressure reduction valves let air diffuse into the gas
and are, therefore, not satisfactory if extreme purity is required. Flexible

~Tygon tubing cannot be used for the same reason.
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During this regeneration process, hydrogen is absorbed wﬁich is subsequently
evolved for a long time. The purpose of the second tower filled with oxidized
catalyst .is to oxidiie the. hydrogen to water vapor according to equation (26).The
water vapor is condensed in the following liquid nitrogen cooled trap.

All of the aboye ,r_e'actions are strongly exothermic, and precautions must be
taken not to exceed a temperature of 250 °C in the towers.

One problem experienced during the early stages of the development was the
instability of power output of the laser. Therefore, a two-detector system* was
used to make the measurement independent of the output level of the laser, Figure .
16 shows the signal flow diagram. The laser beam is chopped by a first-surface
mirror chopper ét 33. 9 cps. During the first half of each cycle, the beam is inci-
dent on the flip-flop mirror above the entrance port and is reflected onto the

/sample or\the sphere wall. During thé second half, the beam is reflected by the -
chopper blade into a small averaging sphere, and the radiance of the averaging
sphere wall is measured by the reference detector, whose signal is then ”féd into
a phase senSitive synchronous amplifier. The signal from the detector of the
integrating sphere is amplified in an indentical amplifier. The output of the two
amplifiers is then put into an electronic system whose output is proportional to
the ratio of the two signals. The readout device used is an integrating digital
voltmeter. With this system, all measurements are made relative to the incident

flux,which makes the accuracy independent of the stability of the laser.

“This system was built by Brower Laboratories,Inc., Westboro,Massachusetts ‘
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CHAPTER IV
DESCRIPTION OF THE SAMPLES

Measurements were made on thoria, graphite, and tungsten samples at the
wavelengths‘of 0. 6328 and 1. 15um. All samples were discs % inch in diameter.
The thicknesswas Z inch for the thoria sample gnd % inch for the others.

The thoria specirﬁens were obtained froin the Laboratory Equipment Corp.,
St. Joseph, Michigan. A chemical analysis supplied by the vendor showed in
percent by weight 99 ThO,, 0.05 SiQy, 0. 02 MgO and a trace of CaO. Also pre-
sent were trace amounts of the oxides of phosphorus, iron and rare earths as
well as a minor amount of alkali oxides. The porosity of the specimen was 13%
by vbiume.

The graphite samples were machined from grade UT6 gfaphite procured
from the Ultra Carbon Co. , Bay City, Michigan. The sum of the Impurities was
given as 10 to 50 ppm consisting mainly of Mg, Fe and 8i. The material had an
apparent porosity of 21% and 2 maximum grain size of 0. 003 in. The samples
were smoothed by grinding them with fine grades of metallographic polishing
péper. The final finish was obtained by hand polishing on lens paper.

The tungsten samples §vere made from arc cast material obtained from
Cleveland Tungsten, Incorporated. The surface of the samples was ground and

optically polished. The samples were then slowly heated in hydrogen to 2060 °K
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and kept at that temperature for 15 minutes, then cooled slowly.

Since the reflectance of opaque materials is very much a function of the sur-
face texture, the surface conditions were examined before and after the measure-
ments. In the case of the tungsten sample, the surface was characterized three
times, ﬁamely before heat treatment, after heat treatment and finally after the
integrating sphere measurements. Three methods were used for characterization. |
First the surfé.ce roughness was measured by using a Talysurf stylus instrument.
Secondly, for the graphite and tungsten samples, microinterferograms were
taken. These interfefograms give a better overall description of the surfacethan
the traces of the stylus instrument, because the‘traces give only one cross sec-
tion of the Sample, ‘which may or may not be characteristic of the surface. The
third method was the use of photomicrographs. Although no quantitative informa- ’
tion can be extracted from the photographs, changes in the crystal structure will

clearly show up.
Thoria

The first material measured was thoria. Figure 17 and 18 show copies of -
the original traces (profiles) of the thoria sample before the measurements were
taken. The two traces are two different cross sections of the _sample. The arith-
metic average (AA) roughness which represents the average deviation of the pro-
file from the center line, was measured to be 92 pin. Figure 19 shows a trace of
the same sample after it had been subjected to four heating cycles in the integrat-
ing sphere. The arithmetic average roughness was measured as 95pin. Nochanges

in structure can be deduced from these figures. Although photomicrographs were
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also made from the sample, they are not presented because they lack any struc-
ture. The reason is that thoria is a partially translucent material, which means

that the incident light is reflected within a finite layer of the sample. This makes

it impossible to focus onto the surface.
Graphite

The next sample measured was the graphite sample. Figure 20 gives atrace
of the graphite sample. There existed a definite lay in the surface and the trace
was taken perpendicular to the lay. The arthmetic average roughness was meas-
ured as 11 pin. However, it should be noted that even with a load of 30 mg, the
stylus made a visible scratch, which means that the stylus was partially cutting
through the material. Therefore, the actual roughness cculd be higher thanthat
indicated by the measurements. Figure 21 shows a trace of the same sample
after it had undergone four heating cycles. The AA roughness was measured as
10. 2 pin. This indicates that no measurable change in surface roughness had
occurred. Figures 22 and 23 show microinterferograms of the graphite sample
before and after heating,respectively. Nochanges in surface structure are obvious.
Figure 24 is a photomicrograph of the graphite sample and Figure 25 shows the
surface after the sample had undergone four heating cycles. No change in the sur-

face structure can be detected. The surface lacks any sharp contours or scratches

as can be expected from a soft material like graphite.
Tungsten

‘The last material measured was a sample of tungsten. Figure 26, 27 and 28
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Figure 22. Microinterferogram of
Graphite Sample
Before Heating

Figure 23. Same as Figure 22 After
Four Heating Cycles
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Figure 24. Photomicrograph of Graphite Sample

Figure 25. Sames 4s Figure 24 After Four
Heating Cycles
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are copies of traces taken from the tungsten sample after polishing, after heat
treatment as described above and after three heating cycles. The measured AA
roughness was 1, 0.9 and 8.6 pin respectively. This shows that the heat treat-
ment had not effected the surface roughness measurably. Howeirer, a marked
increase in roughness had occurred during the three heating cycles in the inte-
grating sphere. Figures 29, 30 and 31 are micfointerferograms of the fungsten
sample again taken after polishing, after heat treatment and the last one after
three heating Cycles up to 2156 °K under vacuum. Figﬁre 29 shows that the sam-
ple was indeed quite flat. Figure 30 reveals that the surface texture had under-
gone a change as indicated by breaks in the interference fringes. Figure 31
shows that the surface had changed drastically during the reflectance measure-
ments as was seen in the stylus traces.

Figures 32, 33 and 34 show photomicrographs of the same sample taken atthe
same three stages. Figure 32 shows no surface structure of any kind except for
scratches due to the polishing procedufe. The next figure indicatés cleérly that
the surface had undergone a definite change in structure. It seems that a recrys-
tallization process had at least been started during the heating. Comparing Figure
34 with the preceding photograph, we see that the surface had again changed
considerably. The surface structure was much finer. This change was believed
to be caused by thermal etching, which caused the individual crystal planes to
show within each tungsten ciystal. This process could have been intensified by
trace amounts of oxygen and water Qapor in the integrating sphere. All oxides
formed have a much higher vapor pressure than the pure metal and will evaporae

rapidly at the high temperatures. As we will see in the next chapter,these changes



Figure 29. Microinterferogram of Tungsten
Sample After Polishing

Figure 31.

Figure 30.

Sames as 29 After Heat
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Figure 32. Photomicrograph of Tungsten Sample
After Polishing

Figure 33. Same as Figure 32 After Heat Treatment
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Figure 34. Same as Figure 32 After Heat Treatment
And Three Heating Cycles
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of the surface structure lead to definite changes in the reflectance.

Although it could not be seen on the photographs, the thoria sample had also
changed during the four heating cycles. The change manifested itself in a change
of color. The sample after four heating cycles appeared almost white when com-
pared with the yellowish color of the unheated sample. Again this change expres-
sed itself quite clearly in a change of réflectance as is shown in the next chaptexr
This change could have been produced either by volatilization of impurities on
heating in vacuum, some change in crystal structure, or to a change in state of
impurity constituents. The exact mechanism responsible for the observed

change was not established.



CHAPTER V

~

RESULTS AND CONCLUSIONS
Experimental Verification of the Error Analysis

Before presenting and diséussing the high temperature reflectance data, it
seems desirable at this point to introduce an experimental verification of the
error analysis.

In Chapter II, a theoretical aﬁalysis was undertaken to compute the system-
atic errors present in the reflectance measurements made with this integrating
sphere. The resuits were presented in Tables I, I, III and IV and also in Figure
10. That analysis, which assumed either a perfectly specular or a perfectly dif-
fuse sample, was based on certain éssumptionse ‘Therefore, the results of this
experimental analysis will show to what degree those assumptions are fulfilled by
the real integrating sphere. Of the two cases analysed,the case of the perfectly
specular sample was chosen to be tested experimentally for two reasons. First
the reflectance of the specular sample can be measured more accurately than
a diffuse sample by an independent technique. Secondly, the perfectly specular
sample can be approximated to a very high degree by evéporating a metal film
onto a highly polished quartz substrate.

Preparation of the Mirrors: Mirrors of the same size as the samples used in

the integrating sphere were prepared at the optical shop at the National Bureau of
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Standards. The quartz substrates were polished by a so called super polishing
technique. The pitch polisher was coinpletely immersed in water and the polish-
ﬁxg agent was only added once. The flatness of the discs was better than 1/20 ofa
wavelength of vthe sodium D Line. After the polis.hing was completed, the sub-
strates were cleaned carefully by washing them with solvents, detergents, boil-
ing water and finally with‘ doubly distilled acetone. Theﬁ the quartz discs were
inserted in the vacuum chamber and cleaned by a glow discharge for about 20
minutes. Two sets of mirrors were prepared. For one set 99.999% pure aluminum
was evaporated at a. pressure of 1 x 10™° torr and then the shutter was opened for
approximately 5 seconds. For the second set, gold of the same purity was used.
The deposition and measurements of thin films has been developed into an art and
an excellent source of information on all details concerning thin films can be
found in reference [7] and the list of references contained therein.

Description of the Specular Reflectometer: In order to calibrate the mirrors,

it was necessary to use a reﬂectorﬁeter which was capable of measuring the
reflectance to a much higher accuracy and precision than could be attained vyith
the integrating sphere. Therefore, a specular reflectometer was designed and
built based on the well known multiple reflection technique. A sophisticated spec-
ular reflectometer employing this principle is also described in the reference
just cited.

The reflectometer used in this experiment consisted of an aluminum disc
into which three rectangular slots had been milled. Care was taken to machine
the slots parallel and square as closely as possible. Three bloeks of brass ser-

ved as mirror holders. Holes were drilled into the brass blocks of a slightly
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larger diameter than the mirrors. The alignmeut of the mi'rrors was achieved
by gently pressing the front surface of the ’mirrors against the diaphragin at-

tached to the brass block. Figure 35 shows a cross section of a mirror holder.
Tightning the adjustment screw by hand was more than sufficient to insure that

the mirror’s front surface was properly resting against the diaphragm.

ADJUSTMENT _,
SCREW -/ JDIAPHRAM

PRESSURE -
PLATE

Figure 35. Mirror Holder of Specular Reflectometer

The dimensions of th:e; réﬂectometer, ‘as sketched in Figure 36, were chosen such
that the center of_“vph“bé beam ‘é’oﬁl,cic'jije_‘d'jwith:thei'cent'er of the mirrors when anangle
of incidence of 12° was us‘ed.fThi:s‘ angl'é of incidence is the same as that used in":
the integrating sphefé. | The same ng—;Ne lasér as mcorporated into the integrat‘_r‘ .
ing sphere reﬂéctomete?rf&vavé ex'xi:p'IOYed for .this specular reflectometer. Whenthe
center mirror holdef wasmoved ii.nto the ‘p’a.%thbf the laser beam, then the beaﬁi 5
was reflected by mi}rror.‘s:';i" 1, 2 a;nd: 3. Tilei;efore, if éois the flux initially enter"in‘g |

Y2

the reflectometer, then the flux leaving the refiectometer is p 93%' When the

1P2

center holder was removed from the path, then the beam struck mirror 4 and
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left the reflectometer. In this case, the flux leaving is p @O. As seen from Fig-

4
ure 36, the path lengths in both cases are the same; and in an ideal . reflecto-
metex, the paths of the beams would coincide. Because of 1mperfections, slight
- shifts of the paths are unavoidable. Since any small shift of the beam with re -
spect to the detector might lead to large errors due to the nonuniformity of the
detector, a small averaging sphere was used. The diameter of the entrance poxt
was about four times the diameter of the beam at that point. This made surethat
scattered flux which for a good mirror is contained in a small solid angle around
the main beam was included in the measurement. A spikefilter was put between
the averaging sphere and the detector. The averaging sphere was so positioned
that the detector could not view the spot where the beam struck the sphere wail
initially.

The same technique as applied for the integrating sphere and goniometric
measurements was used with the specular reflectometer to compensate for pover

output fluctuations of the laser.

Calibration of the Mirrors: The measurement procedure itself was quite

simple. Four mirrors of the samne set were inserted into the holders and all
components aligned. Then the center mirror holder was moved into the path of
the beam and the signal S1 was read from an integrating digital voltmeter. About
twenty consecutive readings were taken. Then the beam was blocked behind the
diaphragm (see Figure 36) and a background reading B was taken, which was sub-
tracted from Sl' Finally the center mirror holder was removed from the path of
the beam which resulted in a signal Szu The ﬂmptbnal relationship between the

reflectances of the mirrors and the measured signals is then given by equation
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(27):

Sl—B= plpz
S -B

2 Py

Py

(27)

Assuming that the reflectance of all four mirrors is the same and equal to p, then

p is given by equation (28):

5TB (28)

Since the mirrors in one set were prepared in éxac_tly the same way and
coated at the same time, this assumption seemed justified. However, in order
to check this assumption, p was calculated from the measurements with two dif-

ferent groupings of the mirrors as indicated in equations (29) and (30):

p1p2p

3
i (29)
a p4
PP P
o, = 429 (30)
Py |

As noted in Chapter III, the laser beam 1is plane poiarized and the orienta-
tion of the plane of polarization is determined by the orientation of the Brewster
angle windows. As seen from reference [ 8], pagelzo, the reflectance for the
component of the radiation whose electric field vector is parallel to the plane of
incidence goes to zero for a nonconductor when the angle of incidence is equal to
the Brewster angle. This cdmponent, therefore, is traﬁsmitted unattenuated and
gets amplified by stimulated emission. In other words, the plane of polarization
of the laser beam is given by the plane of incidence formed by the normal to the

window and the incident ray. This property of the laser made it possible to mea-
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sure the reflectance of the mirrors for the two components of polarization. First
the laser was aligned such that the plane of polarization was parallel to the
plane of incidence of the mirrors. This piane is call»ed the p - plane; and the
reflectance for incident flux polarized in the p - plane is, therefore, indicatedby
using the subscript p. After all measurements of pp were completed, the laser
cavity was rotated in its holders by 90°, the laser realigned and all measure-
ments repeated. The plane which contains the incident ray and is perpendicular
to the p —‘plane is called the s - plane and the respective reflectance for inci-
dent flux polarized in the s - plane is then symbolized by. Py Again from refer-
eﬁce [8] on page 21, we see that pp should be less than ps for all angles of inci-
dence except for 6 = 0° and & = 90° at which p:s = pp. If the optical constants n
and k are known, then pp and pS can be calculated from Fresnel’s equations as
given in reference [ 9] on page 63. Although optical éonstants of aluminum and
gold have be:én published [ 10], this approach was not used because the reflec-
tance of metal films depends greatly on the deposition technique.

Results of Specular Measurements: The results.of the measurements with

the specular reflectometer are given in Table V for 0. 6328 pm and in Table VI

for 1. 15um. The symbol o for the standard deviation is defined as:
- N -
o® = l_g__l_f_i_._p.).. (31)
- N-1
where N is the number of measurements taken and E:Tis the average reflectance as

given by equation (32)s

p = (32)
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The subseript a or b indicates the grouping of the mirrors as defined in equation
(29) and (30). The subscript s or p gives the crientation of the plane of polari-
zation as discussed above. The minimum number of measureﬁaents from which
the average reflectance and the standard deviation were calculated was seven. If
scatter in the data became largey, then the number of measurements was increas-
ed (the rﬁaximum number used was seventeen) to keep the standard deviation be-
low 1/10%. As we can see from the tables, the only significant difference in
reflectance using two different groupings of mirrors, as defined in equations (29)
and (30), could be found for the gold mirrors at 0. 6328 um. The difference meas-

ured between p and p was approximately 0. 001, At 1. 15um, the measured

a, p b, p
difference between ps and pp was essentially within the standard deviation of the
measurement itself. Therefore, the two reflectances were only measured for one
grouping of mirrors. Only the measurement of pé was repeated with the second
grouping. As seen from Table VI, the differences in one type of reflectance be-
tween the two groupings are well Within the standard deviations of the measure-
ment. The standard deviation of the measurements was between 0. 00023 and
0.0009. The average standard deviation was 0. 00041, which is less than 0. 05%._
The error in the measurement was certainly not more than 0.1%. This shows

that the reflectance of the mirrors was known with an accuracy which made it

possible to use them as standards in the integrating sphere.



TABLE V

REFLECTANCE OF MIRRORS AS MEASURED BY THE
SPECULAR REFLECTOMETER AT 0. 6328 um

o P, o

Pa,p “a,p Pa, s a, 8 b. p b, p
gold 0.9355  0.00055  0.9372  0.00089  0.9365 0. 00056
aluminum 0.9030  0.00034  0.9051  0.00067  0.9031 0. 00029
TABLE VI

REFLECTANCE OF MIRRORS AS MEASURED BY THE
SPECULAR REFLECTOMETER AT 1.15pm

p o p o p o

a, p a,p a, s as b, p b, p
gold 0.9819  0.0003 0.9823  0.00038  0.9823 0. 00029
aluminum 0.9600  0.00023 0. 9601 0. 00023

|

0.9380

0.9054

O

0. 9605

0b, s

0. 00035

0. 00036

0. 00031

g8
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Preparation of the Infegrating Sphere: Before the reflectance measurements

could be repeatéd in the integrating sphere, the coating had tobe replaced be-
cause it had been severly damaged during 1nitial_ tésting of the heater. Dieleciric
" breakdown had occurred s;e'verai .times resulting in év@or&itim of stainless sieel
_where the arc had struck the flange surrounding the ‘héater'pl.ate. Since the sodi-
um vchloride coating had been mainlj devéloped for use at 3. 39um and since
meésurement’s at 3. 3%um had to be postponed, the soditﬁn chloride coating was
replaced by a barium sulfate coating. | |
Barium sulfate can be applied very easily by hand pressing. First a thinlayer
of BaSO, powder was pressed firmly onto the sphere wall until a ghell had been
formed. A ring made out of Plexiglas was clamped concentrically on the flange
which served to connect the two hemispheres. The inside diametgr of this ring
was smaller than the inside diameter of the sphere‘ by twice the thickness of the
coating. This ring made it possible to build yp a fn'm edge,so that after joining
the two hemispheres hardly any cx_‘abk was visible. After the first layer of powder
was pressed onto the sphere wall, more and more powder was added by pressing
it onto the last layer until a thickness of about % inch was obtained. After the lay-
er had been built up, the coating was smoothed hy a glass disc ground to the
curvature of the sphere until no marks could be seen. After finishing the coating,
the openings in the sphere were carefully cut out with a knife and finally the locose
powder was removed by turning the sphere over and brushing with a soft camel
hair brush. To coat the concent.rator plate, a piece of brass tubing of the right
dimensions was recessed on one end such that the inside diameter of the recess-

ed part of the tube was equal to the outside diameter of the plate. The distance
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between the upper edge of the tube and the upper edge of the plate was made equel
to the desired thickness of the coating. The coating procedure for the concentra-

tor plate was the same as for the integrating sphere.

Measurements of the Mirrors in the Integrating Sphere: After the sphere had
been set up and all components aligned, the reflectance measurements on the
mirrors were repeated. The plane of polarization of the beam was parallel to
the plane of the table. Thus the angle between the plane of polarization and plane
of incidence of the flip-flop mirror was the same in the two positions of the
mirror. This is nedessary because otherwise the reflectance of the mirror for
the sample position and the reference position would be different, which might
result in a large error. This means that the main component of polarization with
respect to the sample was in the p - plane.

During the measurements with the specular reflectometer, the mirrors in each
set were numbered from one to four. Of each set, mirror 2 and mirror 3 were
selected for reflectance measureménts. Table VII gives the reflectance of the
mirrors as measured with the integrating sphere at 0. 6328 and 1. 15um. Each
value presented is the arithmetic average of seven consecutive measurements.
Each single measurement itself was obtained by averaging at least ten succes-
sive readings from the integrating digital voltmeter for each measured signal. ¢
is again the standard deviation as defined by equations (31) and (32). 52 and 6 3

stand for the average reflectance of mirror 2 or mirror 3 of any set.



TABLE VII

REFLECTANCE OF MIRRORS AS MEASURED IN THE
INTEGRATING SPHERE REFLECTOMETER

Gold Aluminum
Py % f3 %3 Py % s %3
0. 6328 um 0.9438  0.00056  0.9430  0.00102 | 0.9098 0.00118 0.9110  0.00113
1.15um. 0.9845  0.00113 0.9630  0.00178
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No measurements were made for mirvor 2 at 1. 15um, because the measure-
ments with the specular reflectometer had shown that the variation of reflectance
between two groupings of each set were within the standérd deviation of the
measurement,which was smaller than the standard deviation associated with the
integrating sphere measurements. The standard deviations of the integrating
sphere measurements ranged from 0. 00056 to 0. 00178, with the average being
0. 00113 which is only about three times larger than the average standard deyia—
tion of the specular reflectometer measurements. This again shows the high
precision inherent iﬁ this integrating sphere reflectometer. As will bé shown
later in this chapter, precision can be further improved by using a laser with a
higher power output.

Results of the Experimental Evaluation: The systematic error in the inte-

grating sphere measurements can be computed from a comparison of the results
obtained with the specular reflectometer and integrating sphere on the same mir-
ror specimens. The measurementsAwith the specular reflectometer should be
completely free from any systematic error, and the random error (standard
deviation) is small.

In Chapter 1I, the error was expressed by equation (17):

_ p correct - p measured

E
p correct

- Lz
Substituting (pa’ . pb’

rect value and (52 +p 3)/2, computed from Table VII, for the measured reflec-

p)/2, obtained from Tables V and VI, for the cor-

tance the errors were calculated. They are presented in Table VIII
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TABLE VIO

ERRORS IN PERCENT OF CORRECT VALUE OBTAINED
FROM EXPERIMENTAL EVALUATION

Wavelength [ pm] 0.6328 1.15
Error in Percent for Gold Mirror -0. 78 -0. 24

Error in Percent for Aluminum Mirror -0. 82 ~0. 31

Analysing the data of Table VIII it is first obvious that the errors are well
within 1%, the accuracy claimed for the integrating spﬁere reflectometer. Second-
ly, assuming that as a rough estimate, the reflectance of BaSQ, is about 0. 95 for
both wavelengths, we find from Table IV that the predicted error was about |
-0. 15. This shows a surprisingly good agreement between the .the‘oretical and
experimental analysis. It proves that the theoretical analysis is quite capable of
predicting the sign as well as the order of magnitude of the errors. As a third
. observation, we find that within the 'precision of the meaéurement the errors are
constant for a given wavgleng‘th. ~This immediately offers an explanation as tothe

cagse of the difference, though small, between the predicted and the measured
errors. Bbi-directional reflectance measurements, such as présented in Appendix
A for sodium chloride or in reference [11] for MgO, show that for a given angle
of incidence the directional distribution of reflected flux is a function of wave-
length. Therefore, thé deviation of the distribution from that of a perfect diffuser
is alsb a function of wavelength. For an angle of incidence close to normal, two
deviations from a cosine distribution are found. First, mofe flux is reflected

into the direction of incidence tlan predicted on the basis of a perfect diffus.er.



a1

Secondly, less flux is reflected at large polar angles than predicted by the cosine
distribtition. Analysing the influence of these deviations on the integrating
sphere measurements, we find the following. In the integrating sphere the inci-
dent beam struck the sphere wall at a polar angle of 12°. The flux which is inci-
dent directly on the field of view of the detector has to leave this spot at polar
angles of abéut 80°. This means that the first contribution of flux on the detec-
tor’s field of view is smaller than predicted on the basis of perfectly diffuse
reflection because: |

a. more flux ié lost out the entrance hole

b. less flux is reflected at polar angles of about 80° than predicted on the
basis of a cosine distribution.
Both would tend to decrease Sz, the signal when the beam is first incident on the
sphere Wall, which would result in a larger negative error than predicted. On
the other hand, this decrease in S2 would somewhat counterbalance the error
involved in the measurement of reﬁectance for a diffuse sample. In other words,
if nondiffuseness of the coating is the reason that the negative errors obtained
experimentally for specular samples are larger than predicted on a theoretical
basis, then the errors for a diffuse sample should be smaller than predicted in
Chapter II |

As a conclusion, we can say that the instrument is indeed capable of measur-
ing absolute reflectance with an accuracy of better ttan 1% and a precision of

about 0. 2%
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High Temperature Reflectance Measurements

- After the calibration of the integrating sphere had been completed,all open-
ings were sealed by;- quartz windows and the vaccum unit was connected to 1;he
sphere. Then a thoria sample was placed in the sample holder and the sample
holder inserted into the sphere. Because of the vast amounts of gasés trapped in
the BaSQ, coating, it took several days of continuous pumping to reach a pres-
sure in the range of 1 x 10~ ° thr. To speed up outgassing of the coating, heat-
ing tapes were wrapped around the sphere and its temperature increased toabout
80 °C. Although the thoria saﬁlple could be heated in air, vacuum had to be used
because of the tungsten susceptor in which the thoria sample wﬁs placed. After a
pressure of less than 1 x 10~° was reached, the measurements were étarted.
First the room temperature reflectance was measured. Then the output of the
RF-generator was slowly increased until a reading with the optical pyrometer
was obtained. Right after the heating started, the pressure‘ inside the sphere
increased rapidly; and the sample had to be kept at the same temperature until the
vacuum system had lowe‘red the pressure again. Reflectance measurements were
made at steps of about 50 °C in apparent brightness temperature as measured by
an optical pyrometer, Since the temperature measurements form a very impor-
tant part of the experiment, it seems worth while to take a closer look at the
témperature measurements and the associated problems. ‘

As mentioned above and also earlier in Chapter I, a micro optical pyro-
meter was used to measure the temperature of the sample. To make the measure-

ments more convient, a flat mirror and the pyrometer were mounted on a
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sliding bar with the guides permanently attached to the table. When the temper-
ature was to be measured, the mirror-pyrometer assembly was broﬁghf into
position. The mirror blocked the laser beam and the pyrometer was then focused‘
onto the sample. No further adjustment was needed once mirror and pyrometer
were in the correct position with respect to each other (see Figure 37).

Since flux reaching the pyrometer was attenuated by the fused quartz win-
dow and the two folding mirrors, the brightness temperature indicated on the
meter was not the brightness temperature of the sample. The measured brightness

temperature is defined by the equation:

— / ’
L)\ ] (T) = Teff, A ] Q}\ ] (T)Lb, A /(T) = Lb, \ /(TB ) (33)

where A’ is the optical pyrometer wavelength (A’ = 0. 65um)

LA / the spectral radiance of the flux reaching the pyrometer

at the wavelength \’.
T the true temperature of the sample in deg. Kelvin.
T £ the effective transmittance along the optical path from the
¢ sample to the pyrometer at the wavelength A ‘.
€\ «T) the ‘spectral emittance of the sample at the wavelength A !

at the temperature of the sample.

L ,/(T) the spectral radiance of 'a blackbody at the wavelength A’
’ at the temperature of the sample.

/

and Ty the brightness temperature as measured by the optical

pyrometer.

The spectral radiance of a blackbody can be expressed by Planck’s equation,

namely:
e ,(T)
_ bA _1 G
Ly A (M == 1 1228 [(exp cg /nAT) - 1] (34)



Sample

Quartz window
Flip- flop mirror
Folding mirror

Micro optical pyrometer
Laser

.
2.
3.
4,
5,
6.

Figure 37. Temperature Measurement by a Micro Optical Pyrometer
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where cl and 02 are constants

n is the index of refraction for the respective medium

ey )\(T) isthe spectral emissive power of a blackbody at the temperature T.

Substituting equation (34) into equation (33) and setting n = 1 we obtain:

_ (expe/A'T) -1 (35)
Tt 2T = (exp 0 /AT - 1

the numerical value for ¢

9 = 1. 439 cm deg and the temperatures are in degrees

Kelvin. Knowing Te and exl (T) and having measured T; one can obtain the true

ff

teinperature T from equation (35).

To find the effective transmittance T o a graphite sample had been used

ff ’

previously with a small hole drilled from the side within about 0.5 mm of
the front surface. A chromel-alumel thermocouple had then been adjusted such
that the junction was in contact with the graphite. The sample was then slowly
heated toabout 1000 °K and réadings with the thermocouple and fhe optical pyro-
meter were taken. 'knowing the true temperature ahd the brightness tempera-

ture, the product T +(T) could be determined from equation (35). The func-

eff A
tion (35) has been tabulated by Poland, et al, [12] and these tables were used to

find T +(T). From simultaneous emittance measurements at 0. 6328 um, T

off A off

could then be established. Tﬁe assumption was that the emittance at 0. 6328 ym
was equal to the emittance at 0. 65um. Since graphite is a very good approxima-
tion to a grey body, this was a very safe assumption to make. Oncé Te £ had been
found, the true temperature of a sample was determined simply by multiplying the

spectral emittance, measured at this given temperature at 0. 6328 um, by T off and

using the conversion tables.
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Having discussed the temperature maasurements by an optical pyrometer,
we can now return to the high temperature reflectance of thoria., Figure 38 shows
the directional, hemispherical reflectance p(12°, 2m) for ThO, at 0.6328 um for
three successive heating cycles as a function of the true sample temperature in
°K. The reflectance was first recorded as a function of apparent brightness temp-
erature. This apparent brightness temperature was later corrected for the
emittance of the sample and the attenuation of the radiation by the quartz windows
and the two folding mirrors as discussed above. For the emittance correction,
the emittance was cbmputed from the reflectance measured for the apparent
- brightness temperature of the particular heating cycle. As can be seen from
Figure 38, the reﬂectance increased after each heating cycle. The room temper-
ature reflectance increased from 0. 829 before heating to 0. 864 after the first
heating cycle and to 0. 873 after the second heating cycle. All three curves con-
verge essentially at temperatures above 1800 °K.,

Raising the temperature of the- sample was always accompanied by an in-
crease of pressure inside the sphere. The higher the temperature, the greater
the rise in pressure became for a given temperature step. The increase in pres-
sure was probably due to two factors, outgassing of the sample itself and out-
gassing of the sphere coating whose temperature had been increased due to emitted
flux from the sample and the tungsten susceptor well beyond the temperature
maintained during bakeout. The measurements were stopped when fhe pressure
had increased to around 1 X 10™° torr. This then determined the highest sample
temperature at which measurements were taken.

Figure 39 gives the reflectance of the same sample during the fourth heating
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cycle but this time measured at 1. 15um. The reflectance values measured during
the third heating cycle at 0. 6328 pm were used for the conversion of the bright-
ness temperature to the true temperature. From Figure 39 one could conclude
that the thoria sample still had not reached an equilibrium condition, As men-
tioned in Chapter IV, the sample appeared brighter after the four heating cycles
when compared with an unheated sample.

The next sample measured was of graphite. The electrical conductivity of
graphite is high enough so thét‘ it can act as its own susceptor. Therefore, the
tungsten susceptor Was replaced by an alumina crucible in which the graphite
sample was placed. The time required to reach about 1 x 10 =% torr had now
decreased to about three hours. Figure 40 shows p(12°;2m) of graphite as a
function of the sample temperature. At 0. 6328 um, the reflectance was almost
independent of temperature. The room temperature reflectance increased from
0. 258 before heating to 0. 263 after the first heating cycle. The values taken dur-
ing the second heating cycle are slightly higher over the whole temperature
range. During the third and fourth cycle, the reflectance was measured at 1.15um.
At this wavelength, the reflectance decreases slightly with increasing tempera-
ture from 0. 331 at room temperature to 0. 305 at 2160 °K. The values taken
during the fourth heating cycle are on the average somewhat higher than those
measured during the third cycle. This is also indicated by a change in room
temperature reflectance from 0. 330 before the third cycle to 0. 331 after the
third heating cycle. Table IX gives p(12°;2m) obtained during each of the four
heating cycles. As can be seen from the table, a high precision can be obtained

by this instrument. It should be mentioned, however, that the data on graphite
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TABLE IX

REFLECTANCE OF GRAPHITE AT 0. 6328 and 1. 15um
FOR FOUR SUCCESSIVE HEATING CYCLES

0. 6328 um 1.15um

first cycle |  second cycle third cycle ' fourth cycle

p(12°32m)  TI°K] |p(a2°m)  TI°K] | p(12°:2m) T[°K] |p(12°:2m) T[°K]
0.2577 300 0. 2629 300 0. 3301 300 0.3310 300

0.2593 1052 0. 2625 1038 0. 3234 1076 0,3249 1039
0. 2589 1175 0. 2622 1205 0.3217 1167 0. 3227 1195
0.2590 1226 0.2614 = 1343 0. 3206 1249 0. 3210 1309
0.2595 | 1326 0. 2611 1464 0.3191 1366 0. 3200 1417
0. 2584 1420 0. 2608 . 1516 0.3172 1497 0. 3169 1566
0. 2584 1544 0. 2603 1668 0. 3656 1609 0.3152 1673
0.2581 1629 0.2601 1792 0. 3137 1689 0.3131 1792
0. 2575 1782 0. 2596 1894 0. 3114 1809 0. 3109 1897
0.2578 1902 0. 2592 1997 0. 3088 1949 0. 3086 2003

0.2583 2005 0.2587 2141 0. 3076 2062 0.3054 2161

0. 3045 2144
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were taken with a Perkin-Elmer Model 5500 laser which hés a nominal output
of 15 mW as compared with 1. 5 mW of the Model 5220, which was used for the
other materials. The increase in signal-to-noise ratio by a factor of 10 is
responsible for the higher precision of the graphite data. It appears that the
precision was at least 0. 0005. This can be seen from the data taken during the
second, third and fourth heating cycle. Although the decrease in reflectance
over the whole temperature range was very small, there was a continuous
decrease in the measuredvalues. This is especially striking at 0, 6328 um where
the total change froﬂ1 room temperature up to 2141 °K was only 0. 0042.

The last sample investigéted was of tungsten. Figure 41 shows p(12°;2m) for . v‘
tungsten for three succes‘Sive heating cycles. The reflectance was measured at |
0. 6328 um during the first and second cycle and at 1. 15um during the fhird cycie. A
The pressure at the beginning of the heating was about 5 x 10 ~® and reached et
5x 10 =* at the highest teinperature. During the first cycle, the reflectance 3
changed quite irregularly. First thé reflectance remained almost constant then
decreased slightly around 1400 °K followed by a sharper increase around 1500°K.
Another sharp increase occurred between 1760 °K and 1960_°K. The rooin temp-
erature reflectance had'increaséd from 0. 502 before heating to 0. 545 after the
first cycle. During the second heating cycle, the reflectance increased slowly as
it should according to other investigators [ 13],[14] and [ 157. Around 1900 °K
another change occurred which caused the reflectance to drop. The room temper-
ature reflectance had decreased from 0. 545 at thé beginning of the second cycle
to 0. 528 after the second cycle. At 1.15pm, the reflectance de_creased slowly in a

linear fashion. If this :_is truely an effect of temperature, then this would indicate
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that the crossover point, defined as the wavelength for which 3¢/37T = 0, would be
at a wavelength shorter than 1. 15pm. This would not agree with the measure-
ments by DeVos [ 13] who found that the crossover point for tungsten occurs at
1. 27pm. As we have seen from Figures 26 up to and including 34,the surface had

changed considerably so that the decrease in reflectance could also be due to

deterioration of the surface of the sample. Table X compares the data obtained by
DeVos [ 13] and Ornstein [ 14] with the data taken with the integrating sphere.
The data by DeVos and Ornstein were taken from page 46 and 48 of reference
[16]. The data given in reference [ 16] are spectral, normal emittance data; and,
therefore, the data presented as integrating sphere data are actually calculated
from the reflectance data. As can be seen from Table X, the data points for the
two heating cycles agree within 0. 5% of reflectance except for the point at2000°K.
As it was noticed earlier, a drop in reflectance occurred arounci 1875°K. If we
extrapolate thé data beyond 1850 °K, which is simple becauée the increase in
reflectance is very nearly a linear function of the temperature, then the emit-
tance at 2000 °K would be 0. 433 which would agree well with DeVos’ data poipt.
All emittance data at 1. 15pm taken with the sphere are higher than those taken
by Ornstein. This again could be due to surface deterioration of the .sample.
Unfortunately, neither DeVos nor Ornstein discussed the surface conditions of

their samples.



NORMAL EMITTANCE OF TUNGSTEN AT 0.6328 and 1. 15um

TABLE X

True Temperature [°K]

1200 1400 1600 1800 2000
Integrating Sphere Cycle 1 0. 488 0. 491 0. 478 0.437 0.426
0.6328 um Cycle 2 0. 448 0. 445 0. 440 0. 437 0. 445
DeVos 0.442 0.438 0.434
Integrating Sphere Cycle 3 0. 337 0. 343 0. 343 0. 349 0.361

1.15pm
Ornstein 0.331 0.321 0. 310

0T
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Conclusions

A laser source integrating sphere has been constructed whichis capable of
measuring the spectral, directional, hemispherical reflectance at very high
temperatures. A maximum error of 14 had been predicted on the basis of a
theoretical analysis. This accuracy is maintained regardless of the material,
its surface structure and sample temperature. The results of the theoretical
analysis were later confirmed experimentally by using calibrated mirrors as
reflectance standards. Finally the high temperature capability of the reflecto-
meter was demonstrated by reflectance measurements on samples of thoria,
graphite and tungsten at temperatures up to 2150 °K. The measurements on
graphite also showed that the precision of the measurements is better than O:.QOOS
if a laser with a higher power output is used. The measured values obtained with
this instrument can be used to compute spectral, directional emittance data with

an accuracy not approached by any direct method.
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THE USE OF SODIUM CHLORIDE AS AN

INTEGRATING SPHERE COATING

A coating which was to be used for this integrating sphere had to meet sev-
eral requirements. First of all, the coating had to be a very good diffuser of
uniform reflectance since the theory of the integrating sphere is based on the
assumption that the coating is uniform andaperfectiy diffuse reflector. Then, as
can be seen from equations (14), (19) and (21) derived in Chapter II, the flux
incident on the detector’s field of view is a very strong function of the wall reflec~
tance. Therefore, it is advantageous to have a highly reflective coating, even
more so, since the systematic error for a diffuse sample deéreases linearly
with increasing wall reflectance. (See Figure 10.) While these first two require-
ments are common for any type of integfating sphere, there are several proper-
ties which a coating for this particular sphere had to possess. Part of the coating
was Vei‘y close to the heated sample; and therefore, reached a high tempera-
ture. This means that the coating had to withstand high temperatures without
undergoing physical or chemical changes which could alter the diffusing property
or the reflectance of the coating. Since it was desirable to reach a vacuum of
107° or. 107° torr, the coating should not increase the gas load on a vacuum sys-
tem to a point where this pressure could not be maintained.

None of the sphere coatings commonly used, such as magnesium oxide,

barium sulfate and sulfur, meet all of these requirements. The only coating

110



111

used beyond 2. 5um is sulfun The mechanism by which sulfur becomes a good

diffuser is body scattering. The incident flux is partly reflected on the surface.

- The greater part penetrates into the coating and is scattered by randomly orient~
ed crystallites, and if the layer is thidk enough, most of the flux is backscattered
in a diffuse manner. Therefore, the substance to look for was a material with as
low an absorption coefficient as possible within the wavelength region of interest
applied as a polycrystaliine coating. The material finally chosen was sodium
chloride. From reference [17], we see that NaCl has a very high transmittance
out to about 12um. The melting point is given as 801 °C.

After it had been decided to use NaCl as a sphere coating, a method had to
be found to apply the salt to the surface. First a saturated solution of NaCl in
water was heated to about 80 °C and sprayed onto the substrate. This method was
abandoned because of long drying times between successive coatings, difficulties
in controlling the size of the érystals formed and excessive corrosion of the
spray equipment. Since good results had been obtained with barium sulfate sus-
pended in alcohol, the same technique was tried with NaCl. Reagent grade NaCl

| and ethyl alcohol were ground in a ball mill for approximately 48 hburs. No
effort was made to actually measure the average grain size. The suspension was
then applied with a spray gun. Successive thin coatings were sprayed and then
dried in an oven of about 70 ° C.until the desired thickness was attained. Since
measurements of directional, hemispherical reflectance had shown that the reflec-
tance decreased considerably when the coating became rough,the layer of sodium
chloride was smoothed several times during the process until a layer of about

1 mm was obtained. The finished coating was again smoothed by means of a 3
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inch diameter glass discwhich was ground to the curvature of the sphere. Flat
samples were prepared to measure the directional, hemispherical reflectance in

- the wavelength range from 0. 3 to 20um. The measurements in the range between
0.3 and 2 Sum were made with an Edward type integrating sphere [ 18] at
Oklahoma State University. In the range from 2.5 to 19 pm, the reflectance was
measured with a Cary-White 90 infrared spectrophotometer [ 19] at the National
Bureau of Staridards. Although a study had been made to determine what thick-
ness of NaCl was reqﬁired to produce an essentially opaque layer, inny tke reflec-
tance of the sprayed'and smoothed salt coating is shown in Figure 42 and 43.
These figures show that the reflectance is quite high throughout the visible and
near infrared, with exception of two absorption bands around 2.9 and 3. 4pm.

The reflectance is greater than 90% from 0. 4 to 5. 5pm with exception of the
bands mentioned above, and drops below 80% beyond 7. 8 LLm.

To establish the diffuseness of the flux reﬂected from the sodium chloride
coating,a Simple laser gonioreﬂectémeter was built. The gonioreflectometer
consisted of two turntables as used on milling machines, with angular scales
that could be read to an accuracy of 0.05° The two turntables were mounted abové
each other with a common axis of rotation. The upper table T2 carried én arm
which was used to mount the detector, spikefilter and light baffle. The source
used was the same laser as employed in the integrating sphere, Figure 44 shows
a sketch of the gonioreflectometer and Figure 45 is a schematic of the total setup.
To align the reflectometer, the sample was replaced by a flat,first surfa(_:e mir-
ror. The direction of 0° incidence was established by adjusting the plane mirror

M2 and the upper turntable T2 until the reflected beam coincided with the inci-
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dent beam. This could be done by cen‘?zevri;.'lg the reflected beam around the dia~ -
phragm D (Figure 45). Then the light baffle was mounted on the arm in a posi-
tion such that the incident and reflected beams were centered in the diaphragms
of the baffle. Finally, the index marks of the two turntables were set to read
zero in this position, and the respective spikefilter and detector were mounted
behind the baffle. The detector used was a 10mm X 10mm lead sulfide cell. A
spikefilter for the respective wavelength used was mounted in front of the detec-
tor and eliminated all spurious flux outside the transmission band. The light
baffle, which consisted of a tube and a series of diaphragms, was painted with
3M-Velvet Black paint and restricted the detector’s field of view to a some-
what larger area than the irradiated area of the saminle. Even at large angles of
incidence (up to 75°), the detector always viewed the entire irradiated area.
Under these viewing conditions, the signal measured by-the deteéfor'if the sam-
ple were a perfect diffuser would be described by the equation:

S=8  cost’
max

where 8 is the angle between the normal of the surface and the direction of view-
ing, S is the signal at a given angle 8’ and Smax is the maximum signal obtained
when the detector views the sample in the normal direction. (See Figure 46. )

The angles which could be adjusted by means of the two turntables were vy and
8 (see Figure 45), where v is the angle between the direction of incidence and the
direction of viewing and & is the angle between the normal to the surface and the
direction of viewing. Therefore, the desired angle of incidence & and angle of
exitance 8’ can be obtained from the simple relationships:

8’ =5 ' (1A)
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and
B=y- 38 (2A)

To check the accuracy of the angle settings, the distribution of the reflected
flux from a first surface mirror was measured. The angle of incidence was set
at 10. 00° and then data were taken between 8’ = 9° and 8’ = 11(; . Around 8’ =10°
measurements were made at 0. 05° intervals. These data are given in Figure 47
which shows that the maximum is at 67 =10.03° instead of 8 = 10, 00°. This
error lies within the accuracy to which the turntables could be set.

After the gonioreflectometer was aligned, the mirror was replaced by the
sample to be measured. For the measurements at 0. 6328 and 1. 15um, the dis-
tance from the detector to the center of the irradiated area was approximately
105 cm,which, together with a detector area of 1 cm?®, corresponds to an accep-
tance solid angle of 0. 91 x 10“4 ster. At 0.6328 and 1. isp,m, measurements
were taken at 5° intervals starting at 8° =85°. Since there were indications of a
slight peak in the retrodirection, ﬁleasurements were made as close to the
direction of incidence as possible, which was 3° on either side. Also readings
were taken every 2. 5° around the specular direction to detect any specular peék
if present. At any given angle setting, 10 consecutive readings from the digital
voltmeter were averaged. This was also done for the background, which was then
subtracted from the signal.

To take one scan through the plane of incidence required approximately 15
hours. Since one cannot rely on the output of the laser to remain constant during
that period of time, the same ratioing technique as used with the integrating

sphere reflectometer was applied (see Figure 45). The maximum signal difference
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experienced in éomparing two measurements for the same angle setting at the
beginning and the end of a scan was 0. 4%.

Figures 48, 49, 50 and 51 show the distribution of the reflected flux from the
NaCl coating at 0. 6328 um at angles of incidence of 0, 25, 50 and 75°. The units
are arbitrary. After all data for one wavelength were taken, the flux reflected at
8’ = 10° was measured for all four angles of incidence. Then the signals for
6’ =10° of thé four sets previously measured were scaled to yield the same
ratios as the signals just obtaihed. The signals for all other o' were adjusted
accordingly. This makes it possible to compare the fluxes reflected into a parti-
cular direction 8’ for any of the angles of incidence used. As can be seen from
the figures, the flux reflected at angles close to the normal decreases with
increasing angle of incidence. At large angles of incideng’e, more flux is reﬂectéd
at large polar angles. There was hardly any indication of a specular peak, while
a definite peak in the retrodirection could be found. Figures 52, 53, 54 and 55 show
the same sets of data for 1.15um.

To obtain the directional distribution of flux at 3. 39um, the laser was first
tried as the source and a thermopile as the detector. Since the results were not
satisfactory due to the low signal-to-noiseratio, a slightly diffgrent techniqué was
employed. As shown in Figure 56, a Globar-source was mounted above and some-
what behind the sample. A spherical mirror imaged the Globar onto the sample
with a magnification of 1:1. A diaphragm in front of the éource restricted the
height of the image to approximately £ inch. T;) avoid errors due to flux reaching
the detector by way of interreflections between different parts in the room and the

sample, a chopper was mounted right in front of the spherical mirror. The sig-
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nal from the thermopile was amplified in a Brower Model 129 synchronous ampli-
fier and then displayed on an integrating digital voltmeter. To select the desired
spectral band, a long wé.velength pass filter was mounted between the light baf-
fle and the detector. If it is assumed that the spectral distribution of the flux
from: a Globar can be approximated by that of a blackbody at 1400 °K, thenthe
spectral distribution of flux reaching the detector can be found by multiplying

the monochromatic flux at any wavelength, as given by Planck’s equation, by

the spectral, directional, hemispherical reflectance® of the sample and the
spectral transmittance of the filter at the same wavelength. This, of course,
aésumes also that the thermopile is a grey detector over the wavelength region
considered. Figure 57 shows the spectral composition of the flux as seen by the
detector expressed as energy per unit wavelength interval,normalized to the
maximum which occurs at 3. 7Tum. As seen from this figure, most of the flux is
centered around 4pm. There. is no flux at wavelengths shorter than 3um, and flux
at wavelengths longer than 5. 9um is negligible. Figures 58, 59 anci 60 show the
directional distribution of flux bf the spectral quality of Figure 57 for angles of
incidence of 0, 30 and 60°. Due to the large angle subtended by the Spherical mir-
ror at the location of the sample, it was not possible to make measurements
clése to the direction of incidehce. At large angles of incidence, the image ofthe
source on the sample became quite large so that no measurements were made at

angles of incidence greater than 60°. As can be seen from Figure 48 up to and

® Actually the bi-directional reflectance for the solid angles of the experiment
and the particular pair of directions (e,cp;ef cp') would have tobe used. But since the
interest was only in the relative spectral distribution and assuming proportionality
between bi-directional and directional, hemispherical reflectance,the approach as
used above is justified. ‘ ‘
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including 55 and also from Figures 58, 59 and 60, there is no marked difference
in the directional distribution of flux at 0. 6328 um, 1. 15um and the wavelengths
using the LWP filter. All in all, it can be said that the NaCl coating proved to
be a very gocd diffusereven at high angles of incidence. In fact, comparison of
data showed that the NaCl coating is as least as good if not a better diffuserthan

magnesium carbonate or magnesium oxide.
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KIRCHHOFF’S LAW AND THE LAW OF RECIPROCITY

The integrating sphere analysed :in detail in Chapter II measures the
directional, hemispherical reflectance symbSIized as p(8, ¢;21) or to be more
specific p(lzb;ZW). (It is assumed that the reflectance is independent of the
azimuthal angle. )V For many.applicati;)ns, for example in pyrometry, the desired
quantity is the directional emittance rather than directional, hemispherical
reflectance. The relationship used for opaque bodies to calculate emittance is

1-p(8q2m) =¢€(8,0) (1B)

In the following section, it will be shown that the use of Kirchhoff’ s law
and the law of reciprocity are required toderive equation (1B).

Assume an isothermal enclosure. Then it can be proven [ 8 ] that the
following statements are true:

a. The irradiance is independent of location and direction (isotropic
radiation).

b. ' The monochromatic irradiance is equal to the monochromatic emissive
power of a blackbody at the temperature of the enclosure.

Let the walls of the enclosure be formed by an opague material which
reflects in an arbitrary diffuse ma.nner.‘ Let us now cbnsider a small area dA
of this enclosure and apply an energy balance'to it. Since the radiation is
isotropic and dA is in thermal eciuilibriﬁm? the flux incident on dA within a

small solid angle dw centered around the direction (Q,cp) has to be equal to
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the flux leaving dA within the same solid angle dw. The flux leaving dA within
dw. consists of flux truly emitted and flux which has been reflected into dw. If
we define a radiance ratio B(2n;0, ) as the ratio of the radiance in a specified
direction (8, ) from a body to that of a perfectly reflecting diffuser ® identically
irradiated then we can express this flux as:

LdA cost dw = €(8, ) Lb dA cos6 dw +B (2m;8,¢) LdA cos8 du (2B)
The two part notation (2m;6, ) means that the body is irradiated over the total
hemisphere (uniform irradiaﬁce is always assumed) and the radiance of interest
is that of the exitent flux in the direction (8, ). From statement b, it follows
aiso that the monochromatic radiance inside thé enclosure is equal to the
monochromatic radiance of a blackbody at the same temperature. Therefore,
L = L. and equation (2B) becomes:

b

1 =¢€(8,0) +B(2m8, 0)
or :

€(8,0) = 1 - B(2m6, ) (3B)
where €(6, ©) is the directional emittance and is defined as the ratio of the radi-
ance of a body in the direction (8, ) due to emitted flux only to the radiance of
a blackbody. (For a blackbody, or perfect radiator as it is sometimes called,
the radiance is independent of direction; and therefore, no direction needs’ to be
specified. )

When we compare equation (3B) with equation (1B),we see that in order for

equation (1B) to be true it has to be shown that:

(8, p32mm) = B(2m; 8, @) (4B)

® A perfectly reflecting diffuser is a body which reflects all the incident flux
in a perfectly diffuse manner. (Its reflectance would therefore be 1 )
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In words: if a surface area dA is irradiated within a solid angle dw around the
direction (€, ¢) with a radiance L, then the flux reflected into the entire hemi-
sphere above dA has to be equal to the flux which is reflected into the same
solid angle dw around the same direction (8, ) when dA is uniformly irradiated
over the whole hemisphere with the same radiance L.

Before the validity of equation (4B) can be proven, it is necessary to go
one step back and discuss the reciprocity for a more fundamental quantity. As
shown in Figure 61, assume that a differential surface area dA is irradiated by
a source with an area dA; from a direction (€;,¢;). The source area dA, is
perpendicular to the direction (8;,¢q,), is located at a distance r; from dA and

is radiating with the radiance L. The flux incident on dA is then:

dA.
L —,-: dA cos®,;
ha]

This flux is reflected by dA in some manner which results in a radiance L’ in
the direction (€3,wz). Let a detector with a receiving area dA, be positioned
in the direction (6a, ©g) at a distance r, from dA and perpendicular to the direc-

tion (6g, pz). The flux received by the detector becomes:
L’ d-ég dA cosé,
Ty

Now define a relative radince Lr such that:

L’ (62, 0z) |
L (81, ¢p1) cos®, duy (5B)

&r (61,1302, 09) =

where dw; = %%—1— , then the flux §, received by the detector in this first case
1 .

becomes:

8, =L cost duw Lr (8:,91363,p2) dA cos8z duws (6B)

Where dUJQ = dAg/rgz
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Figure 61. Bidirectional Geometry
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In the second'case, the roles of dA1 and dA2 are interchanged. Now let dA2
be the source with a radiance L and let dA1 become the detector area. The flux
received by the detector is then:

= L cos8 ;8
@2 cosé, duu2 Lr (ez,cpz 1cpl) dA cose1 dm1 (7B)
According to the reciprocity theorem by Sommerfeld-Pfrang [ 20], % has to be
equal to 3 9 and from equation (6B) and (7B) it then follows that:
g
Lr (

)=t (0,9,50.9,) (3B)

2%9% r P19

In order for reciprocity to hoid, it was necessary to leave dAl' and dA2 in place
when source and receiver were interchanged. In other words, in the first case
the source had an emitting area dA1 and irradiated dA from the direction (8 1® 1)
and the detector with a receiver area dA2 received flux reflected into the direc-
tion (ez,cpz), while in the second case the source with ag emitting area dA2 irra-
diated dA from the direction (e 2,cp 2) and the detector with a receiving area dA1

| intercepted the flux reflected into the direction (6 l,cpl). Therefore if source and
detector subtend different solid_angies at dA and their respective positions are
interchanged, then it is -also necessafy to interchange their areas. A more de-
tailed discussion of this point is given in reference [ 21].

In the first case when we integrate 8, the reflected flux, with respect to dw 9

over the hemisphere, we get:

= . d
2_}1: @1 dw2 2‘£Lr (el,cpl,ez,cpz) L cose1 dwl dA 00592 w,,

= H 9B
L dA cos8 dwlzjl; L (8,,%,38,,0,) cos, duw, (9B)

which represents all of the reflected flux.
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The directional, hemispherical reflectance is by definition:

I §1 dwa
2
L dA cos®; duy

P(B1, y32m) =

which by using equation (9B) becomes:

L dA cos8; duy J' Lr (61, ¢01382, 2 ) cosbz dux
2n
L dA cos?8; duy

p(ely CPI;ZH) =

or

P61, 0132m) = [ L (81, ¢1382,;) cOS6; dug (10B)
o |

In the second case dA; is irradiating dA from the direction (6,,wz), resulting
in a radiance in the direction (8;, ;) due to reflected flux. This radiance can be
expressed as:

L'Gy 9= 1 (B2, 02301, 1) L cosé, dwg . (11B)
To find the radiance L /(61,01 when dA is irradiated uniformly over the hemisphefe

with a radiance L, we integrate (11B) with respect to dw, and get:

L/ (91,CP1)'= I ’E/r (ez,ﬁpg;el,ﬂpl) L 00892 d%
2m

=L [ 4_ (82, 02361, @) cose, dup (12B)
2

If dA were a perfectly reflecting diffuser identically irradiated, then the radiance
due to reflected flux LI; would be equal to the radiance of the incident flux.

» iLI; (81, CP1) =L
By definition the radiance factor B(2m;8;,¢) is:

L (,m) L (B,01)
L G o) L

Using equation (12B)we obtain:
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B @moup) = [ 1 (%2, 02381, 0 ) cosOy dug
2m

which by (8B) can also be written as:

B (261, ) = [ 4 (81,150, v2) cOSE du (13B)
2m

Comparing (10B) and (13B) we find that the identity:
B (2m8,¢) =p (5, q;2m)

holds,which in turn proves the validity of equation (1B), namely:
e (5,9) =1 - p (8,9:2m)

The above equation was derived under the condition that dA is in thermo-
dynamic equilibrium with its surroundings. But since the emittance and reflec-
tance of a specimen of a given material depend only on its surface condition and
temperature, the equation canalso be appliedto nonequjlibrium situations.

In the light of the importance of bidirectional measurements to adequately
describe the reflective properties of materials it seems useful to discuss in
more _d..etail the concept of the relative radiance &r. Since we can only measure
a finite quantity of flux,” we never mean truly a single direction when we talk _
about directional irradiance or directional exitance. But this immediately
raises the question of how small the solid angles have tobe to adequately '
approximate a single direction. In the case of directional irradiance, the
condition has been defined by McNicholas [ 1 ] as follows:

The solid angular extent dw of the incident flux shall be so small that a
further decrease will not alter measurably either the angular distribution of
the reflected flux or its ratio to the incident flux.

In the case of directional exitance, an analogous condition would be:
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The solid angular extent do’ of the measured reflected flux shall be so
small that a further decrease will not alter measurably the rafio of the reflected
flux (or its electrical analog) to the acceptance solid angle, dw’. The bidirectional
reflectance is defined as:

L’ cost’ duw’
L cosd dw

o (5,038 ,0) =

Assuming that the conditions defined above have been met,then we can see
the following. If we change L, the radiance of the incident radiation, then L’,
the radiance of the exitent radiation will be altered proportionally. The same is
true of the solid angle dw. For example if we cut the solid angle 6f the incident
radiation in half, then L’ will drop to half of its original value. In other words
JEROH ‘ (pl) is invariant with respect to the solid angle dw and the incident
radiance L. On the other hand, we are free to choose any size of the solid angle
dw * within the limit imposed by the condition of directional exitance. This means
that we can obtain values ranging from 0 to a maximum value dependent on the size
of the acceptance solid .angle of the instrument used.

At first glance, it might seem that a more fundamental quantify would be
L' ©0)
L8 9)

bidirectional reflectance, we see that while the radiance ratio is invariant with

the radiance ratio defined as But from the forgoing discussion. of
respect to dw’ and L, the radiance of the reflected flux L’ is directly propor-
tional to dw, which again can be varied freely within the limits given by the
condition for directional irradiance. Therefore, in addition to the radiance
ratio, this time one needs to know the solid angle of the incident flux to reduce

it to a useful quantity.
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So we see that the bidirectional reflectance and the radiance ratio are not
only functions of the material and its surface condition but depend also to a
large extent on the instrument used for the measurements. This, for example,
would make it impossible to compare directly bidirectional reflectance or
radiance ratio data obtained by two different instruments using different solid
angles.

The relative radiance &r (€, 6 ’ cp') defined as:

/

) = L' (9',0)
L (8,¢) cos du

e f;e’
’tr(’\P y P

is the radiance of the reflected flux in the direction (¢°, cp/) per unit irradiance
from the direction (8, ¢). Frém the discussion of bidirectional reflectance, we
have seen that the radiance L’ changes proportionally with any change of the
solid angle dw as well as the incident radiance L. The dependence on the solid
angle de’ has been removed. Therefore &r does not depend on the instrument
used and is only a function of the sample material and its surface condition. Th
would make it possible, for example, to use relative radiance data to calculate

the correct directional, hemispherical reflectance by using equation (10B).

List of Symbols

Radiances
L(®, ©) Radiance in the direction (g, ¢).
L', Radiance due to flux reflected in the direction (8',0").
Lb Radiance of a blackbody (perfect radiator).
Lp Radiance of a perfectly reflecting diffuser for a given

angular distribution of incident flux.

is



Surface Properties

6(9, QP)

P(8, e 21)

P8, w0, 0")

B(2m6 )

L'’ e’
L(8, ©)

1 ;/;/
J&w9,¢)
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Directional emittance for the direction (6,x). Ratio of
the radiance of a body in the direction (€, ) due to emitted
flux only, to the radiance of a blackbody at the same
temperature.

Directional, hemispherical reflectance. Ratio of reflected
flux regardless of direction to the flux incident within a
small solid angle centered around the direction (8, ¢).

Bidirectional reflectance. Ratio of flux reflected into a
small solid angle dw’ centered around the direction © cp/)
to the flux incident within a small solid angle dw centered
around the direction (8, ©).

Radiance factor. Ratio of radiance in a specified direc-
tion (&’ cp') from a body irradiated uniformly over the
hemisphere to that of a perfectly reflecting diffuser
identically irradiated.

Radiance ratio. Ratio of radiance due to reflected flux
in the direction (8, ’) to the radiance of the incident
flux in the direction (8, ©).

Relative radiance. Ratio of radiance due to reflected
flux in the direction (8',¢’) to the flux incident per unit
area within a small solid angle dw centered around the
direction (8, ©), or: radiance in the direction (¢ ! cp/)
per unit irradiance from the direction (8, «).
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