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SUNMARY
To deduce the absorptivity from a measurement of reflectiviiy it
is necessary to measure the reflectivity in such a manner that both

diffuse and specular reflection are correctly included., A method of

doing this is described which makes use of a modified integrating sphere.

Results have been obtained for a variety of materials from wavelenghhs ~

0.33u to 24 3u.
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1 Introduction

Requirements exist for the measurement of emissivity or absorptivity
of various materials. Emissivity may be measured directly by comparing
the radiatfion emitted with that from a black body at the same temperature.
Absorptivity may be measured directly by irradiating the specimen and
observing the rate of rise of temperature. However, this method is
difficult when the result is required at specific wavelengtns, because
the radiation has first %o pass tirough a monochromator which seriously
limits the radiant flux available and secondly one has %o compare the
specimen with a black body of identical thermal capacity and conductivity.
In view of these difficulties it is more convenient to develop a general
purpose apparatus which measures reflectivity and to deduce the
absorphivity or emissivity from the measurement of reflectivity.

2 The Reflection, Absorption and Emission of Radiation

When radiation of wavelength A falls on a surface a frachicn Ak is
absorbed, a fraotion.Rk is reflected and a fraction TK is transmitied.
Evidently,

Rk*'AR+'LK = 1 (1)

The reflection may occur at the surface or by scattering in the
body of a franslucent inhomogenious medium, similarly the transmission
may occur with or without scattering; but this is immatferial provided

RR and Th are the total fractions reflected or transmitted at all possible

angles. All the specimens examined to date have been opaque hence
T = O.
A
In addition to the energy reflecfed and fransmitted there will be
thermal radiation from the surface, which will be a funchion of surfuce
temperature and the emissive power or emissivity* Eh'

Kirchoff's law, which may be proved by considering the ecquilibrium
of a body in an enclosure shtates that

1‘17\ = A.‘\ (2)

If we measure A, by measuring R, + T, and using (1), R, and T, must be

measured for all possible angles i.e. for the whole hemisphere in the
case of plane specimens.

It is not necessary for the incident radiation to come from all
angles, although the value ob*ained for AK may be different for different
directions of incident radiation., When stating the value of Ah it is
necessary to specify the direction of the incident radiation, although
it would not vary appreciably with the angle of incidencc cxcept for
rather unusual materials.,

It follows from a generalisation of Kirchoff's law -that when Ex is
deduced from AK,

in geometrically similar conditions to the irradiation used in the

the value applies only for measurcment of the radiation

* See definition. Appendix,



determination of Rk and Tx from which AX was deduced, i.e, if' we irradiate

a specimen normally and measure RK and TX for all possible directions, we
obtain a value of AK which is the absorptivity for normal radiation, and
this is equal to the emissivity Eh measured normal to the surface, if

both the irradiation and measurement had been omnidirectional, we would
have obtained the absorptivity for omnidirectional radiation and the
emissivity integrated over all possible directions,

It should be noted that if we irradiate within some restricted range
of angles and measure the reflected radiation within a limited solid angle,
nothing can be deduced concerning the absorption except for certain
surfaces whose characteristics are well known, It is therefore necessary
to use some optical system which can handle the radiation over a whole
hemisphere, for which purpose an integratins sphere suggests itself,

3 Use of Integrating Sphere

The usual method of using an integrating sphere to measure reflectivity
is to send a beam of monochromatic radiation into the sphere so as to
irradiate a specimen set in an aperture in the wall, the reflected radiation
strikes the inside of the sphere and suffers multiple reflections, a portion
reaching a photocell set in an aperture in the sphere wall (Fig 1). The
measurement is made by deflecting the beam so as to strike a reference
specimen such as magnesium oxide and taking the ratio of the photocell
output in the two cases (Fig 2), If an absolute measurement is desired,
the apparatus is modified by placing a shield between specimen and photo-
cell, so that radiation reflected from the specimen cannot reach the photo-
cell directly but only by reflection from the sphere lining, The radiation
is then reflected from the specimen to the sphere lining a certain fraction
entering the photocell after single and multiple reflections from the
lining, The reference beam is arivanged to strike the sphere linin- directly
in such a position that the reflected radiation is not obstructed by the
shield, a certain fraction enters the photocell as in the previous case,
Thus in one case the radiation reaches the sphere lining directly and in
the other case it reaches the sphere lining af’ter reflection from the
specimen, and the ratio of the meter readings gives the reflectivity of
specimen, This method is open to the following objections when one tries
to cover a wide range of wavelengths:

(1) Since the system relies on multiple reflections within the sphere,
its lining must be highly reflecting and almost perfectly diffusing.
If this condition is not satisfied this method will give different
results for surfaces with different types of reflection, and these
differences may be different at different wavelengths,

(2) The total path length (when examining the surface) from source to
detector is appreciably different from that when makins the comparison
with the direct reading off the wall, This does not affect results
in the visible region but would be an appreciable source of error in
the 1.4, 1,8¢ and any longer wavelength atinospheric absorption bands.

(3) The photocell cannot be made to accept radiation from a solid angle
of 2r (a whole hemisphere),

If the source ani detector were interchanged, the lamp would have to
be placed so as to give uniform irradiation of the whole sphere,

To overcome these difliculties it wes proposed to arrange lamps and
specimens near the centre of the sphere, with the lamps in a ring around
the specimen, This is slizhtly in front of the plane of the lamps so
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that i% is not illuminated directly by the lomps. (Pig 3).  This
arrangement has the advantages that the lamps irradiate the sphere
reasonably uniformly even without multiple reflections, and that bne
sphere lining irradiates the specimen uniformly from all directions even
if this lining is only o poor diffuser, since even if’ the lining was a
specular reflector the radiation from the lamp would be approximately
focused onto the specimen after a single reflection frou the aphere
lining.

The radiance (steradiancy, brightness) of the specimens is compared
with that of the sphere lining, the reference line of sight passing 1o the
sphere lining through the space previously occupied by the specimcne
The total optical path length is the same when obscrving the apecimen
as when observing the spnere lining. Since each purt of the sphere
lining is always illuminated directly by radiation which has traversed
one radius and secondly by multiple reflcections and the initial
irradiation is the same at all points, each point receives the sane
contribution by multiple reflections as any other point. Then in one
case this radiation has to cross a diameter to emerge from sphere and in
the other case, i% has to traverse one radius fo reach the specimen,
regardless of whcre it has come from, and one radius from specimen io
hole in the sphere wall.

In this epparatus the specimen is irradiated uniformly from all
directions and the radiation reflected in one parficular direction is
measured. This is equivalent fo a system in which the specimen is
irradiated from that particular direction and the total energy refleched
in all possible directions is integrated. This principle by which the
special distributions of incident and reflected flux may be completely
interchonged without altering the measured value of the reflectivity is
known as the Helmholtz reciprocal relationship. It is cquivalent fo a
statement that if we inkerchange source and detector and thus reverse the
direction of all rays, the same fraction of the rodiation from the source
will enter the detector. The interchange of source and detectior implics
that the interchange is complete, i.e. the detector has o assume the
geometrical form of the source and vice versa.

It should be noted that the reflectivity of the sphere lining does
not influence the result except in so far as it influences ®he uniformity
of the irradiation onto itself by determining the portion of this
irradiation which is due to multiple reflections. Je observe either
the irradiation of the specimen by observing the radiation which is
reflected from a portion of the sphere lining towards the specimen, or
the radiation reflected from the specimen; the ratio of thesec two
giving the reflectivity of the specimen. A source of error arises if
the portion of' the sphere lining which we observe is not reflectin, the
same quantity of radistion as the remainder of the sphere.

In the case of diffuse reflecting specimens if fhe part of the
sphere lining which is observed when making the reference mecasurement is
brighter than the suitably weighted average of the remainder we obtain a
value lower than true for the reflectivity. In the case of specular
reflechting specimens we obfain a value lower than true for the
reflectivity if the reference portion is brighter fhan the corresponding
portion of the other half of thc sphere whose image is seen reflected by
the specimen. There is, however, no reason why this portion of the
sphere lining should differ appreciably either in irradiation or
reflectivity from *the reference portion.



4 Experimental Details

The sphere was made of alwainium, one metfer in diameter. It was
coated infernally with the following, in the order listed:-

Titanium Dioxide i#hite Undercoat, DID. 3144,
Titanium Dioxide and Gelatin in ‘ater,
ilagnesium Carbonate and Gelatin in wWater.

The reflectivity of this sphere lining is unfortunately not perfectly
constant with wavelength, and the fall in reflectivity at wavelengths

greater than 2.2 microns sets the long wave limit to the range over which
accurate measurements can be made. At the short wavelength end of the
range, the reflectivity of the lining, energy emitted from the lamps,
transmittance of spectrometer and sensitivity of the detector, all fall

off,  Since the observed output is proportional to the product of all

these factors, it falls off exceedingly rapidly. The limit is approximately
O.4 microns with a FbS cell and 0,32 microns with an ultra violet scnsitivity
photo multiplier, even using the most powerful source practical. This
consisted of a ring of 8 x 240 watt, 26 volt aircraft landing lamps.

These &amps have fthick filsuwents and can be run at high temperaturc,
(3,000°K) which is essential when making measurements in the violet and

near ultra violet regions of the spectrum, but when working at longer
wavelengths the voltage on the lamps was reduced to lengthen lamp life and
reduce the heating of the sphere.

The radiation emerging from the sphere was focused onto %he enhrance
slit of a Leiss Double khionochromator fitted with quartz prisms, which is

described elsewhere(1). A chopper was placed in front of the ertrance
slit to interrupt the radiation at 800 c¢/s as the detector was used with
an amplifier tuned to this frequency. The detector was situated in a
light~tight box behind the exit slit of the monochromator.

The measurements were carried out by sething the spectrometer to pass
a particular wavelength and moving the specimen to compare the radiance of
the specimen with that of the spherc lining. A subsidiary experiment
showed that the radiance of the sphere lining was not altered by moving the
specimen.

An experiment was carried out %o determine the uniformity of
irradiation of the sphere lining, by mounting 2 lcad sulphide eell in the
aperture in the wall and observing the variations of the irradiation of
the cell as the ring of lamps wos rotated. The brightcst part was a few
per cent brighter than the dimnmest part, but the part of the sphere lining
in the reference line of sight had a radiance which was very nearly cqual
to the average for the whole sphere, (within 1%) This messurement
applied to the whole of the lead sulphide band, and it is possible that at
wavelengths where the sphere lining is not a good reflector more serious
variations may occur.

5 Results and Conclusions

The observed values of reflectivity of various materials are habulated
and graphs plotted of reflectivity versus wavelength. PFigs 4 to 12 are
absolute reflectivity. A specimen of smoked magnesium oxide was measured
as a check on the apparatus when used to measure absolute reflectivity.

It will be seen that the result for magnesium oxide is in good agreeument
with published data. ‘hen, later, the measuremcnts were extended into

the ultra violet a spurious absorption of some 10 was found in the
observed reflectivity of MgO at 0.33 microns, all other substonces examined
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showed absorption at this wavelength, and to eliminate that fraction of
the absorption‘which was believed to be spurious the curves of Figs 13 to
19 have been plotited relative fo magnesium oxide as 100%. The results
for polished silver are in reasonable agreement with published data, buh
the results ror Brytal appear to differ from results obtained by N.F.I.
The reason for this error is not known, but it is perhaps due *to the
dielectric interference layer on the surface of this mauberial. Sone
small irregularities in the results between 0.5 and 0,6 microns may be
due to the fact thot the detector was chunged at this point, and slightly
different results were obtained with PbS cell and photo multiplier
respechively. The curves have in this case been dravn between the
observed points. when irregularities occur at longer wavelengths the
curves have been drown through the points becausc it is to be expectod
that relatively sharp sbsorption bands may occur in this region.

The principal source of croor is the lack of perfect uniformity of
radiance of the spherc lining at wavelengths at which it has low
reflectivity.,  An experiment to measure the varistion in irradiation of
the lining has been reforred to above and the variation does not appear
to bc serious, necither docs if effcet the observed reflectivity of eibher
mognesium oxide or polished silver.  Alwosh cny surface can be regorded
as intermediate between these two cases of diffuse and specular
reflectors, so we conclude that the apvaratus gives reasonably accurate
results for any surfacc.



APPRNDIX

Dofinitions

rReflectivity

This is the fraction of the incident radiation which is roflected
from thc specimen.

Absorptivity

This is the frachtion of the incident radiation which is absorbed
by the spcecimen.

Tronsmissivity

This is the fraoction of the incident radiation which 1ls trans-
mitted through fthe specimen.

Since these are the propertics of a particular object, rathcer than
a particular medium, i% mey have been more logical to use the terms
reflectance, absorphtance and transmittance, rescrving the torm trons-
missivity for unit thickncss (c.f. usc of the terms resistivity and
resistance ete. ).  This has not becn donc because the herms absorphance
and fransmittonce are not generally accepted, while reflcctivity,
absorptivity and cmissivity are widely used.

Emissive Power

A surface at tomperaturc T emits an amount of encrgy per unit arco
equal to E)\ d ) ergs per sccond, between the wavelongths N and A + d .
E.) is callcd the Emissive Power for the wavelength Ae E}\_ is thus the
i
quantity of cnergy emiftcd in ergs per sccond per unit range of wavelingtbhs
This c¢xcludes phenomena such as luainescence and limits consideration to
temperature radiation.

Emisgivity
The Emissivity of a surface is the ratio of the radiation emitted
by that surface to that emitted by the samc area of a Black Body ab the

same temperature.

Emissivity at a wavelongth A

Elfor the specimen

E?\ for a Black Body

This we definc as
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Percentage Reflectivity at various wavelengths
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10, n02 T102 402
(i) Rutﬁ/gel Ana;;;elgel (Rutd e in 827) (mwsél tn 827) | 1#84 ca’;gf“ (gel)

i1g0 tig0 1160 Hg0 He0
0.328 87.4
0.338 | 52.9 60,1 57.7 59.9 88.6
0,348 27 b b3l 34..0 3649 87.7
0.362 | 15.9 26.8 17.9 25.9 89.4
0.373 | 12.z | 39.3 13,0 38.0 90.5
0.385 | 12.7 54.0 4.5 52,8 91.6
0.393 17.6 72.1 21.0 (6.8 92.9
0.402 36.7 753 9z.7
0.413 | 65,0 91.5 6341 83.9 92,0
0.470 95.9 95.9 93.8 91.5 96.5
0.470 90.5 89.5 92.3
0.540 | 92.L 92,2 9344 90.0 96.0
0.595 93.3 945 94.8 91 ok 97.2
0.645 | kol 9%.9 964 93.7 98.4
0.700 | 92.0 93.4 95.8 9%4.3 97.0
0.761 | 93.L 95.0 97.1 9.8 99.4
0.890 93.% 9.7 96.8 92.h 98.2
1,000 | 9L.2 9.2 96,4 91.2 994
1,096 .3 943 95.2 69.9 100
1.315 1 93.5 92.5 93.3 87.0 100
1.55 85,1 844..0 85.4 79.7 96,4
1.69 86.0 83.0 75.9 67.2 97.2
1.89 82.3 78.8 7641 70.5 %2
2,068 | 69.6 65.5 67.3 61.2 88.8
2,293 59.7 55.2 394 3245 80,1
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A Aluminium in 827 | Lead Carbonate in 827 Pt P2 P3 P4 Y42 Y47

() M8z 133 2| P2 | En | P | w2 | vy
M0 Y 3] g0 g0 Mgl Me0 M0 MgO
0.328 53¢7 7640 25,3 | 70,4 | 32.2 | 40,0 | 64.3 | 32.5
04338 50,8 58.7 19,7 | 46,9 3144 38,2 | 48.0 | 31.3
0.348 47.9 47.9 15.2 | 29.3 1 31.4 ] 36,9 | 33.5 | 29.¢
0,362 48.6 43,4 14,3 | 19.5| 320 39.5 | 26,5 | 23.7
0.373 49.9 4.7 10.8 | 15.8 | 35,4 | 43.5 | 37.5 | 25.1
0.385 0.1 51.0 8.43| 15.4| 37.9| 47,0 | 50.8 | 29.2
0.393 52.2 57.4 8.83| 21.1} 41.3] 49.9 | 66,5 | 35.0
0.402 52.0 64 10,1 | 37.8 | 42,8 52.4 | 75,6 | 41.7
0.413 54,5 70.8 15.3 | 69.8 | 44.8 | 5546 | 83.9 | 49.8
0,470 5501 83.2 3142 | 93.7| 4945 61,6 | 89.3 | 66,7
0.470 5141 79.2 28.2 | 8747 | 50,7 | 62,8 | 84,9 | 62.7
0, 540 50, 6 84.3 42,1 | 90,4 | 5644 | 6742 | BBa7 | 65.8
0.505 50.5 88.6 48.4 | 9240 | 60s7 | T1e3 | 9164 | 7004
0.645 5046 9147 510 | 9462 | 8107 | T1ed | ¥1,9 | 7244
0,700 (47.4) 903 49.3 | 93e1 | 62:0 | T1el | 92476 | 7266
04761 4743 92,0 45.6 | 9442 | 6345 7240 | 9400 | 7207
0,890 452 90, 5 34¢8 | 9048 | 62,5} 6942 | 9164 | 6947
14000 5066 90,5 2949 | 90e3 | 6342 | 6749 | 3942 | 7108
1,006 535 8.7 29.4 | 8749 | 62.7| 84,0 | 88.3 | 72.7
1315 5643 90,4 33.8 | 87.5| 62,7 | 68,5 | 853 | 73.5
1.55 56,2 8149 31.6 | 82.6 | 57.41 65.0 | 77:1 | 60.1
1,69 55.8 74,6 12,2 | 67.7 ] 511 | 59.6 | 64.5 | 43.7
1.89 55.8 74.8 18.7 | 71.8 | 52.8 | 62.9 | 67,0 | 46.1
2,068 56.2 651 16.1 | 64,7 | 40.3{ 60.2 | 57.8 | 39.8
2,293 5441 40.8 6.2 | 38,2 | 20.6 | 34,3 | 31.7 | 17.5
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