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A history of slide rules for blackbody radiation computations
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ABSTRACT

During the Second World War the importance of utilizing déittn devices capable of operating in the infrared portion
of the electromagnetic spectrum was rmly established. Wplthat time, laboriously constructed tables for blacttpo
radiation needed to be used in calculations involving thewamof radiation radiated within a given spectral regioffioor
other related radiometric quantities. To rapidly achiex&sonably accurate calculations of such radiometric diesnta
blackbody radiation calculator was devised in slide rukenfarst in Germany in 1944 and soon after in England and the
United States. In the immediate decades after its intraolucthe radiation slide rule was widely adopted and recogghi
as a useful and important tool for engineers and scientist&ing in the infrared eld. It reached its pinnacle in the
United States in 1970 in a rule introduced by Electro Optloalustries, Inc. With the onset in the latter half of the
1970s of affordable, hand-held electronic calculators,ithpending demise of the radiation slide rule was eviderd. N
longer the calculational device of choice, the radiatiadestule all but disappeared within a few short years. Altjiou
today blackbody radiation calculations can be readily agashed using anything from a programmable pocket catoula
upwards, with each device making use of a wide variety of mgakapproximations to the integral of Planck's function,
radiation slide rules were in the early decades of infraemthitology the de nitive “workhorse” for those involved in
infrared systems design and engineering. This paper preadristorical development of radiation slide rules witmga
versions being discussed.

Keywords: Blackbody radiation, slide rules, history, Planck, radetm

1. INTRODUCTION

When Planck introduced his equation for computing blackbdifation in 1900, researchers were generally elated to
nally have a mathematical formulation for the radiationiéied from a blackbody while being somewhat frustrated key th
tedious computations necessary to compute the emissibmwaigiven spectral range. It was quickly recognized theaiodi
integration of Planck's equation over any arbitrary spategion was impossible. Prior to Planck’s equation, Withe
Wien in 1896 developed an approximation that was valid ooiytie high-frequency portion of the spectrum. In 1905, Lord
Rayleigh and Sir James Jeans derived an approximatiorbkuftar the low-frequency portion of the spectrum. Between
these two limits is a part of the spectrum that is generallyrefitest interest, but no simple expression for the integraf
Planck's equation within a nite spectral band exists. Itsigon realized that an in nite series expansion, whichlire®

an exponential term, could be used but it often required ntemys to achieve tolerable accuracy, particularly when its
argument is small (high temperature and/or low frequengime). Herman Zansttacredits Peter Debyavith developing

in 1912 the binomial series expansion for the integral ohBi& equation within a nite spectral band. Unlike the irta
series expansion, the binomial series expansion has tlantde that for small values of the argument convergence can
be obtained using only the rst few terms in the expansionvédtheless, during the rst half of the twentieth century
computation of the radiation emission of a blackbody ovepecisc spectral band required a burdensome effort for the
human computers of the day.

Although the rst infrared system was most likely developey Theodore Casein 1917, and was classi ed Top
Secret by the US Navy for ship-to-ship communications withding ceasing in 1919, there appeared to have been little
commercial or military interest in infrared systems untié tmid-1930s when the drums of war began to distantly play
once more. As part of his graduate work in Germany, Edgar sthef discovered several classes of lead salt materials
could be used for infrared detection. His discoveries lead variety of German military applications. About the same
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time, researchers in both England and the US were pursuinigasidevelopment of infrared detectors and applications.
At that time, for blackbody radiation computations, thessearchers and engineers had to rely primarily upon lalbsigio
prepared tables.

A modest chronicle by Lowan and Blarcpresents references and comments about the early tablegrapias of
blackbody radiation. Apparently the rst tables were prodd by Frehafer and Snow at the US National Bureau of
Standards in 1925,and had an accuracy of four signi cant gures. Other tablesrevpublished by Fabfyin 1927,
Holladay? in 1928, Fowl€ in 1929, Skoglant in 1929, Jahnke and Emtlein 1933, Yamauti and Okamattin 1936,
Moon'?in 1937, and Midun#' in 1938. Only Miduno, Moon, and the Lowan and Blanch tablegihareased accuracy to
up to ve signi cant gures. Interest in this subject was edy concentrated in Germany, the US, France, and Japan. As
improvements in the physical constants occurred, so didé¢led to re ne the tables.

Instrumentation and systems technology were also evolmfjwere a driver in needing increasingly better compu-
tation of the blackbody functions. Early systems in the E980d 1960s required perhaps 1% accuracy and the breadth
of infrared systems applications was steadily increasingaddition to ground-to-air and air-to-air missiles, thevere
applications for infrared gun sights, surveillance desj@pace sensors, etc. This increased interest resultedimizer of
new tables being produced and often for speci ¢ purposeantptes of such tables include LaF&rin 1955, Pivovonsky
and Nagel® and Czerny and Walthéf,both in 1961, Walkéf in 1962, Bowet® in 1963, Pis& in 1964, and Gebél in
1969.

Figure 1. A timeline showing the evolution of blackbody radiation slide rulesarctintext of other historically important events relating
to blackbody radiation.

During the latter part of the Second World War, both Germamy the Allied Forces were utilizing infrared systems
as part of their war- ghting equipment. Although analog qmrters were available by then, digital computers were not.
No mention has been uncovered that indicates the use of dogacamputer to compute blackbody emissions. Digital
computers were extraordinarily rare throughout the 1950k users having great dif culty scheduling time on them.
During the 1960s, mainframe computers and minicomputegarbo proliferate; however, turnaround time was long. One
author (RBJ) recalls while working at Texas Instrumentshia fate 1960s, turnaround time was at least a day and often
three days! Motivated by means to rapidly perform the num&radiometric computations the German military required
of his organization most likely led the German experimeptalsicist Marianus Czerny to design and construct the rst
blackbody slide rule in 1944. After the Second World War ehdevariety of infrared slide rules began to appear and were
welcomed by scientists and engineers worldwide. The coatiomial accuracy of the various slide rules varied depandin
upon the temperature, wavelength, or type of computatienl\ved, but it was not unrealistic to achieve accuracies%f 1
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or better from such devices. Figure 1 presents a timelineeoévolution of blackbody radiation slide rules with a numbe
of related historical events beginning in 1839 and contiguintil the introduction of programmable hand-held cators
that resulted in the sudden demise of these remarkableatenged for thermal radiation calculations. Not only weee th
new programmable calculators quick and affordable, thesevable to achieve computational accuracied®f°.2> The
various radiation slide rules that were devised and comialgrenanufactured in Germany, England, and the US are now
only available in the used marketplace. Following a brigfew of blackbody radiation, a rather comprehensive disicus

of the origin and operation of a selection of the more widedgdiradiation slide rules is presented in section 3.

2. REVIEW OF BLACKBODY RADIATION

All objects emit radiation as a result of their temperatufaown as thermal radiation the body that radiates the gseate
amount compared to all other bodies at the same temperatuederred to as blackbody Knowledge of such a body
allows it to serve as the ideal theoretical standard agaihath all real radiating bodies can be compared. Undergtgnd
the nature of blackbody radiation was one of nineteenthurgmthysics crowning achievements and paved the way to the
quantum revolution at the beginning of the twentieth cgntWe begin by brie y reviewing the laws of thermal radiation
needed in order to understand the scales found on the vaddigdion slide rules we intend to consider in this paper.

While having access to a radiation slide rule was not esdgihtiauld quickly become an indispensable computational
aid to those working principally in the infrared portion dfet electromagnetic spectrum. In building devices to detect
radiation in this portion of the spectrum the type of deteated can be divided into two broad classes depending on the
physical mechanism involved in the detection process. Theare the so-callethermaldetectors. Here a heating effect
caused by the incident radiation results in a variation ma@hysical parameter (usually electrical) of the detewith
temperature. The second are the so-cgileotondetectors. Here there is a direct interaction between tident photons
and the electrons of the detector. In the former case thetdetesponse will be proportional to the energy absorbeitewh
in the latter case it is proportional to the number of photansorbed. Connecting particular units in a natural way ¢o th
type of detector used turns out to be useful when discuskpgerformance of detectors, an important consideratitimein
design of any radiation slide rul®adiometricquantities, that is those quantities used to describemtdizergy, are based
on the joule (or watt) and is the natural unit of choice forrthal detectors (so-called “energetic” unitg)ctinometric
quantities, that is those quantities related to the measfysbotons, are more appropriate for photon detectors #eet
“photonic” units). Since both types of quantities are fowmdthe various radiation slide rules we intend to consideche
is brie y reviewed.

The occurrence of very hot objects changing color as theiptgature increases is familiar to most and is embodied in
the well knownStefan—Boltzmann lavit states that the total energy emitted from the surfaceatdiekbody at temperature
T per unit time per unit area in all directions into the half@pabove the surface is proportional to the fourth power®f th
temperature. Mathematically
MT/ D T* (1)

HereM is the totalemittanceand is measured in units of watts per square meter [W]mwhile (5:670373 10 @

W m 2 K %) is the Stefan-Boltzmann constant. The law is named in honbuo ef Stefan who deduced the law
empirically in 1879 and Ludwig Boltzmann who derived theulesheoretically some ve years later using arguments
based on thermodynamics.

In addition to knowing the total energy radiated by a blaakbat a given temperature, understanding how this energy is
distributed throughout the spectrum as a function of wanggleis equally important. By the late nineteenth centuryes
experimentally known that the radiation emitted from a kbsrly was spread continuously over a singly peaked spectrum
consisting of all wavelengths. However nding the matheicatform that described this spectral distribution became
one of the great unsolved problems facing physics at thedfithe twentieth century. In 1893, using thermodynamic
arguments together with the Doppler effect, Wilhelm Wiers\able to deduce theoretically the general form the equation
for the spectral distribution of radiation from a blackbadyst obey in the form of his displacement law. The specia cas
of this general law is often cited and relates to the peakevBdund in the spectral distribution curve for a blackbodwpas
function of wavelength. It states that

max] D b: 2

Hereb (2:897 7721 10 3 m K) is a constant and in this special form the law is known $ynas Wien's displacement
law.
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To nd the form for the spectral function, one lets the qugni. ;T/d  denote the amount of energy within a
part of the spectrum given by the spectral rang® C d radiated by a blackbody into a hemispherical envelope in
space per unit time per unit area. In 1900, Max Planck sholedpectral emittancé. ; T/ in the linear wavelength
representation is given by his now famous law

2he?2
M.;T/ D —h ¢ i 3)

hc
5 exp " 1

Here the fundamental constant2:997 92458 10° ms 1), h (6:626 069 10 34 Js), andkg (1:3806488 10 2 JK 1)
are the speed of light in vacuo, Planck's constant, and Batm's constant respectively. The units for spectral emdt
are watts per square meter per unit wavelength interval [ nm 1]. While the Stefan—Boltzmann and Wien displace-
ment laws antedate Planck's formulation, both are dirensequences of the latter's law.

In applications the amount of energy radiated by a blackbottya given spectral band is often required. Between
wavelengths ; and , ( 2 > 1) itis found from

2 Z, d :

,D2hc h F 4)

1 5 exp thCT 1

M

1!

A more convenient form, particularly when used as a scale glida rule, is the fractional amount normalized relative to
the total emittanc®.T/ . Starting from properties for the de nite integral, Eq. ¢8n be re-written as

M .1 , D Mg Mo 5 5)

1 2

where 7
MQ! D 2 hc 2 h d j: (6)

5 ' hc
0 exp 1

Here is any arbitrary wavelength. Employing the substitutioD hc=.kg T/ , the integral appearing in Eq. (6) can be
made dimensionless. When this is done one obtains
z 1

15 x3
Mo D5 T* = 1dx; (7)
where” D hc=.kg T/. Finally, as a fractional amount it is given by the ratio
Z
M 1571 X8
Fo D-—2_D= dx: ®)

M.T/ 4. e 1

This fractional amount is one of the most important quaagifiound on all radiation slide rules. As it was thought the
integral appearing in Eq. (8) could not be expressed in dlésen in terms of any of the known functions of mathematical
physics meant its evaluation was tedious and time consuntit@yvever, as an often required quantity, an importance
re ected in the large number of approximations developeer smany decades to speci cally deal with this integ¥af,3°

its reduction to a quick and simple slide rule calculatioatttemained reasonably accurate would no doubt come as a
welcome relief.

Emittance describes the radiant ux (rate of energy trandéaving a surface. It however gives no information about
the directional dependence of the emitted radiation. Hsrdhe introduces the concept iefdianceL. For a perfectly
diffuse (Lambertian) radiator such as a blackbody, whendte radiance is summed over all possible space the radiati
can be emitted into (a hemispherical envelope in space abevsurface of the body), the following simple relationship
between the total emittance and total radiance is found

LT/ D IM.T/: 9)

As a directional quantity it represents the part of the tetaittance falling into a certain section in space and hasitits
of watt per square meter per steradian [W2nsr 1].
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All radiometric quantities presented above can also bengivéerms of photons. Since the eneigyin joules carried
by a photon depends on its wavelength and is given by

Ep S (10)

Since this equation gives the energy carried per photoanibbe used to convert any spectral radiometric quantityngive
energetic units into its corresponding spectral actinoimguantity given in photonic units on dividing thc= . Planck's
law for the spectral photon emittance is therefore

2cC .
Mg.;T/ D h i: (1)

hc
4 exp " 1

The symbolg appearing in the subscript will be used to denote an actitrieriantity is being considered. The units for
Mgq.; T/ are photons per second per square meter per unit wavelengtiad! [photon s m 2 m 1]. The total photon
emittance will be

Mq.T/D ¢T3 (12)

and is known as the Stefan—Boltzmann law for photon emigtaiibe units foM.T/ are photons per second per square
meter [photon s' m 2] while ¢ (1:520461 10 s ! m 2 K 3)is the Stefan-Boltzmann constant in photonic units.
For the fractional amount equivalent to Eq. (8) in photorniids) one has

z
Mq-ol 1 1 x2

—— D dx; 13
MgT/ 2.3 - & 1 (13)

where .x/ is the Riemann zeta function. Finally, Wien's displacemantin photonic units becomes

Fgor D

g:max! D byg: (14)

Hereby (3:6697030 10 3 m K) is the corresponding Wien displacement law constanhistgnic units.

Finally, as all real bodies encountered in practice are adept blackbodies, themissivity' is de ned as the ratio of
the total emittance of a body to that of a blackbody at the smperature. It is a dimensionless quantity between zero
and one and is a measure of a body's radiating (and absorbigdncy. A spectral emissivity at each wavelength can
also be de ned. In thgreybodyapproximation the spectral emissivity is independent ofelength and in such cases all
radiometric and actinometric quantities corresponding tgeybody are reduced by a constant factor equal to the ©ody’
emissivity compared to those for a blackbody. As an exantpketotal emittance and the total photon emittance of a
greybody are given byl.T/ D " T #andMq.T/ D " 4T3 respectively.

3. PRINCIPAL SLIDE RULES USED FOR THERMAL RADIATION CALCULATION S

Until it was displaced by the arrival of cheap electroniccoddtors in the mid-1970s, the slide rule was an indispdesab
tool of the scientist and engineer. Designed to relieve #e of the drudgery associated with having to perform Igrgel
routine computations by hand, many different types andggedhad been proposed and made for a bewildering variety of
purposes. These ranged from relatively standard typesthad be used to multiply and divide numbers, extract square
and cube roots, or determine values for the trigonomewgafithmic, and exponential functions, to those desigmet a
used for highly specialized purposes.

The eld of thermal radiation readily lends itself to a spqiurpose slide rule. Calculations are particularly tadidue
to the cumbersome mathematical form the laws of thermahtimai take on. One needs little convincing of the advantage
gained by having access to a calculational aid capable aktyuperforming many of the often repetitive calculations
encountered in the eld. While the need was probably recaghlsy many, surprisingly it was not until late 1944 in war-
torn Germany that the rst of the many so-called radiatiadestules appears. Prior to the availability of specializgkde
rules for thermal radiation calculations, workers in théd either used one of a number of tables that existed for uario
blackbody radiation quantities at the tifrfe® 10.14.3lor reverted to performing any needed calculation by handttey
with possible reference to more standard tables of matheah&inctions such as the exponential function.
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The rst of the radiation slide rules was designed by the Garraxperiential physicist Marianus Czerrgnd was of
the linear type. Later radiation slide rules included linaad circular forms made of plastic, aluminium, or wood edat
with a white celluloid veneer, or slide charts made of eitheshed cardboard or more robust plastic that were ofteregiv
away as promotional items. All were capable of estimatirmgpues physical quantities associated with the radiatioittech
by a blackbody at a certain temperature, with the number aftjties included re ecting the intended use for each rire.
what follows, we give a number of examples of the many ragliaslide rules available from their inception right up until
the late 1980s.

3.1 TheSystem Czernglide rules by Aristo

By 1944 when a hand-built prototype for a radiation slideerukt appeared in the German periodidahysikalische
Zeitschrift* Marianus Czerny was already well known for his work in theanéd. In his paper he writes it was due to the
inability of not being able to integrate Planck’s law, nayEb. (4), in closed form over an arbitrary spectral waveteng
range that prompted him to design a slide rule for the solpgse of solving this particular problefn.It was the most
important scale to appear on his rule. In nding the variowarknocations that would make up this scale the evaluation
was performed by hand by himself together with the assistaf@ certain Mr Kurt Schéafer who was presumably either
one of Czerny's students or technical assistants who wdidekim at the time in his laboratory at the Johann Wolfgang
Goethe—Universitat in Frankfurt am Main.

Compared to radiation slide rules that were to come, Czenmyt is a relatively simple affair. It contains just four
scales and two gauge marks. It was a single-sided linea glilé of the closed-frame construction type and measured
about eight inches long. Initially his slide rule came with@ cursor and it seems a small number of the rules were
hand built and used by his students and staff in his infraabdratory at Frankfurt. A few years later his design served
as a prototype for a rule produced brISTO, a large German manufacture of slide rules at the time. Iltadessgnated
the “System Czerny” after its inventor, was made of plastieasured about 30 cm long, and came with a xed cursor.
Commercially it was known as theRAsTO Nr. 10048 —Rechenschieber flr Temperaturstrahlurigis thought the rule
became available in Germany shortly after the end of thei@k@dorld War. By the late 1940s it was available in the US,
being obtainable from George Haas who at the time workecdedEtigineering Research and Development Laboratories at
Fort Belvoir in Virginia® A photograph of the front face of the 10048 is shown in Fig. 2.

e Sca
AR
e S

LU LA AL LA AR Lt AT
Gk ol
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Figure 2. Front face of the &isTo Nr. 10048 — Rechenschieber fiir Temperaturstrahlung from the ld@s19

Turning to the scales that appeared on the rule, runningyalantop of the bottom stock was the scale for the fractional
amounts found numerically from Eq. (8). These were expreasa percentage and ran from 0.001 to 99.999%. The gauge

Professor Dr. phil. Dr. rer. nat. h. @mARIANUS CZERNY was born on the 17 February 1896 in Breslau and died on 10 September
1985 in Munich. He received hiBoctor philosophiagDr. phil.) from the Universitat Berlin in 1923 for a thesis on the so-called
“Reststrahlen” (residual ray) method. The shear breadth of histsciactivities, much of it pioneering experimental work in the
infrared, was the result of a sixty year career which spanned well ist@tirement. For example, in 1929 he developed what he called
“evaporographie”, a photographic technique for making heat radiatigible while a year later working with A. Francis Turner he
developed their now famouSzerny—Turnemonochromator. Five years after his retirement in 1966 he was adaDoctor rerum
naturalium honoris causéDr. rer. nat. h. c., literally “honorary doctor of the natural thingst), honorary doctorate by his former
institution the Johann Wolfgang Goethe-Universitat. A short summaryisofmost important scienti ¢ work in English is given by
Genzel, Martienssen, and Mue¥ewhile a more extensive biography of his life and work in German is giyeWkesbader??

ZWhile it is not possible to nd a closed-form expression to the integral oféis law over an arbitrary spectral wavelength range
in terms of elementary transcendental functfSrisis still possible to write the integral in closed form in terms of the specialtfanc
known as the polylogarithf@—38 These are all later developments not known to Czerny at the time he tabklpdoblem in 1944.
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mark “Max” on the bottom stock gave the fractional amount wittee interval from zero up to the peak wavelength in the
spectral curve as given by Wien's displacement law is carsidl In value itis very close to 25%. On the slide a logarithm
temperature scale T, measured in Kelvin (K), from 1.8 K ran along the top and a reverse logarithmic scale for the
wavelength , measured in micrometers in, though on the rule the unit appears simply asfrom 0.1 to 1000 m ran
along the bottom. Running through the middle of the slidessale for the total radiandeT/ . In this regard Czerny was
unusual. Later radiation slide rules that appeared in Exbend the US always used the total emittalic& / rather than

the total radiancé&.T/ . The scale ran from0 7 to 108 and was measured in watts per square centimeter per steradia
[Wem? sr 1.

Labelled “T einstellen” (temperature setting) on the tapcktis the second gauge mark. In operation the slide was
adjusted to the desired temperature by aligning the valtieesiemperature with the upper gauge mark. The total radianc
could then be read off from the scale appearing in the midfithe slide. At the selected temperature the wavelength
where the spectral radiation curve peaks could also be riatirectly from the bottom gauge mark. Lastly, using the
wavelength scale on the bottom of the slide in conjunctioti wie adjacent percentage scale on the bottom stock allows
the fraction of the total radiance within the wavelengthgefrom zero up to some arbitrary value for the wavelength
be determined. A centimeter scale from 0 to 28 is marked aloed¢op of the rule. The addition of this scale however had
nothing to do with the operation of the slide rule and merdliywaed it to double as a simple ruler.

An updated version of the 10048 appeared in the late 1950 tinel new model number of 922. It is likely it became
available either in late 1957 or early 1958 and was known@®#isTo Nr. 922 —Rechenstab flr Temperaturstrahlung
The number of scales and gauge marks remained unchangeelydrauwlike the 10048, the 922 came with an adjustable
cursor and its construction was now of the open-frame typapkration the 922 functioned in exactly the same manner
as its predecessor. The adjustable cursor now allowed foe mecurate fractional parts to be read for any arbitrary
wavelength of interest. As a further minor improvement ®rhle, clear labels for each of the scales were added tothe fa
left hand end of the rule. Vertically aligned, reading frasp to bottom these were T, Q, and W( ) for temperature, total
radiance, wavelength, and fractional amount. Note thes9®2nhbols Q and W/ correspond to the modern day symbols
of L andFq  respectively. The positioning of an adjustable cursor mgalong the outer edges of the rule also meant
the rule no longer had an uninterrupted straight edge. Timedibcentimeter scale found on the 10048 was therefore done
away with. A photograph of the front face of the 922 is showFim 3.

Rechenstab fir Temperaturstrahlung nstelle
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Figure 3. Front face of the AisTO Nr. 922 — Rechenstab fur Temperaturstrahlung from the late 195@sodtaph courtesy of Bruno
Ferrighi.

Outside of Germany, the two radiation slide rules made lRys&o do not appear to have been widely known. Each
rule is referred to in the rst and second editions of Wernetidel's important early infrared teX@hysik und Technik
der Ultrarotstrahlung*® 4! Reference to it is also made Wilmanns Encyklopédie der technischen Chenfie960%? a
widely read reference work that dealt with all aspects ofdtience and technology of industrial chemistry. Reference
to the rule in the English literature are somewhat more énhitIt appears the rst reference to the rule in an English
language publication came in 1947 and is founcEiropean Scienti ¢ Notesan informal, bimonthly publication of
the London Branch of the Of ce of Naval Research (ONR¥# Established in 1946 to survey, assess and report on
European scienti ¢ and technological activities, ONR Lont best-known output would become its European Scienti ¢
Notes. Carrying news of noteworthy developments in Europs@enti ¢ research its very rst issue carried a piece
highlighting developments Germany had made in the infrdtethg the war years based on recently conducted interviews
with Marianus Czerny and Gerhard Hettner. Czerny's priacgreas of research were divided into ve areas with the
fth entitled “Minor theoretical considerations of bladkedy radiation”. Here one of the minor theoretical consitiens
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is reported as being “...a useful slide rule. .. for obtagrtime intensity (watt/cd) of black-body radiation in any desired
nite wave length region, once the temperature is givéhSome years later in 1962 in a book review for a recent codlacti

of tables for the fractional function of Planck’s radiatilawv we nd the reviewer, John N. Howard, writing the radiatio
slide rule produced by Prof. Czerny “...was useful for quiakculations™® Richard D. Hudson in his 1969 tektfrared
System Engineerifigbrie y mentions the Aristo 922 in a section devoted to a gahdiscussion on the various slide rules
available at the time for thermal radiation calculation& manages to do this in two very short sentences and a footnote
While the “System Czerny” rule seemed to be used by relatifestyoutside of Germany, by far its most lasting impact is
to be seen in the radiation slide rules it inspired in otherdasign and be made.

3.2 The Radiation Calculator slide charts from General Electric

The aptly named Radiation Calculator from General Eleetoald come to dominate a generation of engineers working
in infrared systems design and development in the US. It wakanade for the General Electric Company in 1948 based
on a design by the then young engineer Alfred H. Cariadihe design for Canada's rule rst appeared in the company's
in-house journalGeneral Electric Review? Compared to the radiation slide rule made by Aristo in Geyn@anada's
rule was a very different affair. A far greater number of ssalvere to be found on his rule, and in the strictest sense,
Canada'’s slide rule was not a slide rule at all but an exanmfpléhat today we would call a slide chart.

In tracing the origin of Canada’s rule one nds itis rmly réed in the rule proposed, designed, and built by Czerny.
In his paper of 1948 he writes that as far as he was aware theagihtion slide rule to come before his own was the rule
of Czerny's. It is known that shortly after hostilities in Expe ended, Canada went to Germany as a member of one of
the many scienti ¢ reconnaissance missions from the USehtdred the country at the time. His work involved assessing
the technological developments Germany had made in ther@drduring the intervening war years and resulted in the
publication of the reporinfrared: Its Military and Peacetime Uséwo years later in December 194%We suspect it was
during one of these missions Canada rst became acquaintadive radiation slide rule of Czerny that led to the design
of his own rule.

The rst radiation slide chart of Canada's was known as a ‘igaoin Slide Rule”. It was designated GEN-15 and was
made for the General Engineering and Consulting Laborateeneral Electric, Schenectady, New York by the proli ¢
slide chart manufacturer Perrygraf Corp. Both the card dide svere made of nished cardboard, it was double sided
while the various scales found on the rule were grouped intpanels, three on each side. On the front of the card were
eight scales while the back contained a further six. Theremngecursor. Many of the scales provided conversions between
a number of different system of units in common use at the.tifrtee front and back faces of the General Electric slide
chart GEN-15 are shown in Fig. 4.

The top panel on the front of the slide chart was for tempegatihe top scale in units of degrees Celsius (C) the
bottom in Kelvin (K). Two gauge marks (heavy arrows) above &elow the panel on the card were used to set the
required temperature. Reversing the slide chart, the bk top gave the temperature in units of Fahrenheit (F) and
Rankine (R). The middle panel on the front of the slide chas for the total emittance. The top scale was in units of
watts per square meter [W rfii while the bottom gave the total emittance in units of calerper square centimeter per
second [cal cm? s 1]. Aligned with the top and bottom of the second panel and ®edhe card a scale for the emissivity
running from 0.05 to 1 appears. The slide chart could theedfe used to determine total emittances for both a blackbody
(" D 1) and greybodies. A gauge marklat.2 / also appears on the emissivity scale. Presumably it wasdadvo allow
for the quick conversion between total emittance and radiarf a blackbody to be made. The conversion factor given
however is incorrect and instead should have ben for such a purpose. The middle panel found on the reverse side
of the slide chart gave the total emittance at various ewii&s in units of watts per square inch [W if] and in British
thermal units per square foot per hour [Btuthr ]. Further conversions for the total emittance at variousssivities
in two additional system of units appear on the bottom panehe reverse side of the slide chart. Here the top scale gave

“ALFRED H. CANADA was born in Portland, Oregon on 14 November 1918. In 1940 he grediwith a degree in electrical
engineering from Oregon State University and shortly afterwards jdiiedountry's war effort, performing military service at the
Engineering Research and Development Board at Fort Belvoir in V@rghuch of his early work focused on military applications of
the infrared and was done while he worked at the General EngineerthGansulting Laboratory at General Electric in Schenectady,
New York. He later moved into engineering management before retirid®74. He was issued with eleven US patents between the
years 1946 and 1963. As part of a self-funded retirement avodaéiaras involved in the design and development of large-scale solar
photovoltaic generation power plants. He died in 2002.
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Figure 4. Front (top) and back (bottom) faces of the General Eletigie shart GEN-15.

the total emittance in units of kilowatt-hours per squast feer hour [kWh ft2 hr 1] while the bottom one in units of
kilo-calories per square feet per hour [kcalfthr 1].

The third panel located at the bottom of the front of the stidart was the reason for the sliding part of the rule. Running
along the bottom of the panel on the slide is a reverse Idgaiit scale for the wavelength, measured in micrometers
(' m, though on the rule itself it appears as micronsas was custom at the time). Aligned with the wavelengthesioat
xed to the card is a scale for the fractional amount of thet@mittance radiated by a blackbody into a given spectral
band from zero up to some arbitrary wavelength for a blacklaidch temperatur& . It is expressed as a percentage and
runs from 0.0001% to 98%. Setting the temperature in the éamelallows the fraction of the total emittance radiated by a
blackbody into a given wavelength interval to be determingdg the bottom panel. A gauge mark “MAX” appears on the
scale running along the bottom of the card. It gives the ibaal amount when the interval from zero up to a wavelength
corresponding to the peak found in the spectral emittanceeds considered. Above the wavelength scale appears an
additional scale in red. It gave the corresponding energfiaigm has, in electron volts (eV), for a given wavelength.
Finally, running along the very top of the bottom panel is als¢or the wavenumbeDmeasured in waves per centimeter
[cm 1].

In the hope of increasing the usefulness of the rule furtBanada included a number of other features on the rule.
On the front of the slide chart in the top right hand corneresppd values for the Stefan—Boltzmann constant no
less than seven different system of units. Though not meation his paper of 1948, the values Canada uses are those
given in 1941 by Raymond Thayer Bird®.These were the most accurately known values for the fundeinghnysical
constants at the time and were widely used. On the reverse@ig third of the right end of the slide chart is taken up
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with formulae for the Stefan—Boltzmann law, Wien's disgawent law, and Planck's law. At the left end and taking up a
further third of the slide chart is printed a nomogram sha@uspeci ¢ characteristics of tungsten. Here color tempesat
(the temperature required by a blackbody to radiate liglst cdmparable hue to that of the light source) and brightmess i
candles per square centimeter as functions of the true ratope of the body in Kelvin are given. Below the equations fo
the three laws are de ned fteen different symbols for a nuenbf different radiometric quantities and physical contta
Values for all physical constants appear on the rule. Fdymesed symbols for the total and spectral emittance, W and
W , and the emissivity,, are given. The modern-day equivalents are M, Eihd" respectively.

Shortly after Canada's paper appeared, news of the rulaltadility was quickly reportet? and it was not long before
others started referring to his rule in the technical liter@>'?> The rule itself could be obtained postpaid for $0.75
from the General Electric Company, 1 River Road, Schengctdelw York. Owing to the popularity and success of the
rst radiation slide rule, an updated version of the slidattwas released in 1956. Its name was changed to “Radiation
Calculator”, the number of scales appearing on the rule emetpto its predecessor was increased, and it came withfa brie
four page instruction lea et that gave six examples showiog the slide chart could be used. Designated GEN-15B, its
construction was also improved. It now consisted of a egiplastic slide inside a more robust and rigid transparemt vi
sleeve that was screen printed on its inner sides. Cleaitganéoth the front and back of the sleeve allowed the scales
on the inserted slide to be read more easily and accuraizhyttie GEN-15.

On the front of the GEN-15B four panels with a total of elevealas are found while on the back there appear ve
panels containing a further eleven scales. The top pandlefidnt of the slide chart contained scales for the tempszat
in both degrees Celsius (C) and Kelvin (K). Reversing the,rile panel centred in the middle of the chart at the top had th
two temperature scales in Fahrenheit (F) and Rankine (Rxasshe case with its predecessor, conversion of tempegatur
among the four different temperature units by setting thepirature on one scale and reading on any of the other three
was once more possible. The scale immediately below thedeahpe panel on the front of the slide chart and to the right
was a standard C/D logarithmic scale. It was a new scale ®GHEN-15B not found on the GEN-15. Presumably this
scale was added in case one either misplaced or forgot tg brie's standard slide rule along for the day.

The top scale running along the middle panel of the front efrtile gave, at a particular temperature setting, the total
emittance in units of watts per square centimeter [W €inAn emissivity scale associated with this scale runnirgrfr
0.05 to 1 on the card above the panel allowed the total ersitéor a greybody to be found. On the emissivity scale a new
gauge mark ofi= appears. Since the total radiaricdor a blackbody is related to the total emittaridebyM D L ,
the scale allowed for the determination of both total emittaand total radiance and corrected the erroneous gauge mar
located atl=.2 / on the GEN-15. An emissivity equal to one gives the total mie for a blackbody while at the gauge
mark of 1= gives the corresponding total radiance for a blackbody itsuof watts per square centimeter per steradian at
the particular temperature setting chosen. On the revatsethe middle panel just below the temperature panel deve t
total emittance and corresponding emissitivies in uniteatts per square inch [W irf] along the top scale of the panel
and in British temperature units per square foot per hour B2 hr 1] along the bottom scale of the panel. It represented
a reduction of three compared to the six scales found forgti®metric quantity on the GEN-15. The bottom scale found
on the middle panel on the front of the slide chart gave thetspleemittance for a blackbody at the peak wavelength found
in the spectral emittance curve when plotted as a functiomasielength at a given temperature. It was given in units of
watts per square centimeter per unit wavelength intervatfidv> m !]. The scale did not appear on the GEN-15 but
was a very useful addition since it could be used in conjoncivith one of the other new scales to calculate the spectral
emittance, a quantity that could otherwise not be directiynfl using the slide chart.

The very long panel appearing on the front of the slide chiaitsdase on the GEN-15B was signi cantly extended
compared to the one found on its predecessor. In common h&tiGEN-15, running along the bottom of the panel on
the slide was a reverse logarithmic scale for the waveleng#asured in micrometers. Aligned with this scale was a
xed scale on the card for the fractional amount of the totaiteance radiated into a nite spectral band from zero up to
some arbitrary wavelength. Marked %(our Fo ), itwas expressed as a percentage and contained the range fr
0.0001% to 99%. Again a gauge mark labelled “MAX" appearethanscale at 25% and gave the fractional amount when
the interval from zero up to the peak wavelengthy was considered. A new scale ran along the card above the tbp of
bottom panel. It was for the ratio of the spectral emittartcang given wavelength to that at the peak wavelengthax.

The scale was marked %W— Aligned with this scale was a reverse logarithmic scalettfierwavelength identical to

that just described. Such an “identical scale would not haea Ineeded if the slide chart came with an adjustable cursor.
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Instead reliance on direct alignment of each wavelengthe sgih these two scales was needed in order to be correctly
read.

The bottom panel on the front of the rule was quite wide. Rogrthrough the middle of this panel on the slide
between the two identical wavelength scales above and beleas a black curve representing the transmission spectrum
for electromagnetic radiation in the atmosphere. It gaesfithction of incident radiation transmitted (the fractioging
expressed as a dimensionless transmission coef cientemtvzero and one) through the atmosphere as a function of
wavelength over a distance of one nautical mile horizoptalithe surface of the Earth at approximately 80% relative
humidity for an air temperature of approximately 80Finally, the curve in red found in the visible wavelengttjpn of
the spectrum was a relative luminosity curve for the eye aaslidentical to that found on the GEN-15. On the reverse side
of the rule, at the top and to the left of the temperature pamsla very narrow panel corresponding to the wavenumber
Qin units of per centimeter [cnt]. It converted the peak wavelength found in the spectraktamie curve may into
wavenumber®) D 1= nax

max

The remaining two panels found on the reverse side were nditi@us to the GEN-15B rule. In place of the lower
panel found on the GEN-15 for the total emittance in unitsitmiikatt-hours per square feet per hour and kilocalaries per
square feet per hour is a panel with two scales relating to@uoetric quantities. The scale along the top of this panel
was a reverse logarithmic scale for the total photon ertttdwhg in units of photons per square centimeter per second
[photon cm 2 s 1]. The bottom scale appearing in this panel gives the enargjectron volts (eV), a single photon has at
a wavelength corresponding to the peak wavelength. The nal long narrow panel appearing on the reverse sidéef t
slide chart at its base was used to nd the irradiance normahtarea of one square centimeter at a certain distance from a
blackbody source where losses in the intervening atmosphere assumed to be negligible. The irradiance was measured
in units of watts per square centimeter [W ¢t The scale running along the top of the panel was a revegsgitbmic
scale for the irradiance at close range. Aligned just abbigesicale on the card was the range in centimeters from 90 cm
to 1:26 10° cm. The scale running along the bottom of the panel was alsgease logarithmic scale for the irradiance
at ranges beyond a kilometer. Aligned just below the scalthertard was the range in nautical miles from 0.38 to 1000
nautical miles. For convenience a gauge mark at one kilanagigeared on the nautical mile range scale.

Once again some useful information to aid the user appeatse0BEN-15B. On the reverse side in the top left corner
the three equations for Planck's law, Wien's displacemawt bnd the Stefan—Boltzmann law are again given. Belovethes
three laws the Stefan—Boltzmann constant is once more giveeven different system of units. Starting in the top right
corner and listed vertically downwards are sixteen diffieradiometric symbols and physical constants. The valoethé
seven physical constants that appear have also been updatedred to those found on the GEN-15 and suggest the scales
found on the later Radiation Calculator should be more atewscompared to those found on Canada's initial rule. Though
not mentioned, the updated values used for all physicaltantscorrespond with those given in 1953 by Jesse William
Monroe DuMond and E. Richard Coh&hTwo different panel variations found at the front top leétridl end of the GEN-
15B appeared. The rst of these came “courtesy of Light Miljt Electronics Equipment Department, General Electric,
Utica, NY” the second was “compiled by Optics and Color Ergiring Component, General Engineering Laboratory,
General Electric, Schenectady, NY”. As late as 1964 thewalg being advertised for sale for a cost of $1266°

A third and nal iteration of the slide chart for General Eldéc rst appeared sometime in 1968. Designated the
GEN-15C it was identical in form, in both construction andhie number of scales used, to the GEN-15B. Finding two
different designations for what were essentially ident#disle charts may initially seem a little odd. However thesino
likely reason for this discrete change lay in an unreportedren one of the new scales found on the GEN-15B. When
Canada introduced his rule in 1948 he characterised it ag lsiitable for order-of-magnitude calculations. It tufmeit
his rule was usually a lot better than this, often givingrastes with an error that was less than 1%. The scales on the
GEN-15B had been updated, having taken into account the l#852squares adjusted values for the physical constants a
given by DuMond and Cohen. Accurate readings for many of thentjties found on the rule however not only required
a certain degree of accuracy in the scales themselves ltratbe positioning of the gauge marks on the card from
where the reading was made. The two gauge marks used on thenaetric panel of the GEN-15B were incorrectly
positioned. Accordingly, estimates for both the total pimoémittanceM.T/ and the spectral photon emittance at the
peak wavelengtM,. . were in error anywhere upwards of 15%. While this may not segge| its signi cance can be
better appreciated by highlighting some of its potentialsemuences. For example, the “generous” nature of the GEN-
15B would yield infrared sensors that performed worse thgeeted and caused some companies at the time signi cant
nancial grief and embarrassment. The release of the GEQ-bally corrected the ill-positioned gauge marks found on
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the two actinometric scales but not before it had earned itlevame “Generous Electric”. The error does not seem to
have ever been formally acknowledged, at least in the titeeathough engineers working in the infrared at the timeawe
strongly warned to always check and be sure the Radiatiocu@abr they were using was not the GEN-15B.

Like the GEN-15B, the GEN-15C is known to have come in at ldaste different front panel variations. The rstwas
the same as that found for one of the GEN-15B's, it coming ftasy of Light Military Electronic Equipment Department,
General Electric, Utica, NY”. The second came “courtesy efdspace Electronics Department, General Electric, Utica
NY”, while for the third there simply appeared “General Ete&xl. A photograph of the front and back faces of the
GEN-15C are shown in Fig. 5.

Figure 5. Front (top) and back (bottom) faces of the General Eleditlie shart GEN-15C.

The radiation slide rule designed by Canada was by far thekhes/n example of its kind in the US. By the early 1960s
its adoption and use in the US was widespread. In 1962, JolktoNard noted the slide chart from General Electric was
“...usually found in every infrared man's briefcas€” Some years later, Richard D. Hudson in his teftared System
Engineeringwent further. He observed Canada's rule was “...virtuallyaglge of the infrared fraternity”, and despite
Canada himself characterizing his rule as suitable for ondfer-of-magnitude calculations, suggested around 9@eqyar
of all thermal radiation calculations performed in the USte decade leading up to 1969 were made with one of the
various slide charts from General ElectticDescriptions of the GEN-15C slide chart were also to be fanrmdnumber of
widely read infrared texts and manuals of the day sugge#tieig authors felt the need for those working in the eld to at
least be acquainted with its existerfé€®-59The importance of the rule is also re ected in the number tftmns made to
it in the literature after 1948. While it is true many who made of the slide chart may not have referred to it explicitly, i
the decades following its introduction up until the mid-097t was widely cited. As a relatively inexpensive devicat tht
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best was only capable of producing estimates accuratefta pak cent, its continued longevity into an age of increglgin
affordable computing power was all the more remarkablehénnhid-1980s one nds Lewis J. Pinson in his t&tectro-
Optics strongly urging anyone considering to do serious work inittieared to acquire the Radiation Calculator from
General Electri®® Two decades later the GEN-15C Radiation Calculator walsbetihg referred to. It was in a paper
outlining a sample return mission to the two Martian moonsk®is and Deimos using a proposal based on contemporary
solar sail$? More recently still, in the texThe Art of Radiometryritten in 2010 by James M. Palmer and Barbara G.
Grant®? an image of the front face of the GEN-15C is given and is dbedras the “venerable” Radiation Calculator from
General Electric, presumably for the bene t of a youngeriande unfamiliar with calculational aids such as slide sule
And it was not just engineers working in the infrared who fdtime Radiation Calculator from General Electric useful. As
an example one nds the many virtues of the rule being extidite of all people, advanced photographic technicfdns.

The success of Canada's radiation slide rule can be atdbat least in part, to its ease of use, ready availability,its
ability to produce results accurate enough for their ineghplurpose. In a single setting seven radiometric and angitric
guantities could be directly read from the Radiation Caltd and all accomplished from a highly portable, relagivel
inexpensive device. Ultimately, Canada's rule spawnedrab@ar of successor slide charts after it ceased to be awvailabl
from General Electric. Each was almost identical in desigghfarm to Canada's later Radiation Calculator and extended
the legacy of his rule well into the early 1990s. Made of reéshcardboard and often given away as a promotional item
these successdimfrared Radiation Calculatoslide charts appeared in the 1970s and 1980s from rms arghizgtions
such as Sensors, It 85the Infrared Information Analysis Center (IRIAj,and EG&G Judsofi’

3.3 The A. G. Thornton F5100 radiation slide rule made for the Admiralty Research Laboratory

During the course of his work on thermal detection problehas;ng found existing tables based on Planck’s radiation
law neither suf ciently comprehensive nor convenient fiieduent use, the Polish émigré Mieczys aw Wiktor Makowski,
who in early 1945 was working at the Admiralty Research Labmy in Teddington, England, set about to develop a
series of nomograms. Intended as a labour saving devicatlosyed Makowski to quickly approximate many of the most
frequently encountered quantities in thermal radiatioh.a®und the same time of their completion a simple eight inch
slide rule made by Professor Czerny of Frankfurt Universiag received at the Admiralty. At eight inches long its léngt
suggests the rule received was one of Czerny's hand-bwitotypes rather than the longer 10048 production model late
made by ARisTo. No doubt a fortuitous arrival, to Makowski the advantagesuzh a simple device were immediately
apparent. At once the decision was taken to extend the catimus he and his co-worker, the Assistant Experimental
Of cer L. A. J. Verra, had already made with their intentioailg the development of a slide rule far superior to the one
they had just received. By October 1945, development ofuteeshad progressed to the point where discussions between
one of England's leading slide rule manufacturers, A. G.rfitan Limited of Manchester, and Makowski on behalf of the
Admiralty had commence® The nature of the talks sought to understand what the masitdeiform the measurements
for the scales ought to take for manufacturing purposes.ig$he of copyright was also raised. Here the Admiralty felt
copyright should be retained by them over any future prodwgtiele rule in view of the amount of work involved in its
preparation.

The rst description of Makowski's radiation slide rule aggred in a technical report he wrote for the Admiralty in
September 194% Considerable attention is paid to explaining how the scale® calculated. He notes approximately
1000 man hours of computing time were involved in the prejaraof the scales. In nding the positions of major tick
marks for each scale these were calculated using one of tiagiens associated with the quantity developed in the tepor
Fractional marks between major tick marks were then foumdinierpolation using Bessel's interpolation formula up
to fourth and sometime sixth differences. The majority &f talculations were made using two Brunsviga calculating

“Very little is known abouMIECZYS AW WIKTOR MAKOWSKI . He was born on 5 January 1900 in St. Petersburg, Russia to Polish
parents. At the time his paper on the radiation slide rule was published imibecel949 he was working at the Polish University
College in London after having spent a number of years working foAtirairalty Research Laboratory in Teddington, England. He
is known to have held a Diplom-Ingenieur, the traditional engineeringe#effom Germany, and was an Associate Member of the
Institution of Electrical Engineers in the UK. Through naturalisation he leadime a citizen of the United Kingdom and its Colonies in
June 1949. In the mid-1950s Makowski is found working at the BritisletElzal and Allied Industries Research Association, or ERA
as it was more generally known (ERA was short for “Electrical ReteAssociation”). It is not known when he died.
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machines. Calculations for some of the scales were then checked usiegbBritain's very early electronic computers
located at the recently established Mathematics Divisibthe National Physical Laboratory, a close neighbour of the
Admiralty's at Teddington. In his report Makowski mentiothgee prototypes had been constructed, each being capable
of calculating a great many quantities relating to therradiation. Experience in working with these prototypes hve
convinced Makowski a reduction in the total number of scatethe nal commercially available rule was needed. Though
not mentioned its likely the absence of any scale relatimadiance on the nal rule, even though it was one of the scales
found on Czerny's rule, was removed from the prototype. Buoetl by their inclusion Makowski saw they could be readily
done away with since for a blackbody each can be obtainedtiieramittance on dividing by. Doing so therefore avoids
any unnecessary multiplicity of scales. The technical repentinued with a brief description of the slide rule, itates,

and an analysis of its accuracy. A number of examples typictilose encountered in practice were also included so that,
as Makowski wrote, the report may serve as an instructioklebdéor any future produced slide rule.

The rst commercially available rule based on Makowski'ssiign was made for the Admiralty by A. G. Thornton
Limited and was designated the F5100 Radiation Slide Rue Base of the rule was made from Honduras mahogany.
White celluloid veneers containing the scales and briefurasions were then pinned and glued onto the wooden base. Its
impending availability was reported in ONREBuropean Scienti ¢ Notesn the second August issue of 1948 At the
time cost was not known but was expected to be rather expeasid the initial production run was to be limited to 50
rules only, a quantity the Admiralty thought suf cient to eteéhe needs of other parties engaged in thermal radiatiok. wo
The Admiralty were however willing to supply photo-printetleets of the scales on stabilized card weight stock to any
interested institution for about $2 per set and suggestédmeiralty were not expecting much of a demand for their rule.
How mistaken they would turn out to be. In 1949 a paper basea glightly modi ed version of Makowski's technical
report was published in the literature. It appeared in thegb®er issue 6fhe Review of Scienti ¢ Instrumenitaind was
published at a time when the rule was rst thought to be atélén England. Makowski does not seem to have been aware
of Canada's rule as he makes no reference to it. Like Canada'before it, references to Makowski's rule in the litenat
quickly followed’? While the rule was at least known in the US, being reviewed eW$ publicationMathematical
Tables and Other Aids to Computation1950° and cited by US-based authors some years fatét,’°it seems it could
only be obtained directly from England until the early 196&@®r which time it became available through a number of
US-based distributor®: "5-"8 At a cost of around $150 in 1962 it was by no means cheap andtrrearule was typically
purchased for shared use amongst the employees of a compaigaaization involved in infrared work rather than by an
individual. A reprint of Makowski's 1949 paper bounded beem a lime green cardboard cover served as the instruction
manual for the rule. In time, the rule would become known $ynag “the Admiralty rule”.

Makowski's design for the Admiralty rule was one of the mdstberate of all the radiation slide rules to be made. A
total of 23 scales for 14 different quantities can be foundhmrule. Like Canada before him, Makowski used Birge's
1941 values for the physical constants in the calculatioaderfor the scales of his rule and is quite explicit in thist No
only does Makowski refer to Birge's work in his paper of 1948, repeats it again in print on the back of the rule as part
of the brief instructions given. Here, at the end of a list ofmerical values for the constants used, one nds a reference
Birge but unfortunately the year of publication is incothegiven as 1944 rather than 1941. Each scale on the Admiralt
rule was conveniently lettered frontlarough to sand we will use these letters when referring to them here h@ifront of
the stock seven scales appear, four at the bottom (labellgd,ad) and three at the top (labellegdfeg). Twelve scales are
found on the slide which is reversible. Since in constructie rule was of the closed-frame type it meant the slide bad t
be rst removed in order to be reversed. The side Iab corresponding to radiometric quantities contained
six scales labelled through to mwhile a further six scales labelledthrough to son the reverse side of the slide labelled
corresponding to actinometric quantities can be found. [kethree scales are located on the back of the
stock running across the top of the rule but are not labelRealevant formulae, table of values for six physical contstan
and a set of brief instructions for operation of the rule @ppear on the reverse side of the rule. Accommodating alkthe
scales meant the rule was rather large, measuring 45 cm ip@gim wide by 14 mm thick. The slide was a further 4 cm
longer at 49 cm. Even a sizeable cursor made of perspex catineheirule, it measuring 4.5 cm across by 9.5 cm high.
Figure 6 shows a photograph of the right hand end of the fias# bf the A. G. Thornton F5100 radiation slide rule. Here
the ENERGY side of the slide is shown.

" Brunsvigawas the brand name of a popular series of mechanical calculating reaghinduced by the German manufacturer
Grimme, Natalis & Co. from the 1890s onwards. By appropriately settingsdtors to some initial state and cranking a handle, the
machine performed multiplication by repeated addition.
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Figure 6. Front right hand end of the A. G. Thornton F5100 radiatiore slide made for the Admiralty Research Laboratory. The
ENERGY side of the slide is shown.

The scales together with their associated label found otmairalty rule are given below. Note Makowski uses the
symbolH for those quantities relating to emittance (possibly foadiance which was the symbol used for this radiometric
quantity at the time) an@ for those relating to photon emittance.

a Total emittanceH [Wcm 2]

b Spectral emittance at the peak wavelength, _ [Wcm 2 cm 1]

¢ Temperature in degrees Celsit$, C]

d Temperature in KelvinT [K] (100 10 000K)

e Wavelength, [ m] (Black: 0.3—-30 m, Red: 30-3000 m)

f Total photon emittance) [photons  cm 2]

[photons 1 cm 2cm 1]
(for D 0:3to 30 m)

Spectral fractional amount in energetic units,=H __ (for D 30to 3000 m)

Spectral photon emittance at the peak waveler@th,

ax

1= lQ

Spectral fractional amount in energetic unks,=H

max

Multiplication scale for use with scalednly

[P

Multiplication scale for use with scaleanly

Integrated fractional amount in energeticunids,;, =H D1 Hg =H (for D 30to 3000 m)

I3

Integrated fractional amount in energetic unidg, =H (for D 0:3t0 30 m)
Spectral fractional amount in photonic uni@®, =Q __ (for D 0:3to 30 m)

o I>

Spectral fractional amount in photonic unig, =Q __ (for D 30to 3000 m)

Multiplication scale for use with scaleanly

Multiplication scale for use with scaleohly

Integrated fractional amount in photonicuni®, ; =QD 1 Qg =Q (for D 30to 3000 m)
s Integrated fractional amount in photonic uniy =Q (for D 0:3to 30 m)

o |o

I=

In its design the temperature scale in Kelvin (scdleds taken as the basis for the rule. As a logarithmic scateént
the scales @b, ¢, f and gwere also logarithmic while the eight scales relating tegnated fractional amounts (scales h
energetic and photonic units for two different spectratespntations are found. The usual peak wavelengths inrtearli
wavelength representation in energetic units (labeHeehx. /) and photonic units (labelle® mx. 3/) are given as
are those corresponding to the peak wavelengths when aapegiresentation in the linear wavenumber representatio
is considered. These are labellddmx. %9 for energetic units an@ mx. 2% for photonic units and were very unusual
gauge marks not found on any other radiation slide rule. &amgrks labelled “TEMPERATURE” on scale an the
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ENERGY side and scale an the PHOTONS side of the slide allowed these gauge marks tlipned to the desired
temperature on the stock. In operation, once the temperatueither scale ar dwas selected and the cursor moved over
it so the two coincided, from a single setting ve quantitEsuld be immediately read from the rule. These were: (i) the
peak wavelength using the gauge mark located on scatenh(ii) total emittance using scale £ii) spectral emittance at
the spectral peak wavelength using scaléw) total photon emittance using scaleahd (v) spectral photon emittance at
the spectral peak wavelength using scaldfgon the other hand after the desired temperature had $etemoving the
cursor to a given wavelength on scalallowed the various fractional quantities located on itide of the slide to be
determined. The range on the wavelength scale was dividedvio parts. The rstin black corresponded to wavelengths
from 0:3 30 m while the second in red corresponded to wavelengths 86m3000 m. Color matching between
either the black and red wavelength scales on the stock déhtically colored scales for the fractional quantitiestos
slide was required when reading these scales. On the babk ofife running across the top of the stock three unlabelled
scales relating to the wavelength and wavenumber of anreteaginetic wave and the energy the corresponding photon
would have in electron volts are given. As these three seaége read without the aid of a cursor, for convenience, the
wavenumber scale was given twice.

It was possible to use the Admiralty rule for calculationgining temperatures outside the limits of 10011@000K
using a simple extension process. For a temperdtuatside the range, a temperatiieis selected so that it falls within
the temperature range of the rule such fhaD T  10". Heren is a conveniently chosen integer. Values for the various
quantities are then found from the slide rule using the teatpee valuels. Values appropriate to the original temperature
T can then be found using the following transformation rules.

H DH/ 10° Q DQ /s 104

H, ,DH, ,/s 10" Q, ,D.Q, ,/s 10°

1

As a reminder, these transformation rules were listed obdak of the slide rule.

The accuracy of the rule varied according to the region ofsitede in use. In general, calculations made at longer
wavelengths (those made using the red wavelength scal&) aeeurate to within 1%. In the region of the respective
spectral maxima, the relative error reduced to no more thfawdenths of one per cent. For shorter wavelengths (those
made using the black wavelength scale) the relative errtirérrule gradually increased to about 5%. To help prevent a
reduction in the accuracy at these shorter wavelengthsgeuiéd scale at one end of the slide for scalesnhm and s
(the ratio scales) were introduced and meant values foetta®s at incredibly small values could still be calculbte
reasonable accuracy.

The four multiplication scales (scaleski p, and q found on the rule at rst appear a little mysterious. In baik
technical report of 1947 and his paper of 1949 Makowski segfite cryptic in his remarks describing how these scales
may be useful to the user. Nor is any clue to their use to bedfauithe examples he provides as none make use of these
scales. He writes, “[T]he multiplication scales are somgeal that it is unnecessary to move the slide, when set ata giv
temperature, in order to carry out the operation of multation”’* While this is true why one would want to do such
a thing is not revealed. Of course, to the infrared workeraswnmediately apparent these scales could be used to nd
the total emittance and the spectral emittance at the peaddevagth for greybodies. Interpreting the multiplicatfawtor,
which is a number between zero and one, as a value for thetslgatssivity meant the emittance for a greybody could
be found in both energetic and photonic units.

An intriguing oversight on the part of Makowski is to be fouinda short erratum that appeared four months after his
paper of 1949 was publishéd.In it he notes a footnote should have been added to the pagtiergsthe work was carried
out at the Admiralty Research Laboratory in Teddington,|Bnd. We nd it strange he should fail to mention this. After
all, it was the organization for whom the rule was designatiianvhere all the work for it took place.

From its inception in the late 1940s up until the early 196@srule for the Admiralty was made by A. G. Thornton
Limited from Wythenshawe, Manchester. Starting in 1965rthe continued to be produced by the rm Blundell Harling
Limited, another well-known slide rule manufacturer froneyfhouth in England. A notable feature of the Blundell
Harling Limited produced rule was its improved constructith now being made completely of plastic. The scales on the
rule however do not seem to have accounted for the latestvalfithe fundamental constants known at the time as the
reverse side of the updated rule still lists the 1941 valums Birge. Nor is the error in the year of publication of 1944 f
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Birge's values corrected. When the rule nally ceased to bmimercially available is not known but it is more than likely
it was produced by Blundell Harling Limited right up untilekend of the slide rule era in the late 1970s.

Everything about the Admiralty rule was imposing. Grand é¢ale and ambitious in design it was by far the most
elaborate rule of its day. Not until it was nally displaceg b similar though throughly updated rule released in the US
in 1970 for Electro Optical Industries, Inc., and shortlgbafter by affordable, hand-held programmable calctdator
a time the Admiralty rule was unsurpassed and made it theafoohoice for very accurate thermal radiation work. A
prohibitively high cost however limited its general availdy and meant compared to its far cheaper rivals, in patér
the Radiation Calculator from General Electric, was not &iely used as it could have been. Short descriptions of the
rule are to be found in some of the more comprehensive irdranes of the day/ >® and whenever the Admiralty rule was
referred to by authors in the literature it was always with ighest praise. Even today Makowski's rule continues éovdr
attention from slide rule enthusiasts partly due to its size partly due to the elaborate nature of its sc#lé8 Re ecting
some 40 years after his seminal paper with William Shockleyhe thermodynamic energy conversion ef ciency limit of
a solar celf? Professor Hans Joachim Queisser recalls how in 1960, stuglsimall, cramped, rented of ce which was a
converted old apricot barn in Mountain View, California, ¢teculated the solar ef ciency curve (the curve is nhow known
as theShockley—Queisser limiby hand using nothing more than Shockley's trusty Admyralile 8 At the time, in the
absence of any computer, it was an exceedingly tedious lasitmu requiring Eq. (13) to be evaluated many times and
each time to a reasonable level of accuracy. Queisser, vaeintally was the successor of Professor Marianus Czérny a
Frankfurt University, recalf$ to achieve this level of accuracy required space — physjmtesthat is on the grandest of
all the radiation slide rules!

3.4 The Autonetics Photon Calculator

Compared to other radiation slide rules the Autonetics &h@Qalculator is sui generis. Circular in form it was desitjtee
calculate essentially one actinometric quantity. This Mag: , the incremental photon emittance for a blackbody within
a nite spectral band. While many other radiation slide ruteadily provided estimates for the corresponding norredliz
fractional amount, no other rule was capable of calculatmgquantity directly as an absolute amount. Designingex ru
to accurately estimate an absolute amount whose value spald up to 45 orders of magnitude was no simple task and
to achieve this the circular format of the slide rule was eak Writing Mq,0;  in scienti ¢ notation it takes the form

a 1(P. Here the mantissais such thatl a < 10 while the exponen is an integer. Doing so results in the problem
becoming more manageable as nding the mantissa and thenerpseparately is far simpler than having to nd a single
absolute amount which spans possibly many tens of ordersaghitude. The Autonetics Photon Calculator managed to
do this in a unique and rather clever way.

Autonetics started out in 1945 as a small unit in the Techitesearch Laboratory located in the engineering depart-
ment of the Los Angeles division of North American Aviatidng. As a result of it winning a US Army Air Corps contract
to develop guided missiles the unit rapidly expanded anddetie establishment of Autonetics as a separate division of
North American Aviation in 1955. It was rst located in DowyeCalifornia, before moving to Anaheim, California, in
1959. In September of 1967 Autonetics became part of Nortlerigan Rockwell Corporation. Six years later saw its
name change to Rockwell International. A number of divisiarere included within Autonetics itself. One of these was
the Electro Sensor Systems Division. The division built tirfuinction radar systems, armament control computerd, an
sensor equipment that made use of photon detectors, amogigtbings, and it was the Electro-Optical Laboratory withi
the Electro Sensor Systems Division of Autonetics resmeasor the development of its photon calculator. Almostlad
information we have about the Autonetics Photon Calculebones from an article that appeared as a substitute to Frank
Cooke's regular, and what turned out to be long running, moltOptical Activities in Industry” in the journalpplied
Optics It was written by Howard J. Eckweileand appeared in the July 1968 issué\pplied Optics®® As the only author
one presumes he was responsible for the initial design arskguent development of the calculator. Although Eckweile

KDr HOWARD JESSE ECKWEILERVas born in New York City on 11 July 1906. In 1928 he obtained a Baclul8cience degree
from New York University before joining the Electrical Testing Laborasrin New York City as an assistant to the technical director.
In 1935 he joined the mathematics department at New York Universitgr 8bmpleting a Master of Science in 1937 followed by a PhD
at the Courant Institute of Mathematical Sciences in 1942 he returnedustigdoining Kollsman Instrument Corporation in EiImhurst,
New York, as Chief of their Optical Section. In 1958 he left Kollsman nstent Corporation to found Lyle Co. Some time in the early
1960s he moved to Autonetics, a Division of North American Aviation, lincAnaheim, California, where he assumed the role of a
Senior Staff Scientist. He died on 20 December 1996 in Orange Coudifpr@ia, aged 90.
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credits Richard Ramsey, TRW, and A. L. Dunklee for providaugtributions to the formulation and development of the
rule when at Autonetics, it seems the bulk of the work andamrsibility rested with him. The copyright on the reverse
side of the calculator is dated 1967, North American Aviatimc. Interestingly, Eckweiler's paper was received on 15
September 1967, the same month North American Aviation, lecame part of North American Rockwell Corporation,
and it is the latter name Eckweiler uses as his institutiadaress in his paper. All this suggests the design and devel-
opment of the Photon Calculator was probably completedtan 1866 and manufactured some time in early 1967 just
before Rockwell-Standard Corporation acquired and merggdNorth American Aviation, Inc. to form North American
Rockwell Corporation. Who the calculator was made by is nokm

The Autonetics Photon Calculator was a circular slide ruéglenof plastic and nished cardboard. It consisted of a
smaller 6% inch diameter inner disc made of plastic that mMaedative to a xed outer 8 inch diameter disc made of
nished cardboard. A movable radial cursor concentric vifie two discs completed the rule. Four color-coded scales
appeared on the front of the rule while brief operating ingions and six examples using the calculator took up thiesent
available space on the back of the rule. On the rim of the targel outer disc were located two scales. The outer most
scale was light green and was for the mantissilgh, . It was labelledQ, and was in units of photons per second
per square centimeter [photonstscm 2]. It was a three-cyclel( Qy, < 10) closed logarithmic scale. Running
around next to this scale on the larger xed outer disc wasfadmlored scale for temperature. It was labelleénd was
in Kelvin. It was a single cycle, closed logarithmic scales @osed scales this meant there was no limit on the values for
each of these quantities. One could simply keep going aramddaround, mentally shifting the position of the decimal
place as you went. The outer most scale on the smaller insefdis green and was for the wavelengtih micrometers.
Again it was a single-cycle, closed logarithmic scale. fdron this scale marking its start was a large black arrolw wit
the numeral “1” appearing within it. The nal white scale dretinner disc was a 33-cycle open logarithmic scale wound
in eleven concentric rings for the wavelength—temperagpuoeluct T . It was measured in micrometers Kelvinrh K].

As an open scale its range was limited 1#1:6 T < 1 m K. A photograph of the front face of the calculator is
shown in Fig. 7.

In calculating the main scale used on the calculator thegiateappearing ifMq01  was rst converted into an
in nite series and its logarithm (since all scales appegqdn the calculator are logarithmic) was evaluated usingaine
the company's computers. The values Eckweiler takes foifuhdamental constants are those that had been recently
recommended by the National Academy of Sciences Nations¢&teh Council Committee on Fundamental Constants
in 19638 In terms of the accuracy of his calculator Eckweiler saypssingly little other than remarking he expected
values found using it would exceed those of experiment. & a/bold statement backed up with no numerical analysis.

Operating the calculator to ndMyo  was a two part process. The rst part involved the deternimabf the
mantissa, the second required nding its correspondingoeept. The temperature setting was made by aligning the
required value for the temperature on the buff scale withdrge black arrow found on the green wavelength scale. The
radial cursor was then moved over to the wavelength of istdrem where the wavelength—temperature product could
be read off the temperature scale. Note since both the wayttleind the temperature scales were single-cycle closed
logarithmic scales they functioned in exactly the same raa@as the C/D scales used for multiplication on an ordinary
slide rule. The preceding step where the cursor is moved dothe wavelength—temperature product was only required
if the product could not be performed mentally in one's he&dithout moving either disc so the temperature setting
remained in place, the radial cursor is then swung aroundaaorresponding wavelength—temperature product on the
inner white scale an@, read at the position of the cursor line on the light greenesdlith the mantissa found, nding
the exponenb was broken up into three steps so thab a; C a, C az. The three differeng;'s were integers which
appeared in a host of blue circles found at various placet®@slide rule and its cursor and were selected by following
a set of rules. Values fa; were found on a cursor table at the end of the radial cursce. pisitive blue circle integer
lying between the temperature range shown on the cursa@ tabthe selected temperature setting was chosen. A total of
fourteen positive integer values fag from C12to C25 can be found here corresponding to temperatures ranging fro
1.874 K to87 000K. The values fora, were located at 120intervals of arc on each of the eleven concentric rings found
on the white scale at the clockwise end for each of the 33 syélethe wavelength—temperature setting on the white scale
the rst blue circle encountered by moving in a clockwiseedtion around the concentric ring is the value takenator
There were a total of 33 negative integer valuesagpranging from 1to 33. Finally, the value foraz was found as
follows. Starting at the wavelength—temperature settihg, rst blue circle one meets on either the buff temperature
green wavelength scales moving in a clockwise directiohésvialue taken foaz. On the green wavelength scale there
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Figure 7. Front face of the Autonetics Photon Calculator made for Namtkrican Aviation, Inc.

were three blue circles corresponding to the integer zeitewohn the buff temperature scale there were three blueesircl
corresponding to the integer one. Assembling the threeepibyg taking their sum gave the nal value for the exponent.

In addition to the large black arrow containing the numered printed on the green wavelength scale, three other gauge
marks appeared on the rule. The rst of these was a radialethlihe marked “ T D 3669:7MICRON-DEGREE K”
found on the buff temperature scale. It gave the peak wagtien the photon spectral curve;max. Setting the large
black arrow to some appropriate temperature followed kynatig the cursor over this gauge mark the peak wavelength
is the value read off the green wavelength scale. The sedotté gauge marks labelled'= was located at 1.4646 on
the green wavelength scale. It allowed the correspondimgophradiance for a blackbody to be found from the photon
emittance by dividing the latter by a factor of To do this on the calculator, with the radial cursor held lizcp at the
value forQ, found on the light green outer most scale the inner disc wiaset until the =3 gauge mark was brought
exactly under the cursor line. With both discs now held xéeé tursor was moved until it aligned with the large black
arrow on the green wavelength scale. The reading made frerautsor in this position at the light green scale gave the
corresponding value for the mantissa of the photon radiafioce exponent remained unchanged and was equal to the value
found previously for the photon emittance. The third gaugekmvas a large black triangle located on the buff tempegatur
scale. It was used to nd the fractional amoufy,,; as follows. The large black arrow on the wavelength scale was
rstly aligned to the large black triangle on the temperatscale. With the wavelength—temperature product cakdilat
in advance and both discs held xed the radial cursor was #&trto this value on the white scale. With the cursor at
this setting the value fo@, on the light green scale was read. The value for the fradtiam@unt was then equal to
Qo 1072, Here the value foa, was found in the same manner as described previously. | é@stlgs also possible to
calculate the total photon emittanik, using the calculator. With the large black arrow on the greamelength scale set
to the appropriate temperature setting on the buff scaté, wath discs held xed, moving the cursor to the * setting on
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the white wavelength—temperature product scale and rgadévalue oQ,, from the light green scale gave the value
for the mantissa corresponding to the total photon emittaiide exponent was then found in a manner identical to that
described earlier by nding integer values for the thredetdénta; 's.

The Autonetics Photon Calculator was a specialized rulbiwin already specialized family of radiation slide rules.
While it may not have been able to nd many thermal quantittesse it could nd were found quickly and ef ciently.
One obvious advantage to using the Autonetics Photon Gatruhy in its ability to perform many repetitive actinomet
calculations in a highly ef cient manner and made it parigly suited to someone working on problems relating to phot
detectors. Unlike other radiation slide rules, the photowator came relatively unencumbered since it was natdned
with any unnecessary scales that were neither needed rar liseas also very useful for calculating actinometric e
at very low temperatures. How widely the Autonetics Photatc@lator was used is dif cult to assess. Reference to it
in the literature are few and far between. Hudson in his 1@&9Ihfrared System Engineeringevotes two very short
sentences to it/ Importantly, he indicates in a footnote how reproductiohthe calculator could be obtained by inquiring
through the Electro-Optical Laboratory of Autonetics. Asr®f us (RBJ) recalls the calculators were dif cult to acgui
and if it had not been for a fortunate visit to Autonetics amihg presented with one, we may never have come by the
calculator in the rst place. Further references to it aredmbay Keyes and QuiStwho suggest some basic calculations
related to the performance of photon detectors in the ieftaegion are best handled with the aid of the Autoneticsdthot
Calculator while Pinson as late as 1985 recommends the AtitsrPhoton Calculator be used whenever one was required
to calculate actinometric quantiti€s.When asked recently of the ten different types of radiatigestules he had, of
these which did he use the most and which did he consideregltteetbest of the bunch, Prof. Wolfe responded by saying
that although he may have used Canada’s rule the most, ithvegighioton calculator from Autonetics he found the most
powerful &8

3.5 The Infrared Slide Rule slide chart made for Infrared Industries Inc.

Very little has been recorded in the formal literature atibaetinfrared Slide Rule, a slide chart made for Infrared bides
(IRI), Inc. in the early 1960s. It seems to have been usedlynagia promotional item given away by the company. Even
so, the slide chart still managed to nd its way into the haonéisnany. It was often given away in bulk to individuals
involved in the teaching of infrared-related courses avensities. Gradually these would have been handed out to a
considerable number of students over a period of time, éuiiticreasing the extent of its distribution. As a smalleoyen
diminutive slide chart it was clearly overshadowed by itscmibigger brother, the Radiation Calculator from General
Electric, but we do not think its intention was ever to congpsith such a rule. Instead, it was seen as a handy aid to have
if nothing more than a quick, order-of-magnitude estimaas wequired.

The history of the rule is intricately tied to the early histof the company for which the rule was made. IRl was
founded in the late 1950s in Waltham, Massachusetts, by Hgl2ae Reddan. Initially the company produced infrared
detecting elements, instruments, and control systems ildarg and civilian use. The person responsible for theigies
and development of the rule is thought to have been Arthuudsén, an employee who joined IRI in 1958. By the late
1950s Cussen already had a close connection with radiditnrsiles. At the end of the Second World War he was with
the US Navy, eventually becoming the head of the Infrareddsizin at the Naval Ordnance Laboratory located at Corona,
California. During his time with the Navy he rst learned ofdlowski's rule made on behalf of the British Admiralty
which saw him becoming partly responsible for making thelakdity of the rule better known in the U%.In 1958 he
left the Naval Ordnance Laboratory to become the Generalaganof the Infrared Standards Laboratory in Riverside,
California (though the plant itself was actually locatedPiamonaf® The laboratory had recently become part of the
engineering and production division of IRl in Waltham, Madisusetts. In 1960 Reddan, as company president, decided to
establish his residence in Santa Barbara, California. Igustiof that year this led to the selling of additional stoakthe
construction and equipping of a new factory in nearby Caepia (though the future company address would always be

Born in St. Louis, Missouri on 23 June 192RTHUR JOHN CUSSENspent his entire professional career working in the optical and
infrared regions of the electromagnetic spectrum. After graduating withchelor of Arts degree in 1947 he got his start in infrared
working for the government at the Naval Ordnance Laboratory iro@arCalifornia. After becoming the head of the Infrared Division
in 1956 he left two years later to head up Infrared Standards Labgratarewly formed subsidiary of Infrared Industries, Inc. in
Riverside, California. In 1964 he left Infrared Industries, Inc. $tablish Electro Optical Industries, Inc. in Santa Barbara, California.
Here he served as the founding company president for just over yieigys before stepping down on retirement in 1995. Known to all
who knew him simply as “Art”, he now lives with his wife Marjorie in Corpusr@ii, Texas.
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given as Santa Barbara). On completion in 1962, a reorgamizaf a number of former divisions of IRI took place and
saw Cussen along with William E. Standring, Jr.,who was teedsal Manager of IRI's Photoconductor Division, being
appointed vice presidents of the new IRI plant in Santa Barba

Very similar in design to Canada's General Electric rules IRI rule was also a slide chart rather than a slide rule
despite its designation as an “Infrared Slide Rule”. Atieas different types that differed mainly in their consttion are
known. The rst was made of nished cardboard like the GENwifiile the second was made of plastic like the GEN-15B
and GEN-15C rules. Who the IRI rules were manufactured byti&kmawn, but judging by their appearance, suggest they
were made by Perrygraf. Nor is any year marked on the rulesngalating them particularly dif cult. One source we
have comes from a former employee of IRIl. Max J. Riedl, whogdiIRI at the new company plant in Carpinteria, recalls
a cardboard version of the rule was already there when heedrim early 19621 He also believes the earlier of the two
rules was the one made of cardboard. A later cardboard veo$itne rule also appeared. It is more recent than the plastic
version since on the reverse side of each rule the noiseagnibandwidthsf , is de ned and its units given. The plastic
rule lists the units fosf as cycles per second (cps) while the cardboard version gwvesits as hertz (Hz). In 1960
the Sl unit for frequency was changed from cps to Hz and tbezefuggests the former plastic rule is older than the latter
cardboard rule.

In size the more recent cardboard IRI rule measured 16.2 ag lby 9.9 cm wide and came with a very simple
instruction card printed on either side. On the front of thke iwere six panels containing fourteen scales for eleven
different quantities. Unlike the General Electric rule whascales placed most of their emphasis on the estimation of
radiometric quantities, the scales on the IRI rule were lgpveplit between radiometric and actinometric quantiti€he
top panel located in the middle of the rule was a scale for &gatpre in Kelvin only. Immediately below the temperature
panel, the scale running along the top of the second panel gaa selected temperature, the total photon emittance in
units of photons per second per square centimeter [photdners 2] while the scale running along the bottom of the
panel gave the spectral emittance at the correspondingrappeak in units of photons per second per square centimete
per unit wavelength interval [photonscm 2 m 1]. The third panel was identical to the preceding panel eitepas
for radiometric quantities in energetic units. The two lenganels running along the bottom and second from the bottom
gave spectral and integrated ratio amounts. The scale dbeu®ottom panel running along the top of the stock was for
the spectral fractional amount in photonic units while tbale running below the panel along the bottom of the stock gav
the integrated fractional amount in photonic units. On tltedetween these two scales was a scale for the wavelangth i
micrometers though the unit of measure is not given on treeitsglf. The scales found on the panel second from the bottom
were again identical to those found on the bottom panel bu¢ igr the corresponding radiometric quantities. The nal
panel, located at the top and to the left of the temperatunelpgave as a wavenumber in units of per centimeter the peak
value for the spectral curve in the linear wavelength regrtstion. On the reverse side of the rule, running alongateb
was a temperature nomogram for converting between Fahte@letsius and Kelvin. The remainder of the reverse side of
the rule was devoted to a listing of a number of useful formuédating to sensor detectivity and a listing of eleven sgisib
together with their meaning. On the reverse side of the glgf@oximate transmissions (for wavelengths of transioissi
greater than 10%) for various optical materials and thdraotive index at 3 m were given. For the cardboard version,
the transmission spectrum for radiation in the atmosphierias to the one given on the General Electric GEN-15B and
GEN-15C rules was also given. To read either of these sdaeslile needed to be removed from the rule rst.

Some time later, though exactly when is not known, IRl had enfad it their second type of Infrared Slide Rule.
Identical in size and almost similar in design to its carddgaedecessor it was made from plastic. A exible plastides|
was now housed in a rigid vinyl sleeve. On the front of the fptasile a grey, rather than the former white, background
was punctuated by ve clear panels instead of the six foundhencardboard version. No panels were again found on
the back of the rule. The second and third panels for the éotéitance and the spectral emittance at the spectral peak in
both photonic and energetic units found on the cardboaslwele combined into a single panel on the plastic rule. The
temperature panel located at the top of the latter rule wasedpanded in two ways resulting in two minor variations. In
the rstvariation, which we will call P1, the temperaturenghhad a scale for the temperature in Celsius running aloag t
top and a scale for Kelvin running along the bottom. In theadcovariation, which we will call P2, the temperature panel
was expanded further to also include a scale for Fahrenfibie. remaining three scales found on the plastic rule were
identical with those found on the cardboard rule. On the liddke plastic rule a list of formulae and symbols are once
more given but were oriented in portrait rather than lanpsdarm. Other minor variations found between the two ptasti
rules include the symbols used on the integrated ratio sdatethe total emittance and total photon emittance. On rule
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P2 one ndsW andQ being used for the total emittance and the total photon ant# respectively, and were the same
symbols as those used on the cardboard rule, while on ruled3g two symbols were changedtg: andQg1 . As

was the case with many of the other radiation slide rulesudised, older symbols ®¥ for the emittance an@® for photon
emittance were used. On the reverse side of rule P1 the mmciade density H is one of the symbols de ned while the
symbol P for peak is not given while on rule P2 it is the exaqiagite, the symbol P being given white is not. Finally,

at the bottom on the reverse side of both plastic rules théhaa and Santa Barbara addresses for IRI are given. On rule
P1 this appears over three lines while it takes up ve linesuwda P2. The front faces for the cardboard (left) and one of
the plastic (right) IRI rules are shown in Fig. 8.

Figure 8. Front face of the Infrared Slide Rule made for Infrarethstries, Inc. To the left is shown the more recent cardboard rule
while to the right the plastic version P1 is shown.

Due to their size the IRI rules were without doubt the hartdi¢sll the radiation slide rules made. Given away at
trade shows and to students alike, they no doubt found thayrimto the hands of many potential users. Reserved for
very rough order-of-magnitude estimates only explains ah fails to nd any reference to these rules in the literatur
As the precision with which the scales on the IRI rule coulddsed was low, it meant any serious work would always be
passed over to one of its more advanced and able rivals. ldimuwvever not be the last radiation slide rule Cussen would
nd himself closely associated with. In 1964 he would leal fo establish his own company, Electro Optical Industries
Inc.2? and it would be from here he would go on to play a pivotal roléhia development of the last of the true radiation
slide rules, a rule that would nally rival the Admiralty rel

3.6 The Pickett Model 17 radiation slide rule made for Electro Optical Industries Inc.

The radiation slide rule made for Electro Optical Industr{&Ol), Inc. was an improved and updated version of the
Admiralty rule designed by Makowski. First available in 09if represented the pinnacle of what was possible in a
general purpose radiation slide rule. It was also the la#it®frue slide rules to be made for performing thermal ramliat
calculations. While several Infrared Radiation Calculatcame later these were not slide rules in the strictest dmrise
slide charts, and since each was almost identical to theaRaxiCalculator from General Electric, they simply extedd
the legacy of Canada's rule without adding anything furtiothe development of the radiation slide rule. The usefgne
of the EOI rule to those working in the infrared would howetign out to be relatively short lived. Through no fault of
its own the EOI rule would come to be surpassed in a few sharsyley the arrival of hand-held programmable electronic
calculators.

Established in 1964 EOI had quickly become one of the leaddh® design and manufacturer of infrared and visible
sources for testing and calibration equipment in the US.driqgular, the company was widely regarded for the quality
of the blackbody radiation sources it produced. As a compamyse main line of business was intimately connected to
blackbody radiatiof? it makes sense they would have more than just a passingshterdeveloping a radiation slide rule
of their own. And if the founder and president of the companguestion just happened to be Arthur J. Cussen, this is
hardly surprising. By 1970 Cussen's involvement and cotiordo radiation slide rules was already well established.
Having already been responsible for the Infrared Slide Fhdéwas made for IRI during his time spent working there in
the early 1960s, and earlier still in his part responsiblyrfaking the availability of the Admiralty rule better knovim
the US when he was with the Naval Ordnance Laboratory, it imagt always been a desire of his to design an ambitious
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rule of his own that would one day rival Makowski's Admiraltyle. The rule he had been responsible for designing and
producing for IRI was functional perhaps but hardly inggirand was more toy than high-precision workhorse. The task
of starting a new company and taking on the role of its fougdiresident understandably diverted Cussen's attention fo

a time and meant any immediate ambition he may of had in pindwcradiation slide rule of grand design languished
for several years. The job of its design and development wasteally taken up in 1968 by the young engineer Raymond
J. Chando% who had started working at EOI during the late 1960s, rst asimmer intern student, and then full-time
after graduating. Cussen's support and backing, who as anynpresident now had the necessary means and resources
available to devote to its development, were however vitdhaithout it the rule would have never seen the light of day.

The rule Chandos designed was similar to the Admiralty ruierbpresented an improvement in several important
ways. For a start, the positioning of the scale markings legh lupdated using the latest known values for the fundamenta
constants. Secondly, in construction the rule was dupldrrim. As a double-sided rule this meant the slide no longer
had to be removed to be reversed, one simply ipped the ruée mstead. The commercially available rule of 1970 based
on Chandos' designh was made by Pickett and designated thelM@d At the time Pickett was one of the larger slide
rule makers in the US who was famous for its all yellow “eygesérules made from aluminium. The Model 17 rule,
while being made from aluminium, was “traditional” white éolor. It measured 30.8 cm long by 5.2 cm wide and as a
duplex rule came with a nylon cursor that wrapped around biotbs of the rule. Raised end-braces at either end of the
rule held the top and bottom stocks in place and preventedutsor from sliding off. Scales printed in both black and
red are found on the rule. In its short life, in honor of itstigator, the rule would be referred to as “Cussen's rifeAs
was the case with the Admiralty rule, one side of Cussenswas used to calculate radiometric quantities while theroth
calculated actinometric quantities. As with many slidesuold in the US at the time, it came with the customary leathe
holster case and an interim man&4lA year later the interim manual was replaced with a two cojpeset manual
Unlike the Admiralty rule, as a duplex rule it meant there wasavailable space anywhere on the rule to print a brief set
of instructions and made having access to its detaileduicstm manual all the more important.

Most of the information we have about Cussen's rule comas fitee aforementioned manuals supplied with the rule.
The values Chandos used for the fundamental constants vef@riating the scales were the revised values given by the
National Bureau of Standards in May of 19%9Details on how the calculations for the scales were madeaingravided,
although of the two references given in the manual but netred to in the text, the second of these is to the extensive se
of tables of blackbody radiation functions compiled by M&ikovonsky and Max R. Nagel in 1964%.It therefore seems
more than likely these were consulted by Chandos during fineparation.

As alluded to earlier, part of the motivation behind the rigf the rule stemmed from a desire by Cussen to have
a radiation slide rule of his own design and making. The ottes to produce a rule comparable to the Admiralty rule
yet more competitively priced. As Chandos rec@flm the late 1960s only Cussen as company president and hisebro
Robert E. Chandos as vice-president owned copies of the rattynrule while everyone else employed at the company
worked with the relatively inexpensive Radiation Calcatatlide chart from General Electric. The latter were ne foost
tasks but for more accurate work the Admiralty rules woulddhto be “loaned”. As Cussen's rule was manufactured by
Pickett, a manufacturer of slide rules conveniently lodateSanta Barbara not far from EOI, they were able to get the
nal retail price for the rule down quite a bit. In 1972 it soldr $508° While it still may have been considerably more
expensive than the Radiation Calculator slide chart frome®al Electric which at the time sold for about ¥4t this price
it was still one-third of the cost the Admiralty rule sold fien years earlier. The rule's availability was widely annoed
in the literature, typically appearing under the “new praisii section of various journals or trade magazitie®-102

An incredible 34 scales for 13 different quantities are galofinto Cussen's rule, 18 on the front side labelled ENERGY
relating to radiometric quantities and a further 16 on tlverge side labelled PHOTONS relating to actinometric gtiast
Photographs of either side of the Pickett Model 17 radiasiite rule are shown in Fig. 9. Running vertically down the
far left hand end of the rule on either side are the symbold fmethe various quantities next to each scale while at the fa
right hand end the corresponding unit, if any, for each gtianéxt to the appropriate scale is given. Unlike the Adriyra
rule, Chandos unfortunately does not use any labels forahiews scales found on the rule. The scales found on Cussen's
rule are listed below. Like the Admiralty rule Chandos udezisymboH for those quantities relating to emittance (again

ZZprofessoRAYMOND JAMES CHANDOSWas born in 1949 and received a Bachelor of Arts degree from theetsiiy of California,
Irvine. After graduation he worked for a number of years at EObleefeaving in the early 1980s to join REC Corporation, a spin-off
of EOI started by the former Vice President and Chief Engineer his érdobert E. Chandos. He is currently (as of June 2012) a
Professor of Electronic Technology in the School of Physical Sciand Technologies at Irvine Valley College, California.
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possibly for irradiance or was it used in homage to its predsar) and for those relating to photon emittance. The order
is given as they appear on the rule running from the top down.

Top Stock — ENERGY Sid+e

1. Total emittanceHg1 [Wcm 2]
2. Spectral emittance at the peak wavelengith, [Wcm 2 m 1]
3. Temperature in Fahrenheit, [ F]
4. Temperature in Celsiug, [ C]
5. Temperature in KelvinT [K] (100-10 000K)

Slide — ENERGY Sidé
. Spectral fractional amount in energetic unis, =H _ (black and for D 0:3to 30 m)

. Spectral fractional amount in energetic units,,=H _ (red and for D 30to 3000 m)
Multiplier scale for the spectral emittance at the peak wavelehytH, /

© ©® N o

Multiplier scale for the total emittanc®|.H o1 /
10. Integrated fractional amount in energetic urtitg, ,=Ho1 (black and for D 0:3t0 30 m)
11. Integrated fractional amount in energetic urtits,, ; =Hp1 (red and for D 30to 3000 m)
12. C scale found on a conventional slide rule
Bottom Stock — ENERGY Side
13. D scale found on a conventional slide rule
14. Wavelength, 1 [ m] (Black: 0.3-30 m)
15. Wavelength, 2 [ m] (Red: 30-3000 m)
16. Wavenumber,1 [cm 1] (Black: 32040 000cm 1)
17. Wavenumber,» [cm 1] (Red: 32-400 cm?)
18. RMS Johnson noise potential per root ohm—hé,frtz,p Ref [VHz 172. 172

Top Stock — PHOTONS s@e

19. Total photon emittanc€g1 [photons s cm 2]

20. Spectral photon emittance at the peak waveler@th, [photon s 1 cm 2 cm 1]
21. Temperature in Fahrenhdit, [ F]
22. Temperature in Celsiu, [ C]

23. Temperature in Kelvinl [K] (100-10 000K)

Slide — PHOTONS Sid
24. Spectral fractional amount in photonic unis,, =Q _ (black and for D 0:35t0 40 m)
25. Spectral fractional amount in photonic unigs,,=Q _ (red and for D 40to 4000 m)
26. Multiplier scale for the spectral photon emittance at the peak wavelevighh |/

27. Multiplier scale for the total photon emittand4,Q o1 /
28. Integrated fractional amount in photonic un@p ,=Qo1 (black and for D 0:35t0 40 m)
29. Integrated fractional amount in photonic un@s,, ; =Qo1 (red and for D 40to 4000 m)

Bottom Stock — PHOTONS Side
30. Wavelength, 1 [ m] (Black: 0.35-40 m)
31. Wavelength, 2 [ m] (Red: 40-4000 m)
32. Wavenumber,1 [cm 1] (Black: 250-30000cm 1)
33. Wavenumber,, [cm 1] (Red: 2.5-300 cm?)
34. Energy of a photon with a wavelength equal to the peak spectralemate,E  [eV]
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Figure 9. Front and back faces of the Pickett Model 17 radiation slidemade for Electro Optical Industries, Inc. Photographs courtesy
of Robert Adams.
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As was the case with the Admiralty rule, the Kelvin tempemacale was taken as the basis for the rule with all other
scales on the top and bottom stocks of the rule taking thktive positions from this scale. The range of the wavelengt
(and wavenumber) scales on each side are not quite ideatidathere is a very good reason for this. For temperatures
between 100 td0000K the peak wavelength in the spectral curve in energeticsunijtx lies between 0.28977 and
28.977 m, almost the range for the wavelength scaleused on the ENERGY side of the rule, while in photonic units

q:max lies between 0.36697 and 36.69% which is within the range for the wavelength scaleused on the PHOTONS
side of the rule. So for any temperature setting on the rdethresponding value for the peak wavelength was always to
be read from the rst of the wavelength scaleg, A single gauge mark labelled “TEMPERATURE” is found on tlides
of either side of the rule. In operation the temperature liscsed by adjusting the slide to the appropriate settingerAf
moving the cursor so as to coincide with the selected valuthéotemperature a total of twelve readings, six on each side
could be made. On the ENERGY side these were: (i) the totatance using thélg, scale, (i) spectral emittance at
the spectral peak wavelength using the scale, (iii) the peak wavelength using thgscale, (iv and v) the corresponding
temperatHres in both Fahrenheit using s¢aland Celsius using scatg, and (vi) the RMS Johnson noise potential using
scaleV,= Ref . Onthe PHOTONS side the quantities were the same as those fgivthe rst ve on the ENERGY
side except in photonic units while the sixth reading gawe eéhergy of a photon in electron volts with a wavelength
equal to gmax. FOr greybodies with emissitivies less than one, the totdttance and the spectral emittance at the peak
wavelength could also be found using the two multiplicatsoales that ran down the middle of the slide on each side.
With the temperature set, moving the cursor until its hadricoincides with the value of the emissitivy for the greyjpod
the multiplier scale, the corresponding emittance for tfeylgody could be determine from either of the emittanceescal
running along the top of the stock. If, on the other hand afiertemperature had been set, moving the cursor to a given
wavelength allowed the various fractional quantities dheiside of the slide to be calculated. Importantly, if oresw
interested in wavelengths found on the blagkscale the black fractional scales on the slide needed todae &milarly
for the red , scale and red fractional scales.

Extension in the range of the scale, like with the Admiraltyer was also possible. Once again, for a temperature
T outside of the range a temperaturg is selected so that it falls within the temperature rangehefrule such that
TsD T 10" wheren is a conveniently chosen integer. In addition to the extamsiles already given, for the scales not
found on the Admiralty rule one has
|

Vh A _
E DE /; 10" B D p 10 "2
ms YR TR

Chandos gives no indication to the accuracy of his rule. la sense it was more accurate than the Admiralty rule
since the scales had been prepared using the latest knowesval the fundamental constants and therefore put Cisssen’
rule at a 28 year advantage compared to the Admiralty rulethAglesign of the two rules was very similar one would
expect their respective accuracies to also to be very sintlawever, the greatest difference between the two cameein t
precision in which the scales on each rule could be read. ®&wtimiralty rule the Kelvin temperature scale consisted
of two logarithmic cycles which was exactly 40 cm long and niéhe working modulus chosen in the design of the rule
was 20 cm. As all other logarithmic scales on the rule wer@amed against this scale it meant their moduli were also
20 cm. Makowski in fact explicitly mentions this and meanhile his rule was rather long, it allowed him to include many
intermediate graduation marks in between the major saaitentiarks. The Kelvin temperature scale on Cussen's rule on
the other hand was only 10 inches long and meant Chandos adlyhle luxury of a working modulus of 5 inches (about
12.7 cm). This meant it was simply not possible to draw oneortile as many intermediate graduation marks between
major scale tick marks. The precision in which readings @¢dod made using Cussen's rule compared to the Admiralty
rule was therefore reduced. The duplex nature of Cussele'slid however represent an improvement in design as it was
possible to read both radiometric and actinometric quastiising a single temperature setting without the needwha
to remove and reverse the slide as was the case with the Atdnrinke.

Cussen's rule appeared right at the very end of the slideatde A few years later and its realization may never
have come to be. The arrival of programmable hand-heldrelgictcalculators at the beginning of the 1970s signaled the
beginning of the end of the slide rule's domination. By thelfhiD70s programmable calculators had become an almost
affordable item, putting them within reach of many engiseeBurprisingly, it is Chandos himself we nd leading the
charge into the digital age. In 1975 he prepared two shortualarfor the Hewlett-Packard 65 and the Texas Instruments
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SR-52 programmable calculators that could calculate alhtjties found on the Pickett Model 17 rié?: 1°“Not only were
these programs much faster, they were accurate to a gresidyen of signi cant gures not possible compared to reading
made from a slide rule. Here the HP-65 was accurate to veisignt gures while seven signi cant gure accuracy with

the SR-52 was possible. But all was not quite lost. In 197% MIHoward suggested that even with these fast and accurate
programs available it was still useful to have a blackbodijation slide rule on hand as it gave one a “... better physica
feeling for what one was calculating®® Wolfe refers to the rule in 1978, together with the GEN-15G@t, they found
themselves no longer receiving the attention they had ooceanded. The amount of space he devotes to discussing an
“antiquated” technology the slide rule now represented svaall compared to the space he devotes to program listings
for the Hewlett-Packard 25 and the Texas Instruments SRAB2SR-56 calculator® By 1993 the attention Wolfe had
previously paid to slide rules and hand-held calculatotstie®en replaced with a number of BASIC programs to be run on
a personal computé?® And so the radiation slide rule era had come to pass. No |athgetalculational aid of choice, in

a few short years it would all but disappear.

3.7 Scale summary

A comparison of the scales found on each of the various liadiatide rules discussed are listed in Table 1. Taken t@geth
the rules were capable of providing estimates for 30 diffeguantities, a staggering number considering the reativ
simplicity of the devices being used. Often on many of thesuhore than one scale would be found for a particular
quantity, wavelength being one common example. In additioregular scales, gauge marks, multiplication scales, and
suitable positioning of the cursor extended the capadslitif most rules by allowing additional quantities to bereated.

In counting the number of different physical quantitiesteadle could estimate, quantities involving maxima, such as
wavelength and peak wavelength for example, were not cereido be different.

4. CONCLUSION

The inventiveness and dedication of a small number of petaptiesign, develop and manufacture a modest variety of
slide rules and slide charts for computation of a varietyaofiometric blackbody quantities have positively impadtesl
entire infrared industry during its early growth years friéme 1950s well into the 1980s. Untold thousands of scientist
and engineers have utilized these remarkable tools andstlikaly they keep these rules handy wherever they were
working. Without question, the General Electric GEN-15d #re Infrared Industries, Inc. rules were the most prolixa
distributed and used. The A. G. Thornton F510®&I8T0, and Pickett Model 17 slide rules were extraordinary desjice
beautifully constructed and highly functional, but are adays relatively rare. The Autonetics Photon Calculator is
unique amongst the radiation slide rules in that it was ¢arcand computed only actinometric quantities. It was also
highly prized by those working with systems operating imaslbw temperature environments. Examination of Table 1
shows the similarities and stark differences between thieasic slide rules and their variants described and ibtistrhow
each developer had certain objectives and perhaps ditfehiinsophies in mind when designing each rule. Althougs it
evident that the era of the blackbody radiation slide rukedwme to a graceful end, their contribution to the advanoéme
of infrared technology has been signi cant and should néesforgotten.
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Prof. Raymond J. Chandos, and Mr Max J. Riedl. These haveibheglnable.
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Table 1. A summary of the scales and gauge marks found on the vaaidiasion slide rules described in the text.

ARISTO General Electric Admiralty  Autonetics IRI rule EOI rule
10048 922 GEN-15 GEN-15B  GEN-15C cardboard  pl&stic
Temperature
Kelvin 3 3 3 3 3 3 3 3 3 3
Celsius 7 7 3 3 3 3 7 3 3 3
Fahrenheit 7 7 3 7 7 3 7 3 3
Rankine 7 7 3 3 3 7 7 7
Radiometric and actinometric quantities
M2 7 7 3 3 3 3 7 3 3 3
Mgq 7 7 7 3 3 3 c 3 3 3
Mqo1 7 7 7 7 7 7 3 7 7 7
L 3 3 7 g g 7 7 7 7 7
Lq 7 7 7 7 7 g 7 7 7
E 7 7 7 3 3 7 7 7 7 7
M ax 7 7 7 3 3 3 7 3 3 3
Mg max 7 7 7 7 7 3 3 3 3
emissivity 7 7 3 3 3 7 7 7 m
Integrated and spectral ratios
F o 7 7 3 3 3 3 7 3 3 3
F 3 7 7 7 3 7 7 7 3
Fqo! 7 7 7 7 7 3 g 3 3 3
Fg 1 7 7 7 7 7 3 7 7
M =M 7 7 7 3 3 3 7 3 3 3
Mg =Mg: max 7 7 7 7 7 3 7 3 3 3
Wavelength, wavenumber, and frequency
3 3 3 3 3 3 3 3 3 3
max g g 7 g g 7 c
q; max 7 7 7 7 7 g 7 c
N 7 7 3 7 7 3 7 7 7 3
Nhnax 7 7 7 7 7 g 7 7 7 7
N max 7 7 7 7 7 g 7 7 7 7
N max 7 7 3 7 7 7 7 3 3 c
Ni max 7 7 7 7 7 7 7 7 7 c
7 7 3 7 7 7 7 7 7 7
Other miscellaneous scales
Photon energy 7 7 3 3 3 3 7 7 7 3
wavelength-temperature 7 7 7 7 7 7 3 7 7 7
product, T
Transmission spectrum 7 7 7 3 7 7 r 7 7
Relative luminosity 7 7 3 3 7 7 7 7 7
Johnson noise 7 7 7 7 7 7 7 7 7 3
Range 7 7 7 3 3 7 7 7 7 7
Centimeters 3 7 7 7 7 7 7 7 7
C/D scales 7 7 7 3 3 7 7 7 7 3
TOTALS
N @ of scales 5 4 21 26 26 23 4 17 15,16 34
N @ of gauge 2 2 7 5 5 4 2 0 0 2
marks
N © of different 4 4 9 13 13 14 3 11 11 13

physical quantities

2There are two different plastic versions. The rstis for P1, the second for P2.

b The emissivity indicates it is possible to estimate from the rule eitieetdtal emittance, the spectral emittance at the spectral peak, or both, for adyteybo
Z3cales for the total emittance were often given in more than one system of units.

Quantity found using: ¢ — cursor, g — gauge mark, m — multiplication scaleeverse side of slide
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