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This thesis comprises the design, construction, and calikration
of a sixty-inch integrating sphere rhotoreter. Unless otherwise indi-
cated, the expression "sphere photoreter" in this work shell invariebly
refer to the sphere as an auxiliary unit in the photoretry of lirht
sources.

If the sphere photoreter is to constitule part of the photometric
equiprent of a laboratory, it is desirable to design and dimension the
spnere in accordance with the prirciples of laboratory precision and
corriercial practice. The features incorporated in the design of this
rhotoneter afford the possibility of photometering over a wide range
cf luminous irtensities as associated with warious tymes of commercial
lanps and lighting units. The sphere must provide for rarid handling
of lamps in cquantity tests. As a mecharnical unit, it should be sulffi-
ciently flexible to permit read: rerlacerent of rarts, ease of convey-
ance, and should comtine lightness with stability.

It is th

o

purrose of this work to attain a desirahble balance in
the design, corstruction, and calibration of a sphere intended to rmeet

the requiremcnts of latoratory and commercial tests.






Fistorical DeVGTO”me”t

rarly deterninations of total lurmincus flux from a light source

were rade without the use of integrating

¢ devices. The poir%t by point

rethod, consisting of the measurement of candle pover of the source at
diff'erent angles in a verticol plare, was then employed. I'rom these
cancle nowrer values the total lurmirous output was obtained by surmation
of the various zonal fluxes previously conputec. The rmeasurement of
cancle powver at various angles in a vertical plane through the source
is still in vogue today, largely for the purpose of deternining the
distribution of lumirous internsity. The uns:tretrical nature of the
source males it necessary to rotate the larp about its vertical axis,
or to conduct measurements in a number of vertical plancs through the
source. Veryv accurate results can be ovtained by the point ty point
ethod. Iqually reliable results obtained throush the use of intezra-

b point

ting devices have erphasized the lalorious espect of the point
metlod, and unquestionatly fustified the use of the integrating sphere
rhotoreter.

. A 3 h] bl

A nurber of photometric appliznces wrere cevised and uced for ob-

taining t*c nmean spherical cancdle porer of a lamp. Thelr were designed
to give the I's . C. P. in a single reading. Disadvantages inherent to
these forns of integrators and their practical lirmitations lead early
investizntors in this field to turn their attention to the hollow sphere,
which was first investigated b Ur. Ulbricht in the vear 1800. At that

[ &)

time Dr. Ulbricht was uninformeé of an earlier publication on the dif-






fusion of light, which apreared in 1893 in the Phil. lag. and wvas writ-
ten by Dr. Sumpner. His photoretric calculations revealed the strilking
conclusion that the illumination on the irner wmall of the hollow srhere
is everywhere the same, dve to diffusely reflected light. Obtained un-
cder the hyrothesis of Lambert's cosine law of erission, this result was
the theoretical foundation for the development of the sphere photometer.
Apparently Dr, Surpner did not maire specific use of this irportant de-
cduction, however, as applied to photometric considerations and particu-
larly to the problem of measuring the il. S. C. P. ty means of the hol-
lowr sphere. Contemporary irvestigators who dic ruch to promote valu-
able experirental work on spheres of different sizes were Floch, Corse-
rius, larchant, Dyhr, and l'onasch. There has heen very little change
in, or addition to the theory of the integrating sn»here terond that em-
bocied in the beginning treatment of the subject. Xuch has teen done,
however, to ralie the sphere tetter suited to practical applicatione In
recent vears the sphere has served rerarkably well in connection with
other methods of photometry which are quiclker and more reliahle than

tre long estallished visual corparison process.

Cescription of the Enhere Trotoreter

General.

The intecsratirgz sphere is, as ilts nare implies, an integrating
device. It integrates the illumiratirg effect of any source of light
rounted or suspended within its enclosing spherical walle. The latter
must be as nearly perfectly diffusing as possible. A srall window of

diffusion glass replaces the equivalent surface area on the irner wall



of the sphere. .ccording to the theory of tle sphere, if a source of
light be placed an;where within the enclosure, every point on the in-
ner surface will receive both direct and reflected lizht. If a white,
diffusely reflecting, and opaque screen te interposed lLetween the source
of light and the window in such a manner that the latter is shielded
from direct radiation only, the illumination on the window vwill te due
to diffusely reflected light, and will Ye directly proportional to the

e the total luminous

Q

mean spherical candle nover of the sowrce. Cimn
output of the source is proportional to the 1. U. C. P., the brightness
of the window is a measure of the total lumens emitted by the source.
Probably the most general use of the sphere photometer is confined to
the measurement of this total luninous output, although it serves a nun-
ber of other practical purposes vhich will be mentioned later.

The mathematical development of the theory assunes an enpty
sphere with c ontinuous inner surface obeying Lamtert's cosine law of
emission. In order to realize a practical development, certain varia-
tions are unavoidable. They are caused by the necessary use of screens,
imperfect diffuse reflection from sphere surface, selective absorption
by paint, presence of non-luminous bodies within the sphere, imperfect
diffusion of window, position of lamps and lurinaires in the sphere,
inconstancy of wall paint, and difference in windowr and wall absorption
factors. These are some of the most important sources of error in the
sphere. Thile it is possible to minimize these errors through the se-
lection of suitable methods of measurement or the arplication of gen-
eral corrective mensures to overcome such departures, it is neverthe-
less essential to investizate the order and magnitude of some of these

sources of error inasmuch as they may become anrpreciable in certain



rhotometric measurements. This quantitetive treatment of the matter

of errors is discussed in the section on theoretical considerations.
lcreense.

The screen, which is necessary for the proper functioning of
the sphere photoreter, reduces the illurination on the window in twvo
warse 11 direct light from the source intercepted by the screen rush
first be reflected from the latter before it can reach the diffusing
wall of the sphere. Hence this flux is diminished by an arount equal
to the screen absorption before it illurinates the sphere, from whence
it is reflected to the -rindow. The screen acts as a« secondary source
of lower intensity. The screen also obscures a portion of the surface
of the sphere from tre window. Lizght from this hidden area must be re-
flected to some other portion of the surface which re-reflects it to
the windowe. Cuch light flux reachinz the windov has suffered greater
absorption and in consequence the window illumination due to this com-
ponent is lower. OCince the screen and the inner surface of the sphere
have the sare diffusing quality, that sicde of the screen facinz the
window will reflect 1lizht from the sphere to the window and thus com-
prensate for some of the loss. Py increasing the size of the sphere,
the screen error ray te sufficiently reduced to render its effect neg-
ligitle. The ratio of screen surface to sphere surface is less. The
screen absorption is less in the sare proportion. Two other important

considerations in reducins the screen error are its dimersions and re-

(%]

lative position in the sphere. This matter is given quantitative at-

. . . . ' . P . n
tention in the discussion under "Theoretical Considerations.



Fon-lurinous Focies within the Cphere.

Included in this classification are screens and their fittings,
lamp suprorts, lanp fittings, shades and reflectors. 3211 of these wrill
absorb part of the direct light from the source. The error involved
due to the prescnce of these bodies is moterially reduced bty giving all
non=-luninous bodies except the source and accessories integral to it, a
matte white finish like that used on the immer wall of the sphere. Ilon-
uniform diffuse and specular reflection due to lamp shades, reflectors,
etc., constitute a departure from ideal conditions. This and other er-
rors resulting from causes heretofore outlined are minimized by follow-

ing the substitution method in photometering.
Sphere Pairnt.

The material used to render the inner surface of the sphere dif-
fusely reflecting must closelv approximate theoretical requirements.
The latter demand non-selective atsorption, perfect diffusing quality,
and a uniform and minimum abhsorbing powver. Teparture from these speci-
fications rmust te expected. TIurthermore, the diffusing paint should be
perranent over a long period of time and not arpreciatly affected by
moisture or mocderate changes in tenperature. Trom time to time the sur-
face rust be refinished, as it becomes solled duc to collection of dust

ing should not be done over the soiled sur-

[4]

and foreizn motter. Refini

g
face. .. sphere coating made up of a perranent oil tase should form the

foundation for the finishing paint. The latter should be readily remov-
able when soiled, by the application of a suitahle and quick-acting sol-

vent. It is obvious that such a finis*iny paint will expedite the re-
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rocess. It is not wmrranted, however, unless it possesses

h degree the qualities prescrihed by theoretical requircments.
Hindow.

The window consists of an approprriate diffusion glass, which rmay
te located almost anyrhere on the inner surface of the srhere. It is
desirable to have the window flush with the inner surface in order %o
rinimize the error that otherwise would exist through the discontinuity.
In practice, the offset is small. In order to facilitate measurements
with a tar photometer, the window is generally located so that the line
through its center and normal to the surface lies in the equatorial
rlane. This position of the windor affords greater flexi»ility in ob-
taining measurements with various types of vhotometric devices. The
window opening is small commred to the inner surface of the sphere.
Glass used for this turnose must te unifornly and highly diffusing as
well as non-selective in absorbing power. It is immwortant that the in-
terior surflace be matte, preferably of the same diffusing quality as
that of the sphere raint. The windowr error can te ninimized by care-

ful worimanship and selection of rlass.
l'ethod of Obtaining Photometric Palance.

Tro general methods of obtaining a photometric balance are cus-

"Zubstitution" procedures. The

tomarily classified as the "Direct" and
former, sometimes called the "Direct Corparison" method, involves the
direct comparison of the test lamp with a calibrated stancdard lamp. The

rethod is simple, but open to objection owing to the possitility of er-

rors which cannot te eliminated fram the measured results. Althouch the



errors inherent to the integrating sphere become less as the diameter

of the latter is increased, the substitution method should te used to
insure maximum accuracy under the most unfavorable conditions. This
method involves the use of a third lizht source no'm as a comparison
lamp. It must be a constant source but need not be a calibrated stand-
ard. A standard lamp and a test lamp are interchanced as sources of il-
lunmination within the srhere. Conditions =within the sphere will then
have the same effect on the windor illunination in btoth cases. This il-
luniination in each case is compared with the illurination produced on
the photoretric screen from the comparison lamp. The readings obtained
from the settings for photoretric balance in each case are evaluated by
the a-plication of the Law of Inverse Zquares, vwhereby the candle powrer
of the test lamp 1s obtained in terms of that of the standard larp. 1In
some cases the scale on the photometer bhar is gradusted according to the
Inverse Square Law or in lumens. This is done to simplify the work.,

The use of either method for the purpose of deternining the M. 5. C. P.
or total luminous output of the source, assumes a !mowledge of the con-
stant of the sphere as determined by calibration.

“hen the candle power of the test lamp is ruch in excess of that
of the corparison lamp, the quantity of light transmitted from the wvin-
dowr to the photoreter head is reduced by means of an iris diaphragm.
This is, in effect, a variahle aperture for control of the light flux
from the window.

~ht from the test source and trtat from the com-

<

Trequently the 1i
parison lamp show slight difference in color. In making a photometric
balance this color difference is a disturbing factor, often preventing

satisfactory comparison. Colored glass plates, lnowm as color filters,



of Imovm transmission coefficients for the rances of spectrun over

which ther are to be used, are interrosed either tetwecn the wrindow

encd the photoretric head or tetween the latter ard the corparison
lamp. Color filters and iris diaphra;ns serve to obtain a well ce-

o

fined and reliantle photometric btalarce.



TILORLYICAL CONSIDNRATIONS

Theor: of the Srhere

I1luriration Zue to Diffusely Reflected Light.

Let r represent the radius of the sphere. .issume inner sur-
face of sphere to give perfectly diffused and non-selective reflection,
and let L bYe a source of light of mean spherical cancdle rower Io.

Tet ¢ represent the total lumens flux ermitted by L.

Then ¢= l/l'[. regardless of the candle powver distribution of L.
It is desired to investigate the illumination at any point A on the

surface of the sphere.



Let B represent any other roint on the surface, and consicer
the differential element of area dB at B. Cince ¢ is the total
flux from L, let d¢ represent the lumens flux incident on dB. The

=4 lumens per square centineter (rhois).

By hypothesis there is no specular reflection, hence let k represent

illunination at B is E =

the diffuse reflection factor, where Ik 1is defined as the ratio of light
flux diffusely reflected from a surface to that incident on it. Then
-—d-L . k represents lwurens per sqe. cm. reflected from dB. Since
the surface of the sphere gives a reflected flux distribution following
Lamtert's Cosine Law of Imission, this quantity represents the bright-

ness of the surface at B.

ﬂ-:-ié——»k lanberts (emitted lumens per sg. cm.) and is the

samée in 21l directions from within the sphere. Then

A

= — —-k is the brightness in cancles per sq. cn.

k.d¢= d@, cives the reflected flux from dP, ancd the bright-

ness at B may also be forrulated according to

-‘z.'_;d_é’*candles per sq. Cr.
T 48

N

The lurinous intensity of dB in direction BO 1is

7é A AB=-LAp R cuncres.

boir

Turiinous intensity of dB in direction PA is

&=#-d¢' ‘ﬁ Cod € cancles.

11
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The Inverse Cquare Law gives the illurination at A:

. = A9 -K-cousepuc
A, rdt

lumens per sq. cm. (phots),

ut d=xlArcse

_dd-kew's _ APk _ de-k
= 4,',"\%;: - 4'.“1_ - S ’
wheres =4 VWA is the area of the sphere.

therefore EA
(]

EA is the illunination at A due to the flux d¢ ircident on B
)

and once reflected. The expression for EA, is obviously incependent

of €& , and hence Eﬂ is the same for all positions of A. It follows
(

that all elermerts of aren on the surface of the srhere are eaually il-

lurinnted hy diffusely reflected light emitted fron ary surface element

(W)

on the crrlerc and ote:in~ Lartert's Cosine Lawr of Irmission.

That this is true for twice and rultiply reflected light rmay be
seen by considering the illumination at A due to twice reflected light.
Consider once reflected light at any point C on the surface of the
sphere. Come light flux from C rill be reflected diffusely alorg the
path CA. Trom the above discussion, the illuniration at C due to

once reflected lisht is

_do-£

Eq = EA, = 4”./"‘_

2
Frightness of dC 1is ; = %%'Aé— lorterts.
dg. 2

4”-2.41

Expressed in condles per sq. cn., 4 =

Intensity of illurmination (candle power) of dC in direction CA is

L., = dg -k s 0.4C
CA 4t At



Illuriration at A due to twice reflected light is

é - dﬁﬁaMﬂmafc phots.
42— 4”341 . li

since { =24 eas & , therefore

£, = d¢ £ cs'0-dC _ dp #'dc  dp £dC
A, 4,2/‘2.44}“& (404‘)‘ 52

rhots.

Since & does not arpear in the final exyression for EA:. , the il1-
lwrination at A due to twice reflected light is independent of the
rosition of A, 64,. is the illuniration at A due to twice reflec-
ted flux J¢ from dC. fn extension cf the above to multiply reflec-
ted light leads to the following important result:

£11 roints on the surfece of a srhere are equally illurinated by

diffusely reflected light emanating fram every irfiritesiral element of

that surfaoce.

The total illumination at A due to all light flux from L once re-

flected is readily ottained as
@
EA = '—JM = ¢—ﬁ- phots.
% S S
o
The total illumination at A due to all flux from L twice reflected
is S. ¢ 2 3 2
£, =[[Hdedc. [PhS 45 _ A4
t 4 s J S S
e ©

Similarly,

3

3

t % 9
tgn__§_¢



Trke resultant illurination at LA due to an irfiritude of reflections

e _Kkp K@, Kp L &S
R“';_ t 73 t-s ts t
Eq= "’¢(l+k+é +A% - A )

It is knowm that the infinite series within the parenthesis conver;es

for all values of k within the interval =/ <& k{ I and defines the

I‘unction/(‘): ,—,—for all values of k within tXis interval. In

®

practice, 1 will always lie in the interval 0<& RL /

F_ k¢ 1 _ D %
S -% qrrt - R

phots.

therefore,

Discussion of Results.

Introducing the direct illurinatiorn from sowce L, the result

is ’ 1o cos ¢ . ‘ .
REA = _ﬂFé 4 4"4‘. I-k rhots.

The illumination at A due to direct rays from L 1is goverred entirely

hy the rhotometric distribution of light from the source and its rela-

tive location within the sphere.

Tre significance of the expression E—- ¢ - * is at

RA QA A -

once aprarent. The illwsiration at an:” point on the surface of tlre snherc

due to diffuse reflected lizht is directly propertional to the total lu-

rens eritted from thre source. (Terfect Diffusion)

= 4"10. i = Ig__. *
RA  4arr |-+ A )-A

e may write phots

(]

)
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from which it is seen that the illumination is proportional to the mean

Ve

spherical candle powrer of the source. If at the poirt £ a small win-
dowr of diffusion glass is inserted and shielded from the direct ra;s of
light coning from L, the illuniration of the window will be directly
rroportional to the total luminous output of the source. Thus by mea-
suring the illwriration at the wirdow, either the mean spherical candle
rorer or the total luninous outmt of the source can te readily calcula-

4

less of the position of the source L within the sphere. In practice,

ted. It is likewise significant o note that 4E is the same regard-

however, the source should not te made to approach ttre wall of the sphere
too closely; otherwise, the error introduced in consequence of later con-
sideratiorns may become appreciahble. A single measurcment Of'QA:Q ,
carefully executed, is sufficient to give a very fair value of the I'. 5.
C. P. or total luminous output of the lizht source under consiceration.
Certain refinements in construction and methods serve to minimize the
error within the linmits corrensurate with the size of sphere emploved.
The following considerction will serve to clarify the simrle re-
lations irvelved in the direct and reflected illumination. The average

illumination due to direct lizht from L is

I

Esz Pr YT = 4,2"— lumens per sq. cm. (phots)

The average total illumination is

_ _ I % Lo _ I, /
TEAV"‘ER+€V— —'f‘- ""ﬁ <+ ,:1.- At . [—t ’

in which ER is synonimous with REA as employed in the ahove.
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Assuming an average k, for exanple, k = 0.£0,

E - £L’0_9_0__ 4 ..;I.g lumens per sq. cr.
R l(/--a ao) A
A 4_.L + ._4-: =——= ,{; lunens per sq. cm.
7 Ay

The aversre total illumination would be five times as great aos the il-

81

Jurrination of the wm21 if the latter were btlac): writh a zero reflection

factor. .izain by placing the source L at the center of the sphere,

1'0 CH O

anc in the event

the averagse direct illwrination would be £

A'= A

L is a source of uniform intensity in all directions, the illumination

on the wall would te the suue at all points and equal to

E = Jo limens per sqe cne

7 A™

Tarring invisible radiation, the source sumnlies ener;y in the

for:n of visible radiation sufficient to balance the loss due to absorp-
tion. If a 1is the absorption factor for the inner surface of the

sphere, the total absorbed light flux is ¢ , and the total reflected

flux is ﬁ- /-4 « These deductions follow from elementary considera-
a
tions.
Light flux absorbed Lizht flux reflected
T'irst absorption ¢¢ First reflection (/— a} ¢

Cecond " a(’ "a,) ¢ Second n (, - dj 3 ¢
Third " a(l—a)‘¢ Third n (/ _a)3¢

nth " a/’ -aj ’!¢ nth " (/ “'ﬂ) n¢
Total absorbed flux = df + 4[/-0‘.)¢ + a(l-aj ¢ o 1-4([-4) ¢*...
" " " a#[lv—[r a)t(1-a)*+ - - - -3 (/-a)-,.----]



Let © represent the sum of the first n terms of the series in the

n
parenthesis. Then 5” —_ / _ (/ —'d)”
a Q
L/”’S = L/m_L L,m d‘h
n—eo n-»o0Q ndo a

Zince (/—d}( l / | , le Mﬂ:o

nso® Qa )

Therefore, L/m S

n—>60

lence, total absorbed flux = a¢ '_aL f

Cirdilarly,

total reflected flux

(1-a)p+ (1—a)*¢+ - - +(1-a)' ¢+ -
" . "= (1-a)p[i+ (1-q) +(/-a)‘+---+(:-a)3-']

n " noo_ /—a
- ¢T

The source sunylies ener:7 to overcone the loss ¢ , “hich is constont
as long as the quality of the reflecting mediwn and the lurinous out-
put of the lamp remain the sare.

The 'wrindow in the wml1ll of the sphere ma;- have an area of & sQ.

cme The flux incident on the window is ¢w= ER'A .

¢ = ¢A . ‘ = g’{ é lunens
W qmat /-4 S /-R

Prightness of window as viewved from outside is ﬂ .
é E J lamberts, in which J is the coefficient of transmission
for diffusion glass.

‘—w = -%—'I candles per sq. crm.

_ &
b = S 'r('-fz) 764"’4‘( #)

= K¢ candles per sqe. cne



K is the so-called constant of the sphere. The constant of the sphere
as cetermined by cali®ration can te formulated mathematically in a num-
ber of wmys, depending uron whether the btrightness or tre luninous in-

tensity of the diffusion glass window is measured. It is neither neces-
sary to know or to de“ermine the values of k and J , as these quan-

1,

tities are c rtodied in ¥ as determi:ied by calibration.

°
Crile, ¢ rcpresents total luminous output, and I° is the I's 5. C. P,

K = ?l = 4.5"}. , in which 6—,, is expressed in candles per sqg.
t

£ ligzht source.

s . - I‘V I‘V 2wl A

igain, since Iw—.&v' Aw » K= A = TAT , in which A
w 9 w <o

is the area of the windor in sq. cni., and Iw is the normal candle

pover of the window.

However, the constant cf the siuere m:;- be calculated to confornm with

. . Lo Jw ;
the simple ratios —-%“' ; whence it should be
» 14 ¢ ] Io

otserved that the ¥'s are essenti«lly difierents ¥ maoy also be ex-

pressed as the reciprocal of these ratios. Faving obtained ¥ by mea-
suring the brightness of the windowr as iven by a source ol lmowm total
lumens ¢ , tke luminous output o = test source .ay be readily ob-

tained as ¢t , in which % =K‘é , where ‘4- is the brightness of

the window due to the test lamp, e-.ressed in candles per sqe. cne.

o}



Effects of lI'on-Lurinous Fodies within the Snhere

uron For;xulations Deduced under Ideal Conditions

bodies ir the sphere such as the

Tre presence of non-lurninous
screen, lamp fixtures, supporting devices for lighting units, etc.,
rust have an effect on the uniform illumination produced on the dif-
fusing surface within, for these bodies ahbsor® some of the direct as
well as reflected light flux. Point sources of illumination rust be
excluded from the discussion, for all practical sources of light have

firite cdimensions. There follows a discussion of the effect of non-

luminous todies within the sphere upon diffusely reflected light.

Uon~luminous EZodies within the Sphere

and their Effect upon Diffusely Reflected Light.

Consider a non-luminous diffusely reflecting body 1T screened
from all direct rays of lizht, ard let the surface area of I be U.
Its reflection factor is K, « If I occupies any position in the
spnere such that it receives only reflected 1lirht, it will absorb a
srnall amount of light from each of the infinite reflections intercep-
ted by its outer surface. Cee I'ig. 2. Let dU represent a differen-
tial element of area on the surface U. A sinrle photometric calcula-
tion will disclose that any surface whose dimensions are neglizible in
comparison with the distance from the source of light to the surface

' . 3

will have an illurination £ = rb , resardless of the orientation or

position of this element of surface dU within the sphere. The quan-

tity b represents the uniform brightness of the source; namely, the



20

interior surface of the sphere. It may be well to establish the rela-
tion E! = nb now, and then proceed with the discussion.

Referring to Fig. 2, consider a sphere of inner radius r, and
whose inner surface has a uniform brightness b. The brightness of any
element of area on the inner surface of the sphere will, therefore, be

the same when viewed from every direction, and its luminous intensity

7 ™M

a

B
e

+xj
e
(p!
.
V)

will vary as the cosine of the angle of emission. Nathematically,

I, = bedA, where I  1is the candle power in any direction a from

the normal to the surface dS;, and dA 1is the projected area
dS;ecos a. Let P be any point within the hollow sphere and dP

a differential element of area free to assume any fixed position at
P. Since bdS; = I is the normal candle power of dS; in direc-

tion 10, bdSjcos o = I, is the candle power of dS; in direction

Q

1'Po But dS;cos a = di, therefore, bdA = I_, and

a?



. '
{'d’i:‘”a = dEP iz v'e illumination or incident flux densitw at
]
P due to dS.

Sirce dA= A;d’ A, sin@dg = A-,’Sin 0des d¢ , therefore

dA- _ Nisin 0 4o d, _ : - ’
d,,,‘f - _F-Alisin cos/:,/a ¢ _ﬂ-moswﬂdol¢-dlé

Hence dE; = ‘ ees §-dw , vihere —%— =d¢d = SI.ll Gd€/¢
/

is the solid angle subternded by di. If E' represents the total illu-
P !

mination received on the right side of 4P, then

Lor ¥ 2y 1%
E;:ﬂt": /ﬁsnowadedp=zﬂ£ sina coso J@=2ant- "4,_-" *
o (] °
cr [':.L.ar‘: Fﬂ- incident lurens per sq. cri.
P 2 :

T' ¢ ircident flux denrnsity on the orrosite side of dP is

¥ oar . aq
E"’:[/;g},,’uada/é=-1p-;£$zw¢a0/l=-,zn6-["—‘g.-'—}:
o
2

2

E;:'n'ﬁ lurens per sqe Crie

Thus the flux density is the snaie at every point within the
sphere, and hence the illumination or ircident flux denrsity will be
the sare at everwy roint on the outer surfrce of a body X irmersed in
the flux within tre srhere. This result also holds for radintion of
any wave length ;L « It is interesting to note the recirrocal case,
where the flux eritted per sq. cm. area of uniform brightness b 1is
E' = nb. This accounts for the existerce of the conversion factor n
whereby trigshtness exrressed in candles per sq. em. can te converted
to larberts (eritted lurens rer sq. cm.).

Tiowr, if L renrecents the total uniforn incident illunination

on the irner surfnce of the srhere, then



— = ‘6' cancles per sqe. cm. uniform brightness of svhere,
Therefore, nb = Ex = E' 1is the illumirnation or incidert dersity in lu-

L2

mens per sq. cnm. at every point on surface of I,
and ﬂ'ﬂU= E‘U = ¢~ is the total flux incident crn I in lurens.
0f this, I’ absorbs év(/-‘u) = fUﬁ (/ "ﬂ«.) lurens.

Total flux incident on the sphere to pive it an illurirnation E would
be ¢ =47TA,‘£lumens. Of this, there is absorted a flux equal to
41"&'6("&) lurens. The total loss of flux cdue to =hsorntion

within the enclosed sphere must be equal to ¢ .

Hence, 4TAZE ("")‘f‘ fo(l“.‘) =¢ « Solving for L,

€ = T YRR
QTR (1—X) + ! —Hu
b o s &
bp=E-E\ - Irnr(1-8) +UR(-£) 4m>

where Eq is the illunination on the surface of the sphere due to dif-

we have lwrrens pCr sQe Cre

The avercge direct illumiration is « Therefore,

fuse reflected light. Removing the hody I from the srhere, the illu-

rination due to diffuse reflected light would then te

¢ £
ER’= qnre -4

Thus the illumiration on the vall of the sphere and therefcre at the

windor has been dirinished by an amount Agdue to the presence of T.

e ® R

- : _ #
A= Grix LR ari (1-K)+ UR 0 4.) t Z;th.t

_ & £ _ 4TAR
Abg= ana? | r-% +1 Gir (-4 )+ U.—{(t-‘ﬁ,)

o
g%
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It was assumed that b represents tre uniform brichtress of the sphere,
which in rractice is not true because no matte surface oteyrs Lambert's
Cosine Law exactly. Nevertheless, the ratio of diffuse reflected light
to direct light in the sphere is so large as to rernder the error due to
assuned uniform brightness, nezligible. The wall of the sphere can te
mace to meet the requirements of perfect diffusion to a degree satisfac-

tory for all latoratory and practical reasurements.

The last expressiocr aiove [lor cun be written
: R

@) 4Q= 1—%)S /= /+/ /=

-%)S
and shows at once the effect on the wirdow illunination with changes in
U. AZccessories within the sphere such as screens, fittings, suvrorts,
etc., which are not a part of the lamp or lighting unit, are custorarily
coated with the same diffusing paint as enployed for the inrer surface
of the sphere. Tor these perts then, k, =k, and the above expression

simplifies to

(2) AE = —-é—— / 11ens per Sq. Crie

(I—i)S |+ .?_
It follows that the constant of the sthere I decreases with increa-

sing velues of U, since K is proportional to I.. K:%:%



The expression (1) for AERwould irdicate that the reduction

T

in window illumination due to the presence of a non-lumirous body I
deperds entirely uron the surface area and absorption factor of 17,

and is indepencdent of its rposition in the [ield of reflected light.

Very accurate experimental work would undoubtedly disclosc some varia-
tion in AER with change of position of @'. To account for this chan-
ge which, it is reasonable to beliecve, nust be well within the allow-
atle lirit of error, greater refinemert is necessary ir the aralysis.,

The hyrothesis underlyirg tre derivation of AEQ assumed the
resultant illurination I due to cdirect and reflected light to he uni-
form over the inrer surface ol tho snhere. Likewise, it assurmed a dif-
fusely reflecting body ¥ with no mention reletive to the degree of
diffusion. All foreign btodies in the sphere except polished fittirgs,
glass, rorcelain, metal, and sirilar surfaces strong in specular re-
flection are more or less diffusely reflecting or transmitting, but to
a varving and lesser degree tian the inner surlace of the sphere. Iur-
trer considerations will disclose the importance of renderirg all hodies
within the spliere excent the lamp or lizhting unit ircluding reflectors,
shades, and integral accessories, c¢iffusely reflecting, preferably usinrg
the sane diffusirg paint enployed for the inner surface of the sphere.

The body ' in tle preceding discussion ray he termed an iso-
lated bedv. The term "isolated" refers here to all objects within the
sphere wiich are wholly distiret from the source and its auxiliary equip-
rent. It is important to investizate the effect of an isolated tody T
upon AER under the assumption that I is apgain diifusely reflecting

and the inrner surface of the sphere is pronouncedly on-urniformly lighted.
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Effect of Isolated Podies within the Non-Tmiformly

Il1luminated Sphere upon Diffusely Reflected Light.

The total illumination at ary point P on the inner wall of the
sphere varies for different positions of P except those screened from
direct light, and was found to be

S5 o ¢ 4
E.= —-&—v@— + rhots.
A P PTZI"

In the following, consider the isolated diffusely reflecting body N

within the srhere. ™hen the distribution of luminous intensity from
the source is very irrezular, it becomes necessary to separate the los-
ses at N due to direct and reflected light received on the sphere.
Ie ¢t is the loss of flux due to absorption by I, then

4 -4+o
where dé: ER ﬁ(/_ *“) LL represents the flux absorted by

)
N as a result of the uniform illurination E_, and ¢ is that absor-

RI
bed resulting from tre non-uniform component —'Z-lﬂ—“::’,'&? « The sum

of the losses in the sphere must equal ¢ .

Therefore, £R ﬁ(/'*..)llf-qt'-f-(l-kj? +4”4"£,.Q(/‘/3) =@

from which GR [ﬁ{/—f“)a 7’-4’741(1-i)] = é¢ "¢I
Ap-
R(1-%)U +474% (1~ %)
Fence ¢ = é¢'¢' lumens.
R !+ qar(/-AR)
*(/"tu)“

If ¢, is reglirikle comrared to é¢ ’

_ A
’k - Ara (1-R)

*(/"éa} d

and ER =

lumens.

!+
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The loss ¢R is a function of U, but remains practically constant for
all positions of N in the sphere. This would no lonfer hold wken N
is sufficiently close to the wall of the sphere to cast a pronounced
shadow, whereby a portion of its surface would not be exposed to the
component of uniform illumination ER.

The absorption ¢, will vary considerably, depending upon the

Fig. 3

constants k, and U for the body N as well as in a large measure
upon the proximity of N +to strongly illuminated parts of the sphere.
This relationship is apparent from the following differential notation.
See Fig. 3. If dE, represents the illumination at point u on sur-
face of N due to the uniformly bright source at P, then

dE“ = __{d;c:ig_ lumens per sq. cm. (phots)

d¢’= ._.‘:g(-_?ig-{/ - k“) du lumens,



where dU represents a differential element of swrface at U, and a@bl
the light absorbed by N at wu as the result of the reflected compo-
nent I, of non-uniform illumination at P.

Since ER depends upon both ¢' and ¢R » N should not be al-
lowed to approach the more intensely illuminated portions of the sphere.
As previously noted, ;égis practically constant for all positions of
N within the srhere.

When N 1is located at the center of the srhere, ¢ ’is constant
for all variations in candle-power distributior of the source as long
as the M. 5. C. P. remains the same. The average illurination is un-
changed with I, = const., and hence the_/d¢’ will give the same ab-
sorption qﬁé for different candle power distributions.

The decresse in 41[59 (window illumination) due to the loss
(¢¥4-¢%) is accounted for when calibratirg the sphere. The error is
offset by operating the standard lamp with bodies such as KN in the
same relative positions which they oceupy when lighting the test source.

The effect in both cases on the window illumination will be the same.

Screoen FEffect and Screcn Frrors

Effect of Screens upon Diffusely Reflected Light.

The screcn is usually a flat, opaque body interposed between
the source of light end the window in order to exclude all direct rays
from the latter. When properly dimensioned and located within the
sphere, it permits only diffused light to reach the window of vhich
the trightness is a measure of the total luminous output of the source.

The screen is ar isolated tody exposed to direct and reflected light,



and in concequence lowers the window illumiration due to absorption of
both cerporents of light flux. The fellowing discussion is initially
corfined to the effecet of the screen uren diffusely reflected lizh+,

Let the screen be a prlene surfoce rrovided with diffucing poird
cf the same quality as that emrloved on the inner surfeoce cf the sphere.

If A, represents the aren of one frce of the serecem in sguare centi-

A
h

reters, then U =22 . Its rcflection factor is F. Tre lirkt aksor-
ted by tre screen is readily calculeted to be *S , where

% :”“-2/4; (/"f\)) lurens,
and t is the uriform trighritness of the inner wnll cf the srhore in
cardles per sq. cm. The brizktness b is the result of the tolal uni-

form illuriraticn on the imer surface, which is

= = ¢é é = é . hoto
Ent GR+€D 4n¢t(/.§)+4rm} qr2(1-R) T

in wtieh ER is the wall illuriration due to diffusely reflected

light, and En is the average direct illurmiration on the srhere.
4

Then # _ ¢ _A
4mar(1-#%) m

on i ¢ A -

e R (e Ve A

(]
that is,?—_— _éds_ - %{jL .[o lunens.

2rat

candles per sq. cm.

.o

The absorption of diffusely reflected light is a linear function of
the total lumens output of the source. ™ith é. Jurens atsorhed by
the screern, the window illumination suffers a reduwction. 'Then expres-
sed as a fraction of the original window illumirnation, the reduction is

J = Lfn=be
£p

AV

(§e)



vihere oL, 1is the reduced wall illumination due to diffusely reflec-

[ SRS

ted light which obtains in the presence of the screer.

¢ % _( ' _ & )
£ = A (1-%) I (1-%) + k(1-%)2A,  4nA®

¢,€{ 2
V¥ LAY
& % As

S= 2T -%) 278+ RAs] _ As

) C arar R A
14> (1-%)

o P%As
Likevise, J'/.-= éf ‘}fg - 9mA? (/-)Q)[l”/&"* kA;’J_.
£ &g
2fi-#) [27R + KA ]

gives the reduction in wirdow illumination as a fraction of the firal

wall illumrination, from wrich

S 2Ar

Jd

In the above, I 1is the reduced totel well illurinotion wl'ich obtains
ir the preserce of the screen.

Similerly,
g Lerby- (S *5)  _ &8
Ept 5& £ rot
" __4m ﬁé@‘m* *RAs]
J = ¢ 3

ATA*(1~R)
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Cf"== 4"‘L;4
arA* +kAs

where cf"gives the reduction in wall illumiration as a fraction of the
original total wall illumination.

The quantities J, J', and J“are essentially conste;nts. Com-
raring cf and cf", it is apparent thmt the per cent drop in window il-
lunination is somewhat greater than that on the wall. The error incur-
red as the result of cf‘ is completely eliminated when calibrating the
sphere. Since its evaluation depends only upon the constents As, k,
and the radius of the sphere, the error will be the same when calibra-
ting the sphere with a standard lamp. In other words, the reduction in
window illumination due to the presence of the screen in diffusely re-
flected 1light will be the same for the standard and test lamps. Thus,
when determining the luminous output of a lighting unit, all necessary
screening should be adjusted to accommodate both standard and test lamps.
With this arrangement unchanged, cancurrent readings are taken, once with
the standard lamp lighted, followed by the latter extinguished and the
test lamp lighted. This procedure leaves the measurements unaffected by

the absorption of diffusely reflected light.

Direct Light Absorbed by Screen.

The screen is at all times exposed to direct light rays from the
source, and must absorb part of this incident flux before it can be dif-
fusely reflected, eventually to reach the window. It is proposed to de-
termine the resultant reduction in illumination at the window.

Referring to Fig. 4, let L be a finite source of light, and con-

sider the screen parallel to the window. Since the size of the screen



and its position relative to the source must combine to exclude all di-
rect light from the window, let a proper balance be obtained without
allowing the screen to approach either the source or the window too

closely. The line WL joining lamp and window centers makes an angle

Figo 4

¢ with the diameter through W. Consider a uniform distribution of lu-
minous intensity emitted by L. It is within the limit of allowable er-
ror to assume the illumination on the screen to be uniform. This may be
seen from the following comsideration.

Since the candle power of L is the same in all directions, we

may replace L by a point source of equivalent candle power, and compare

the uniform and average values of illumination on the screen for a nor-
mally convenient position of the source as shown in Fig. 5. From Fig. 4

it is apparent that the illumination at the center ¢ of the screen is

31



£, = docor _ B oo

X% - 4mxg phots.

If this illumination were uniform over the area As of one side of the

screen, the direct flux absorbed by A, would be

&4 =€.-aA, 6 —a L. cox 4,

Figo 5

where a is the absorption factor of the screen, and E, = Ej. 1In
practice, the window area is small compared to the area of the sphere,
ranging from 0.06 to approximtely 0.17 per cent. The angle 28, which
is largely determined by the relative positions of L and s, does not
become excessive even in cases where L may represent a fairly large
lighting unit.

Consider L vertically suspended from the top of the sphere at

a convenient distanceTa' fran the center C. Fig. 5. The illumination

32



at the center of the screen due to L was found to be

£ = Jocosk _ Ip casd .
("3 X" ‘\-
Since -&n o = 'T, , and o = 26° 34’ ,

£“= _ﬁg‘ cx’(zs' 3.,0)= o07/5YY z: lumens per sq. cm.

The maximum illumination on the screen, which will be assumed circular

for purposes of illustration, is

Emas= ‘; m’(x-o)— P w’/m’af’}

Therefore [ma; 0.88059 'f‘;_ , where 8 was chosen

107 Minimm illumination on the screen is
i = —'— Oy 9)— 2% eslf36° 3¢) ,
or [;”&'-; 003./’07 "L .
The average illumination on the screen will be proportional to the av-
erage value of the cosine-cube function over the interval whose limits

are a-e=a1 and a+9-u2.

The avera~e wvalue of }:«'«C over the irterval a; to o, is

Lomady [t o _

0(’_- d, dl-“l
/ ofy, LY
o3 A — [sind*x cosxdlog | =
s «,
. X o,
L] - 3 / J
—  |Sme_Sine | — !_sinocfcos’a +2.
d;"dl J o ~a |3 «( )
2
” ol

/
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Noting that a; = 16° 34', and e, = 36° 34', also ay; - 0oy = 20‘= 0.349
radians, the last expression, when evaluated, gives tlre average value of

the cosine-cube function as 0.7102. Hence,
Ey=07102 —5&%

This also compares very favorably with the aritlmetic average of Emax.
and E . =, which is 0.6993. The close agreement is due to the rela-
tively small value of 26. However, it is obvious that E, may replace
Ep,y. in this consideration. As & approaches zero, tre difference be-
tween EAV. and E, becomes extremely small, ard vanishes for a = O,
Again, a 1is limited to values appreciably below 45, owing to the cen-
trally located lamp structure which extends some distance telow T. It
may be shovn that the error involved is also negligibly small for any
position that L may occupy in the sphere when making measurements.

Thus, the illumination on the screen may be considered uniform and equal

to

£D:_£uu(= B sk _ o ooty
X3 97 Xt Ar

The error caused by the screen absorbing direct light from the
source may be expressed as

=/
6 s£e sCa

= where
S £

gEp represents illumination on sphere.

(screen present and absorbing diffuse light only)

.SEé represents illumination on sphere.

(screen present and absorbing diffuse and direct light)



E represents total uniform illumination on sphere.

(screen present and absorbing diffuse light only)

E' represents total uniform illumination on sphere.

(soreen present and absorbing diffuse and direct light)
Ep represents average illumination on sphere due to direct light.

Since E, =E-E,, and SEﬁ-E'-E

SR D»

_ £-&'
€, = 55—

An expression for E was obtained in previous considerations; namely,

£ = é — = — é
2(1-&)[2m0* + £ As) 2a [20A> +(1-4) As]

E' 4is obtained at once fram the following equation, which states that

the sum of all the flux absorbed must be equal to the total lumens emit-

ted by the source.

4mEa +€(1-a)2ad; + PEZ 4 A = B
Efania -rza(z-a)A,J = ¢(I-— ""‘(.4,4:) . Solving for EY,

4mxt

we obtain

. PER - aAs coox)
ETxta [anar +(1-a)4,] ‘
Since cosot = L , |
20
F': ¢ ﬁlb"‘&. “dA;[}
76rxanf2 04‘*{/-4},4_,]

and, 6; z /- 3”/0.X‘-a'4.1'l - QA;!
Erx*a ST XA

]
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Since E' 1is proportional to I an irregular distribution of candle

o *
power from the source will affect E' in the ratio -}{‘L =-f » where I
is the intensity in the direction Lc toward the scree:. T:e error, that
is, the reduction in window illumination, becomes
6 = Aa £ . a L
S A s £x?
and varies inversely as the square of the distance from the source to the
screen,

Occlusion of Luminous Flux Reflected

from Portion of Sphere Obscured by the Screen.

That portion of the imner surface of the sphere obscured from the
window by the screen cannot reflect the direct light received from the
source to the window without the aid of same other portion of the spher-
ical surface. This lessens the window illumination. Fig. 6.

The flux from JV is readily obtained if the area represented by

JV can be expressed in terms of known quantities.
As cooot _ (U= d—x)*
Amw £*

AMIV 1—"4./&" Cog £ .

AJV = / , where A;, represents

S
CZ -a-x)t
the approximate area on the sphere.

Extending the analysis as above for 6 s

6 _ A;a , /l)/f_
w A g(l-x_d)zdz_

, we find
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If I, represents the intensity along Lw, then i“' = fw

é _.A:a ’es/‘_v
7 3'(]?—ux-1g73¥‘

The errors €, and 6;, are functions of x. However, if we comsider

the dimensions of the screen to remain fixed, the source L may be ef-

fectively screened from W by modifying either d or x while the

Fig. 6

other quantity is held constant. Since both errors are a function of
either x or d, the minimum total error for variable x and constant
d is obtained by differentiating the sum €S+6W with respect to x,
and allowing the resulting function to vanish.

3
—aé}(—(fs+€v)= ~ Asa f:’*[%; + %,’,%fw fﬁﬁ_'x’_'d)s=°

M2

\’/Ed_’(l—x—d )= W X
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- =) L4
V_id; + Vfwlz / 1‘\3/‘%&,%;

TWhen x = const., and d is permitted to vary, we have

g OV (£—'X—d]‘/4"
from which, 4.—_' _&L .

% (Q 4 é;v)— As Bre ([ —x—d)*z —2d* ) -0

from which, (‘(_24) ’ = .{L A .

ar

The quantity d may be ottained from the last equation for known values

of the constants involved, and when substituted in the expression solved
explicitly for x will give a walue of x cmsistent with a minimum
total error 65 + 6 o« In practical work, d is frequently fixed by
the manner in which the source must be suspended or mounted, in which

case the distance from the source to the screen may be obtained directly

by evaluating 1_
X = d -

At this time it will be well to investigate the upper and lower limits

of x. These results have a practical bearing on the design of the

sphere.
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Screen Location.

The screen must always be situated so that it excludes any direct
rays that would otherwise reach the window. Unless an adjustable screen
is provided, one or possibly two diffusing screens must fulfill this re-
quirement for the entire range of lighting units to be accommodated by
the sphere., Heretofore, the area of the screen was considered constant,
and with a definite location of lamp, the distance between source and
screen, denoted by x, assumes a definite value consistent with the min-
imum error 6 s f-éw. Practical luminous sources, however, vary consi-
derably in size, so that for the customary alignment along ﬁhe vertical
axis of the spherev, a large lamp will require a larger screen at the
same distance x than a smaller lamp similarly located. Again, if we
permit x to wvary, a larger lamp will be effectively screened by a smal-
ler screen as x increases. Excluding from this discussion a variable
screening device created to accommodate different sized lamps at a more
or less fixed distance from the source, let us consider the effect of
variation in screen upon the x for minimum total error 65 + 6"’.6;'
Practical consideratios will dictate the working limits essential in
arriving at an adequate screen-to-source separation.

Referring to Fig. 7, the window opening at W may be assumed to
approximate a circular disc of diameter d, « L represents the light
source with center at C; on the vertical axis through C. As before,
Ag is the area of one side of the screen. Let A, represent the area

of the base of the shadow on VV' , Then

s (Lod-x+p)* 4 (C-d—x—+p)"
(=d-p) ) A= e
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Substituting this expression for A, in (S and (w, gives rise to

the following two equationms:

| _ Al —d-x+P) a
W& (-d+p)r ™ §; Jx‘-

Ap(j‘d-x -h”" 13
@ = aip ﬁ.ﬁ;m

vV
|

. d

N Y

LA g~
/
G A o~2 -nt X w

AV A .A P
v’ Fig. 7

The geometry of Fig. 7, triangle CQG , requires that

d_ _ :10/?0 -2«) _ es12x
Alonk Adew X Ao £
A= ACos 2
casol
Also, l = 2rcos o Z—d = L2

cos ol
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and } = dw = / , “here
l?"‘! *‘/5 ¢fv »

distance intercepted by the boundary rays on the vertical axis VV!',

dV = mym, 1is the

It will

(22

¢ noted that this relation holds only approximately, since for
differert valnes of a, the tangent lines and the line throush C
center of window, will nct converge to a common point. For 211 nracti-
cnl purroses, whether the 1lishiing unit is srherical in form or other-
wise, the targent lires to the maximum dirension of the lvrinous sorrce
as viewed from the wirdow will mect in 2 roint P when pacsin
curference of the window oreniry, ard o line drawm from P throzh cen-

eI

ter cf wirdow will, in gerersl, rot pass through C1 , tut the anzle

-

racde ty this line wilh thre herizeontal GT will ¢iffer little from «

. . o
especially if a rarges orly from O o 0.
Tt follows that b /

A-d +p n
p(m=-1) =AL-d
b = LA _ A
-~/ (-n-/) Cos of

Substitutior in Ig. (1) and (2) rives

A *
= Ava (n=1) 034 ff (:Z« —x ""Z'n-f)cm)
Q n-/zl nt xL

3 (%o( x+(n—o x C""'o(
—) Cos® 2c¢

Cdc o

e
r—d



Differentiating partially with respect to x , simplifying, and equating

to zero, we obtain

A O I S
X . n

Solving for x , we have X = 4

(3) Cosex( [+ /$u  Jeos¥n )

£  cnx

This gives the distance =x for minimum total error, and is a function

of a . The limits of x for a typical case of a source suspended ver-
tically along VV' with a = 30 , obtain as follows. Let ‘ih’- =/ and
n =1, Then the shadow is bounded by parallel rays, and the”expression

g

(3) reduces to x = 0,37488r = 0,325(1-d) . For?‘!=/ and n =9 , we
have x = 0,57735r = 0.500(1-d) . f

Lamps and lighting units tested in spheres of commercial sizes,
40 inches in diameter or larger, will seldom permit /.,<dw « For all
practical purposes %g?’_ H that. is, g’,, é Qa/w. For a 60" sphere
7):55‘ will rarely exceed 5. Note that d, is the maximum dimension
of an equivalent luminous scnrée in the vertical plane through the lamp
center, and may be greater or less than the maximum dimension at the base
of the luminous cone intercepted by the actual light source. See Fig. 8.
Nearly all practical illuminants will disclose symmetry about a single
axis, and many types display symmetry about a vertical axis. Although
d, does not represent the maximum dimension of luminosity, it serves
very well to establish an approximate upper limit for x . Thus, to a
first approximation, x may be said to lie within the limits

x = 0,3(1-d) = 0.346er

x = 0.5(1-d) = 0,577r
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for a = 30°, '§w= f, , and covering values of n from less than unity

to and including n = 9 . If we were to use an average of these values,

then
cosoC Cos3o0°

This gives the distance of the screen from the vertical axis of the

sphere (¢ = 30°) for minimum error due to occlusion and absorption of

Fig. 8

light, and agrees very well with figures quoted in gemneral discussions
on the sphere photometer.
Referring to a 60" sphere, it was stated that n rarely exceeds

5. This follows almost immediately fram Fig. 7, in which CC, = 30.tan30%

CCy = 17.32" , dy = 5d, = 5¢3.56 = 17.5"
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This wo&ld still permit a convenient position of the source with re-
ference to V without incurring any serious error due to proximity to
the wall. An average wvalue for x may be obtained from the following
tabulated wvalues:
.
Ss

a n X

30° 5 0.5 0.68749r = x,

0° 5 0.5 0.57577r = x

2
30° 1 1 0.37488r = x,
0° 1 1 0.38648r = x,

The average of smallest and largest x is x,, = 0.4811r .
Ay =0-9811 £ % =0.416h

Again, O.4r comes very close in fulfilling requirements for minimum
screen error.

It is important to gain an impression of the order and magnitude
of the minimum total errormf + for a given set of conditions, and equally
essential to show that ...‘6.} exhibits a minimum. There follows the cal-
culations for minimum total screen error (s.éf ) due to absorption and oc-
clusion of light for a 60" sphere under the following conditions:

Sw -

Q
n=65,a=230,r=230", a=0.2, ?,"'li'

The x for minimm error is x = 0.,58749r .

(il A (Odrp) L, 2
£em bl P s s

Eveluati we have
e €

6‘ _ f2@s0 A s
e ]

4500 I
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For a 60" sphere, r=30", 4,6 =3.5",
d, = nedy, = 53,5 = 17.5" .

Hence /4 =T (/7 S') 240,528 in* , from which
m€y=0.02186

Thus, for \g_-}’i / . "6_3’8-/% H
°

for f=4 =237 .

To show that x = 0.58749r represents the screen distance for minimum

error under above conditions, it is sufficient for practical purposes to
calculate the error for a slight variation in x to the right and left

of the critical point., The usual mathematical criteria may be applied to

show that =
eosex I+V.fcv 4 tas¥ /
Cogid{ N
represents a minimum for all practical values of n and i.

Let x increase from 0.58749r +to 0.60000r. S

AX =0.0128/4 = [.25 % h = 0.37°
= 12863 AF_ 0.02/188
é 485 oo v'g ;:

€ = é.L_J& = % = 0.1 °/° increase in min. error.
xé‘f ¢

Let x decrease 1.25/r , then X—dX= 0.85)Y98 A

= Z_‘;:fr Ag ..o.oz/&gg

€ =0.l % increase in minimum error.



Screen Error Influenced by Angle.

Up to this point it was merely stated that x is a function of

a . The expression for total error may be written
€ = / (x,00)
¢

from which 6é is a function of x and ¢ . It is important to in-
vestigate what general effect the position of the source will have upon
the screen error 6 ¢ and in particular to determine the angle o and
x for minimum total screen error.

We have

2L _Aaw)slt (A A ,
7)(_4_ n—/ 55 ( X4+ e

TRY M X |35 \Cose (n 1)t

A x4+ z——)——"’ 5
_l_g Cotx n-| wd . C”K e
) c;}ot —X ea* 2o

substitutions having been made far the quantities p , 1-d , 1 , and d
in terms of n and functions of & . See page 41. The solution of this

equation for x was found to be

_ A
cmz@ +V8 deat 1
§, Cotadm

In order to simplify the simultaneous solution of & €=0 and -16— ,
x4 20 ¢ ©

we can, without loss of generality, let r =1 . We confine the discus-

sion to a definite set of conditions for g“’ and n . The quantity r,

[

although essential to any particular solution for x , would not appear

in the solution of 330( é{ =0. Llet n=5, and g;’_ =2 gw. Then
XCova((l+‘{/jT§g,’g<—“)= n

ﬁ/&f_iﬂ" =
X K + XCoX =7 |
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Transposing xcosa and combining,

x3Pa 2 ' = (l—xmc()3z/-3x¢qa( + 3x2 e —x?cn

S 2w X 2

2x? g’ = ( 5=/ X ta & +I5 X oot R —yx-’cao’o() (za—a‘ac- l)
Expanding end combining in powers of x ,

3 Y - s 3 Y bt Y =18 ¥

X (az "o - 20 Coo¥ +5 ') +xt(-60 coobot +60 coret —15 Com

+ X (60 et =40 657K +15 conot) + (20 Cro' +20 oo’ ~5) =©

Now, differentiating €t partially with respect to a , we have
2
coo3aat

€t _[pa =(n-1) xm.c] SN oo — 9 4ok rgx 209
Ok |(n-1)(A-xcoact)

—2 na~fn—1) xeoal | A(m=1) X At m’
(n-)(r—xcove) | (m-1))>(A-xema)*  Crota2ut

[A'n —x(n~1) s ( X{(1~1) S1as sl o9l -ijAn-(n-'Qwagw)

+ Cood(
Xt (m-) e X (=Y e N
3R o™X rnn-x("\")‘-ﬂdé =0
2 2x* | (r-1)eraol

w
Substituting ln =5, r=1,

L} ,_l . .
S-yxeogsk | (gasma eonfxt ~Pamnerbuentan) _  _x st em’s
z(/-xw)iu‘ld

(1 - x coox) erod20¢
__'_cco’ot__s‘—‘rxmal $oma 3 Rbolemin [S—yXcotm =0
X2 4 coo ol Je@¥y X* 4 eod KX

Multiplying both members by /6 oo M’Za‘ (/"X h’d)txt#’ o
Xtergu (-9 x oo )t (& Aim Kk 00 6ct — 7 G4 ok 000 m:o{)

- demao(i'ﬂfﬂ%u M’
2x /- xtrr s «

F Sovm ol et e et (1- X md)‘(s‘- #Xerou)
3t o 600 4 20026 (1-Xe02 o) ((§-Yx C0vet)” =0

-

Clearing of fractional expressions,

Xen o (/-xmd)(ﬁ-?xcwx)-’(:m‘ud coa ¥ - Y Aot m‘dcooze() -



g et a2t (S —Yx eodoc)Sim ot
+ 1o Aol covst Cor®2 ot (I-xm«j’(.b Yx coao()
—3AmK Wdc«d’-?oc(l—xwda) (.s ‘/cha() =o

Division by (5-4x.cos a) is permissible in view of the fact that
oéx §¥’£. For if 5-4x.cos a =0 , then for a = 0°, x =-§
But, physical conditions of the problem require 0 LX <l for « =0 .
Therefore, b5-4x.cos a% O . Likewise for a = 45°, to satisfy the
above condition, X =£.l/— e But, for o = 45°, x must be at the
most equal to or less than l/£ . Hence, again (5-4x.cos c)=* 0 .
Thus, 2xt coto (B 4 o cﬁ( — i X Cod®x Mﬁ“)_
(/—xm«)(s—s«xw )
—_ 4x’cq o Corde (Aol 4 /OAMmAL cogal ca’ad.(/—,rmx);

—344n il e od 20t (- xcroct) (S—ttx cogn) =0

which simplifies to 252 Casel {gd&du"d— 28 sloodbol Cd?d)
/
(1—xeov ) (5—Y X conx)

— X0l €012 K Bl — Rhon ol Cogct c0d a.ac(/—xm)’ (r—/ zxamQ =0

Therefore, sin aecos a.U = O

sina =03 a =0 is one solution.

cos ¢ =03 o =%{solution ruled out.
Thus, 2x‘(5‘-9x cod ol + ‘I-x“co-s*.c)(g cosfl -7¢cov ‘accw.'wt)
~ ¢ X7 cov'st o0 2K — co 20t (| - x o0 &)} (5= 72X €0 oC) = 0
Expanding and rearranging in powers of x , we have
x"(—/'l‘/co—.y"x Fa oo eosly —92 creol + l2. cn’c()
+3(Y2 § coa® 6 1Y cod +296 cor*ot —Y/ ') +
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x}(-968 0P +¢82 0 ~30¢ eox%l 4 5ic0 )
f-x(alcm"x —32Y eroSK +/62 8933x —~2 ) Coven)

+ (~Y0 0% # o ooVt —30e0% +5 ) = o

This equation together with the one derived from the explicit solution
for x emanating from __aa ét =0 , may be reduced to give the following
x

simultaneous set:
X3 (22 toa'ut - 20 e’ + 5 Cod'x)
+ Xt (~6o Crrbot FGo oo - 1S o' )
+ X (60 eo0 ol —6 0 €00t + /5 eoo)
+(-20 o't 200 —5) =0
and, X (—36’.9 ooVt + 512 Cootx)
+ % (96 cod’x —120 o)
+ (-60 e +%70) = o
One solution of these is &« =0 , x = 0.57577r .
To effect the solution of these equations for x and a for other so-
lutions, if any, one may turn to a dialytic process of elimination.
We write these equations in the form
%(X) = aoxs‘f- a, X""a;x”‘d; = ©
w gl =t XHHX 4G =o
Then, if f(x) and g(x) have a common root, and if the first equation

be multiplied by x , and the second by x?2 and x in turn, the resul-

tant of f(x) and g(x) is the determinant
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o
o
o
o’
-
o
N

which is zero if the two equations f(x) and g(x) have a common so-

lution. Expanding this determinant, we get

00(404_3" 01‘74'_"434'3"‘ 2 41‘6‘:6 + a,{; a6’:."'4:.49 ;;t)

+ 6'0 (a'téz','a'qs‘, 3__14143 ﬁ‘é - a,a;‘,é_— 4.,425:"-}-&’43&6
'+a:$.z"‘ +a;' o‘-d,d,tf-,ﬂ,) =0

in which 8,

a3
ag

22 cos’a - 20 cos®a + 5 cosSa
-60 cosba + 60 cos4a - 15 cos2c
60 cosSe - 60 cosSa + 15 cos &
-20 cos4a + 20 cosda = 5

-38.4 cos%a + 51.2 cosa

96 cos3a - 120 cos &

-60 cosla + 70

Substituting the values of a's and b's and simplifying, we obtain

-1,007,769.6 x20 - 9,565,148.8 x19 - 9,566,899.2 x18 + 81,330,291.2 x17

+ 27,844,646.4 x16 - 227,126,476.8 x15 + 27,734,956.8 x14 +

262,624,870.4 x13 - 101,777,612.8 x12 - 108,795,494.4 x11 +

56,141,632 x10 + 220,774.4 x9 - 221,379.2 x8 + 43.2 x6 =0

in which x = cos ¢ , where x was chosen to represent cos &« to sime-

plify the expressions, and has no relation to the x employed to re-

present the distance from source to screen.
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From the last equation it appears that x6 = cosba is a factor which
may be discarded, since cos a=# O . We have finally

(1) f£(x) = 62985.6 x14 + 597196.8 x13 + 597931.2 x12 - 5083143.2 x11

- 1740290.4 x10 + 14195404.8 x9 - 1733434.8 x8 - 16414054.4 x7

+ 6361100.8 x6 + 6799718.4 x5 - 3446352 x% - 13798.4 x3 + 13836.2 x2

- 2.7 = 0,

The arccosines of the roots of this equation may be critical points for
the function é{_ =ﬂx,¢(). Any possible real roots in the closed in-
tervalod =% %— are of importance; roots outside this interval are of
little or no practical significance.

Acoording to Budan's Theorem, successive derivatives f'(x) ,

£121 £ s 0 0 £ AL A 2] rvatiins
T+ A R A A ] 2
TEFF e A F T F T | 4
ol—lo|+ ==+ x|+ FF =+ k| 7

£ri(x) , f111(x) , » o o o f(n)(x) were obtained for f(x) and
evaluated for three significant wvalues of the argument given in the above
tabulation.

It appears that the number of real roots between x =0 and x =1 is
either five, three, or me. Between X = g and x = 1 , there may be
either two real roots or no real root. The result is ambiguous and re-
veals nothing more than the fact that there can be not more than two real
roots between .g and 1 . It will be noted that f£(0) and f£(1)

have opposite signs, hence f(x) = O has at least one real root between

these wvalues of the argument.
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It is possible to determine in this prohlem whether there are any
real roots of f(x) = O betweon _{i and 1 by noting the following.
An upper limit to the number of real roots of f(x) = 0 tetween a ani

.

b 1is ohtained, i we set

xzﬂ_ﬁ?_, fram which 3.= xX—a&
| + o ¢

and multirly f£(x) =09 ty (1+y)? , wherenpor Tescarkes' rule can he ar-
rlied 1o the resulting equation in y . For, wkem =z =a, v = 0, and
when x =t, y=>00 . Thuc, *%e uprer lirit to the muimber of real roots
is obtained for ¥ ranging from zero to infinity.

e proceed to expand f£(x) in pevers of (x-1) , wrich is equivalent te
s;mthetic division amlied o f£(x) . Tre origin is thererv transferred
to the point (1,0) . ™o ohtain a second equation, vhich is f(xy + h) =

f(x) , inwhich #, =1 and h =x - X, » The resnlting epmtion hes

the follovring form:

(2) 62,°50.6 x14 + 1,479,617.2 x1% + 14,000,713.2 x12 + 71,500,267.0 x11

[

+ 215,628,347.0 x10 + 401,803 278.0 x? + 4£7,625,364.8 x3 + 208,008, 020,4 x7

+ 87,810,107.8 x8 - 26,048,817.2 x5 - 28,147 808,56 x% - 20,023,876.4 x3

- 5,600,732.6 x2 - 138,502.2 x + 197,066.,9 = O .

Subsequent substitutions are simplified by considering roots between (.8
and 1 in the original function, which correspond to those btetween 0.2

and 0 in (2) . Again, a = O and b = 0.2 may be conveniently used in
2= 2 2
I+y

tion is:

, provided (2) 1is modified for x = -x . The resulting equa-



(3) 62,958.6 x14 - 1,478,617.2 x13 + 14,090,713.2 x12 - 71,590,267 x11
+ 216,628,347 x10 - 401,803,228 x9 + 462,626,364.8 x8 - 308,906,029.4 x7
+ 87,810,107.8 x8 + 26,948,817.2 x5 - 38,147,888.6 x4 + 20,023,876.4 x3

- 5,600,732.6 x2 + 138,508.2 x + 197,066.2 = O ,
Since X = -0‘—;-?-2:, substituting in (3) and multiplying by (1+y)",

we obtain the following equation, which is significant in the uniformity

of the signs of its coefficients.

(4) + 111,182.36 yl4 + 1,603,495.92 y13 + 772,347.24 y12 +
50,398,117.82 yl1 + 147,579,811.15 y10 + 312,700,908.21 y9 +
494,370,840.91 y8 + 592,328,500.50 y7 + 540,317,707.20 y8 +
373,256,922.54 y° + 192,101,766.37 y* + 71,364,918.88 y° +

18,069,179.91 y2 + 2,786,638.24 y + 197,066.9 = 0 ,

By Descartes' rule, there are no positive real roots of (4) , conse-
quently no real roots between =0.2 and O in (2) , and hence no real
roots tetween 0,8 and 1 in the original function (1) . For an angle
(-a) , the screen is symmetrical with respect to the equatorial plane,
and the analysis holds for negative angles within the same range. Thus,

there are no real maxima or minima for (;e in the interwvals

o< £ L5 -T-=x<o
The solution, sin a = 0, (p. 48) is the only critical wvalue within the
above limits, and as yet may represent a maximum, minimun, or point of
inflection in €£t.' That sin ¢ = 0 renders é:t a ninimum, may be
most conveniently shown by ewaluating it for @ somewhat greater than
and less than zero. To satisfy any doubt in the mind of the reader, this

conclusion may be confirmed by arplying the customary mathematical cri-

teria to the above analysis.
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Calculations for rminimum total error w'€f are given for reference.
1.

Since @ = 0 represents the angle for minimum error, ”-lft is

L)
determined for the conditions @ =90, n=5§5, =
The walue of x corresponding to @ =0 is x = 0,57577r .

Evaluatingm.mft , we have

. A §
by = 102768 L0

Since A, = 240.528 sq. in. for n = 5, therefore
h'ln t =OOOI748£

This value of 6: is the least wvalue for all angles from -30°to +SO?

gw_ )

Similar calculations for a =3 30: n=25, f— = 2 afford
s
gt =0.02.186 §,

For a« =% 5° -& =4, and n = 5, the following values of x
s

x=a.5‘74?z/z.
=/ ASs  _o,
Ce=torg31 4~ 0017498,

and ét obtain:

Thus, the position for minimum error,, ft corresponds to the source lo-

cated at the center of the sphere. The largest ft will obtain at ®30°

with no intermediate real critical points. These calculations based on

the analysis cover the conditions n = 5, &z L only. A like pro-
$s ¢

cedure mayv be extended to cover all practical values of n and >,
S5

if desired. For a given set of conditions, the per cent error will de-~

pend largely upon f = A

$ Ie

over the entire range of a for given .i

» whereas the wvariation in €t is small
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Error Due to Absorption of Reflected Light from Screen by Lamp Assermbly.

A reduction in window illumination is also caused by reflected
light from the screen being absorbed by the lamp assembly. The error
due to this absorption will vary with the surface exposed to reflected
light, and will depend upon the mean absorption factor for parts of the
assembly exposed to such reflected light. Although it will modify to
some extent the distance x for minimum total error és+ €t 9 , this
error will not permit x to fall below 0.4(l -d) . The practical
range for x will lie between 0.4(l-d) and 0.5(1-d) ; that is,

h = 0.4r to h = 0.5r . The 60" sphere was constructed with allowance
for h = 0.416r = 12,5" ., Again referring to Fig. 7, it is well to
keep in mind that within the range x = 0.4(1 -d) and x = 0.5(1-d)
with a = 30°, €w will be from four to nine times as effective com-
pared to 6 + Consequently, whenever possible, it will be necessary
to guard against strongly illuminating any portion of the sphere such
as in the neighborhood of Q which is hidden from the window opening
by the screen.

It is not permissible to allow the screen to approach the window
too closely even though the errors ewand 6, vary inversely with x'.'
As the screen approaches the window, the illuminated part of the wall
hidden from view by the screen increases very rapidly especially when
the screen is near the window. Thus, a large part of light from the
first reflection cannot reach the window except in the course of suc-
cessive reflections. The resultant decrease in window brightness in-

troduces an error which may not be negligitle.
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When determining the luminous output of a source, the screen

errors discussed in this work do not affect the final results in the

measure indicated. For, in calibrating the sphere for a given lamp

assembly, similar screen errors obtain. The actual error in any case

will be the difference of the two obtained for successive operation of

standard and test sources. Although this differerce is quite close to

gero in many instances, it is nevertheless essential to know what er-
rors are involved and to what extent they may affect the final results

in questionable cases.



DDCINY XD COTSTRUCTION

Pody of Cphere

The sphere, constructed in accordance with the requirements of
this thesis, is built of cast aluminum and made in sixteen sections as
per Detail To. 1. The master pa“tern made of aluminum is fashioned af-
ter a wood pettern constructed on the btasis of the dimensions on the
above detail. The aluninum used is alloyed with 1277 copper to give ri-
=idity to the consbtruction. These castings were poured with allowance
for one-sixteenth inch finish on surfaces irndicated on the blue print.
One casting of Detail To. 1 is converted into a door large enough to ad-
rit any cormrercial lighting unit consistent with the size of the sphere,
which measures sixty inches on the inside diamecter. The castings for-
ring the body of the sphere were machined, filed, and when assembled,
were ground along the inner contours to insure proper alignment. “Then

bolted together, they form the quarter-inch spherical hull.

Cover Plates

Upper and lower cover plates were cast of the same raterial as
per Detail Yo. 3, in order to provide for lamp asserblies normally sus-
pended and mounted vertically upright. The plates, cast in halves, were
bolted torether on a finished surface. The cover plate surfaces exposed
to light from the sphere, conform to the curvature of the latter. The
interior surface of castings forming the tody and cover plates was given
a light sand blast to prepare them for the inside finish described in a

subsequent statement.
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Sunrortine Framerork
Py ()

The sphere rests on a suprorting framework made of standard one-
half and one inch black wrought iron pipe welded together as per Detail
Yo. 12. Tlange plates welded to the risers and bent to conform to the
curvature of the sphere, are bolted to the body. The risers are nrovi-
ded with swivel hearing casters for easy movement of the photometer.

he pipe framework is fastened to the body in two similar constructions,

+3

ermitting the photometer to he senarated into vertical herispheres when

3

’
it is desired %o move it from one room to another. Although vertical,
the risers are amply spaced to give stability when the photometer is di-

vided.

The window opening of three and one-half inches diareter, coun-
ter bored to receive the diffusion glass, is formed by the aligrment of
two semi-circular openings in an upper and lower section respectively.
The center of the window lies in the horizontal plane throuzh the cen-
ter of the sphere and midway between the meridian flangzes. This loca-
tion of the window, althourh theoretically non-essential, makes it con-
venient to use the sphere in connection with almost any auxiliary photo-
metric devices. The cemter of the windowr arproximates 52 inches from
the floor level, a convenient heizht for the eye of the otserver in con-
ducting measurements. A diffusion glass cut to fit the counter tore is
held in nlace by a framewvorl: of steel bolted to the castings. Thin Vel-
lunioid gzaskets protect the glass from slifht irregularities in thke btear-

ing surfaces. It is essential that the surface of the glass exposed to
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incicent light from the sphere te rmatte. = surface disclosing any vis-
ible specular reflection would transmit varialle amounts of equal irci-
dert fluxes, depending upon the angle of incidence. Thus, light inci-
dert on the window would not te transmitted equally for all angles of
ircicerce tetwecn zero and nincty degrees. A matte surface exposed to
incident flux of uniform brightness will, if homoycneously translucert,
appear as a uniformly brisht disk from the outside, Such a surfoce dif-
fers somewhat in cdiffusing qualities from the srhere raint, btut will

transmit light more nearly equally for different angles of ircidence.

Screers and Screen Surrorts

In order that the incidernt flux on the windov preduce a surface
of uniform brightness, it is necessary to screen off all direct rays of
light from the source to the glass. The location of screens for minimum
total error was discussed at length in the theoretical treatment. A
screen rod of 5/&6" cold rolled stock rests in a bearing on the under
side of the sphere, and fits into a similar device located on a vertical
line atove. CScreens of sheet retal are provided and held in rlace on
the rod by setscrews.

The screen dimensions were obtained bty actual measurement and ob-

servation in the use of the largest “are lamp and lighting unit consis-

tent with the size of the sphere. Tre larpest screen will effectively

obscure ary direct light from a unit of 18" maxirum dimension. YNormally,

<

no lirht assemhlies exceeding 16" maxirum dirension will be under cor-

o

o

ces. The small one -rith transverse merlers serves for measurcrents on

sideration for test. Three screcns are provided for use with light sour-
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tare lamps. The rerainins tvo may be used when larr asserbly tests are

4

to be conducted. TI'lexitility ohta

%

(=0

ns through roteotion and axial adjust-

rent.,

A side assembly made us almost entirely of standard equipment
nrovides for measurement of bare lamps with hase dowm or up. Two stan-
dard kogul receptacles with adanters for medium lase larmps are comnec-
ted to a length cof curved conduit hi means of a suitable T unilet. The

«d

whole assembly is held rizidly in nlace *r locmuts crarm againsht stcel

face rlates on the snhere. The urrer and lorer assemblies, also con-

m

structed of standard equinrent excenrt for thre -ood bushing and steel

in the urrer cover plate casting, make it possible to use the pho-

rin S T

g
tometer for testirg liphting units. Current leads proiect from the un-
per assextly and are provided with insulated clips for read; connection
to larp terninals. Iach asserntly comrrises 2 current and rotentiul cir-

-

cuit trought out through starcard fittin;s and flexille conduit to a
terrinal toard rounted on the sunportinz frarework. The potertial leads
are tarred near the lamp receptacle in each case, in order to rinirize
the drop in votentizl throurh the rower circuit. The latter is amnly
¢irensioned with "o. 12 strancded coprer wire to tuke care of loads =2s

high as 16 amperes. =11 corrections to larp receptacles and Jjunctions

are solcdered to insure good contact.
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Irterier T'inish

“hen ready to assemtle, the irrer surface of te crhere vms

cr

vashed and cleaned with carlton tetraclhloride to rerove ar: rerairirg
rrease or oil througrh handlirg and machiring. Two coats of vhite shel-
lac were aprlied, alloved to cry, and sancded. Four coats of flat =hite
interior rairt form tle tasc for the finishing material, +which is a
svecial sphere paint used in the nhohtome:ric lahoratory of the United
Ctates Tureau ol Stancdards. Two coats of syhere raint were arrlied

£

with good results. The tect res:lts rarr te ontained bty sproring.  All
rerranent parts of the sphere such as screens and conduit assertlics

are lilevise finished in the ramer descrited. Letermination of tre

mean reflection factor ¥ of the firished interior is e rrotlem which
should te of interect to those conducting experirents il
reter. In addition to the arrlicatiens, it ray te well to cdeterrine
the reflection factor of the srhere paint and the dif

start,

Techrical Tata

e

The followving specifications are listed for reac; reference:

laterisl of Pody Cast Llurirum (1277 Cu)
Teizkt conrlete with lccesscries 525 pounds
Inside Diareter 60 inches
211 Thiclness %/4 inch
Center of Window to TF'loor level £2 incles

Zoor lcosurcrients “ridth, 23 inches; Length, 25-}/4 inctes
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Vaxirurm Teight G feet, 2 inches
L'axirur Diameter 66 "
Diereter of Diffusion Glass 4 "
Diameter of “Tindow 3-1/2 "
"Tall Poirt Sonneborn Flat "Thite Interior Paint
Sphere Paint Special Reflecting hite Paint lanufactured by

Benjarmin loore & Company, New York City
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The method emrlered in rmeessurirg the lunrinous outrut of a lamp
or lirhting unit will depencd uron the relative size and reflection co-
efficient of the test unit compaured to these quantities when referred
to the sphere. Comrercial illurinants ma:- be subdiviced irto two ren-

a2l classes in nccordance with the above; viz., hare lamps and light-
ing units, the latter including all larp asserhlies for refllecting, re-
ard ¢iffusing recdia exemplified by the wvariety of semi- and

fractirg,

totally inclosinz types on the marlet.

All present corrercial bare lamps are srmall compered to the 60"
srhere; consequently, one routine t:me of measurement vill, in the ra-
Jority of cases, satisfy requirements. The mean reflection factor of
such lamps is quite high. It was shown that the illurination at the

window is diminished by an amount AER due to the presence o a non-

lurinous diffusely reflectinr bodr ¥ screened frem 211 dircet light,

7here A E ‘ {

-4JS |~ !
)} | + (=4S

Llthough the lamp rerreserts the source of light, the enclosir class
& ? [ &3

s

acts as a non-luriinous tody for diffusely reflected light. If we in-
terpret ku as thie mean reflection factor of the glass, the analysis
rev te extended to cover this canse. The window illunmiration decreases
in tle ratio | + l . I

—‘) = AL
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and the constant of the sphere, if expressed to vary inversely as L.,

will ircrease in * ¢ reciprocal ratin. The per c<nt ircrcase in K is

given by AK —

/. + /00 7,
- S °
=47

"Men this is less than unity, the e¢.’ect of the lar» i1s nezlipible, for

the error in ¥ 1is less than one per cent. The ratio-i%—is sufficiently

large for a 60" sphere to render AK< /. :narransement for photoreter-

ig. 9

The side conduit assenbly provides

o]
.

irng tare lamps is shown in Tig.

for bare lamp neasurements. It is advisable to use the substitution

method wherety the calitrated lamp, which may be either a primary or

secondary standard, is mounted in the side assembly in the same position

as that deranded hir the test lamp for normal oreration. A reading is ob-

tained with the comparison lamp on the photoreter bench. The calitrated

lanp is then replaced by the test lamp, and a second reading is obtained
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for balance of test lamp against comparison lamp. It is not necessary
to know the candle power of the comparison lamp, btut it is essential to
operate this lamp at a constant voltage either equal to or somewhat less
than its rated voltage. Operatirg it at values in excess of its rated
voltare causes undue filarent deterioration and attendant variations in
lurniinous intensity. The position of the screen remains fixed throughout

2. E S

this procecdure. The formulation whereby the lurinous output of the test

lamp obtains is as follows: L na

.
’s = 9%. t,a.(qi.
4

This result is rendily deduced ty referring to I'ig. S. Let IS
and I denote the intensities of standard and test sources respectivel;;
in this case, thc candle powers of the -7indow as viewed from P. Let 4
and B bte as shown in the figure when the standard lamp is lighted.
and B, will converiently represent the distances involved when

Then A.

he standard .u.p is replace? by the test source. We have

& A o L _ A

I. A fc 4;
= A, _8
la /41

z K¢ ond IS = K% ,
g4 . &
¢ é alz ﬂt

~

Therefore,

o

herce
In addition to following the "Gubstitution lethod" in order to
reduce the probatle errors in splere photometry, the procecdure to be

described under "Lemp aAssemblies" ray be arnlied to tare lamp rmeasure-
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rents with even greater reduction in error and less huardling of lamns.

tare lamps, it tccomes neces-

o

“hen sraller spreres are used for -

sarys to have availatle a large suprly of standardized larmrs of wariou

.

5izes and 4mes similar to those which are to te submitted to test. Tor

€]

instance, 1if it were desired %to concduct tests on frosted lamps in one of
the smaller spheres, standardized frosted lamns rust te provided., Clea
cas-filled 150 watt lamns would require a clear gas-filled 150 wmtt stan-

ardized lampe. This impracticability is reroved by conducting teshts with

£y

o

srheres 70 inches in dinmeter or greater. Tlhe error involved by using

ore or prohatlw two stundardized lamps to cover all comrercial sizes and

tvpes, is ncrlipible for a sixby-inch stheres The shandard and test
o ’ < [ . <
larmns can occury rositions in the sphere sirulianeously. They can te

operated ~with base up or dowm according to design. The stancard remains
in the sphere, trus requiring no further handlinge Lamps for testing are
ntroduced irto tlte sphere in succession, and readings tallen. Jbsorption
due to glass and lamr tases is comrensated for in this procedure. The
test larmp» output is again calculated as described above; namely,
2 a
s B8 A*
“then the set of lamps under test are alike, the absorption is

2
practically constant, hence ’ltls a consbant, and it will not be neces-

sary to checl this ratio for each lamp. “Then the lamps tested in suc-
cession differ -videly, readings for A and B are followed by those
for ;1 and Bl for each lampe. o further hardlin; of the standard-

ized lamp is necessary after insertion in its place in the srliere, un-

til tests are comnleted.
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Lamn .ssemblies

Tearly all lamp assemblies absorb sufficient light to render
4/(2 /. Calibration and tests on larmp assermtlies cannot be conduc-

ted in ithe manner described urder '

'"are Lamps" without introducing an
apnreciatle error. Then dealing with a lighting unit whose . £. C. T
or totzl luninous output is desired, it is custorar:s to insert the unit
and standard l=mp in the sphere simultaneously. Consider, for exnnmple,
a suspension trpe vhich wrould norrnally te hung from the ceiling. It is
converiently located along the vertical axis of the sphere and directly
over the calibrnted lamp rounted along the same axis Throu~h the open-
inz at the bottom. ™ith the test unit on oren circuit, the spherc is
calibrated first. Under these conditions, the trightness of the wrindow
is a neasure of the relative absorptiorn in the sphere when the test unit

is lighted. Cpeninrg the standard lamp circuit and closing that of the

03

test lamp, ancther btrightness reading is obtained for the window. The
two readings thus obtained, rlus the knorm luminous output of the stan-
card lamp, enable one to compute readily the luminous outrut of the test
urit. The arrangerent is shorm in Fiz. 10. Separate screens are pro-
vided for toth test and standard larps. The screens are located paral-
lel to the vertical axis of the srvhere. This simplifies the adjiustment,
since both screens are conveniently raised or lovered along a com:on
screen support. TFig. 10 also discloses a small screen s' placed so

as to intercept the rays of light fron Ll to L. This refinement
should e considered when the intensity of illurmination of L1 in the
direction of LlL is reasonably pronounced, and when the surface area

of L exposed to rays from L, 1is large. “Thether the auxiliary screen

1



s'! shall be employed in testing lamp assemblies will depend upon the

L]

distance LlL, the intensity of Ll in the direction LlL, the surface
. |

area of L exposed to direct light from Ll’ and the coefficient of ab-

-

sorption of L. Careful consideration of these factors will in each ca-
se determine the advisability of using s'. Generally, however, when the

. . n . il e
diameter of the sphere is 60" or greater, the use of s' will be limited.

U/ 1)
e

D

In the avent that s!' should be called into service, it will be neces-
sary to determine the luminous output of the aggregate; namely, Ll pro-

vided with s'. This is accomplished by comparing the aggregate with a
well calibrated bare lamp, which is equivalent to calibrating the com-
bination Lls'. Knowing the luminous flux emitted by Lls', tests are
made in the manner described above. Lquations (1) and (2) page 4Q
serve as a check on the probable screen errors CiS and f:'vin any par-

ticular lamp assembly test.
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Use of Sphere vithout Diffusion Glass Window

It is desirable to have one or more diffusing glasses available
to replace an impaired or broken glass. To meet the contingency in the
event breakage occurs during a period of continued tests, it is possible
to operate the sphere without the diffusing glass. A slight, temporary
change in design will readily solve the problem. Remove the existing

1

screen rod with its screens. The resulting recesses in the wall of the

sphere may be filled with dry, white blotting paper tightly wrapped to

fit the holes. Locate points vy and AL symnetrically with respect

to Wy and Wo s and press rubber vacuun bushings coated with sphere
paint into place with centers at v and v, as indicated in Fig. 1ll.

Insert screen rod into the rubber bearings. The rubber bushings must

be sufficiently rigid to hold rod and screens in normal vertical posi-

ct

ion; hence, the rubber should be only mildly flexible. When determin-

ing the luminous output of lamp units in this mamer, it is self-evident

that a screen must be employed whose dimensions will not obstruct the

bright spot on the wall of the sphere diametrically opposite the window
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openinc. The screen should be as sr2ll as possible in keeving with min-

ufficiently larce so that ro portion of

C’)

imun screen atsorption, ard et

the field of view in the phobtometer head is illunminated by once reflec-

ted lisht coming from the wall opposite the window. In othter words, for

[

)

all rossible positions of the photorieter head over the orerating range
the ficld must bte illuminated by diffusely reflected lizht emanating

from that portion of the sthere screened from the direct rays of

1%

the source. The screcen surrort has a fixed location relative to VV!

1

for minimum screen error; the adjustrment is attained by modifyins the

1

size of the screen, the range of the photometer hend, or both. The area

of uniform brightness GlG? now tecomes the test source. leasurements,
including calibration, follow in exactly the same mammer as outlined for
the photometer equirvned with diffusirz glass. It is at once aprarent

+ T - 1 3 B AACE | = ﬂ- = m
that L canrot occuny all positions along VV from « —-g-to c=-==g"
This constructional restriction is rinimized when rhotometering bhare

L N4

Yensurerent of Transmiscion ard

Reflection Coefficients for Diffusirgs Medin

Diffusing media play an imvortant role in =~ wariet;” of larn ac-
cessories used to overcome plare and produce the soft shadows and gen-
erally rleasing effect characteristic of many types of direct and sermi-
indirect units. The latter not only dirinish the 1lirht, but scatter the
flux in such a manner as to produce much the same effect 25 obtained from
a diffusely reflecting surfuce. The srhere photometer can *e used con-

veniently to deternine the coefficient of transmiscion of cdiffusing medin,

ince the srhere can be relied uron to integrate the effect produced by

&



these suhstances. e begin by measwing the total lumens of a source
without the diffusing unit. Then the source is enclosed ty the diffu-
sing gloss, and the readings obitained for balance of window and compa=-
rison lamp enable one to obtain the total lunmens of source with diffu-
sing bowl. The ratio of flux thus ottained to the *are lamp flux is the
coefficient of transrission. In casc the bowrl does not completely sur-
round or enclose the source, the ahove ratio still represents thre avernce
transmission factor, since ¢I=];w=—¢w.
Hr

In order to ohtain the diffuse reflection factor, one mny utilize
the circular opening at the top of the sphere to admit lizht from an ex-~
terior source. If this flux be measured with the aid of a convenient
standard lamp, and then allowed to f211 upon a plane specimen of the dif-
fusely reflecting material arranced at any desired angle within the
sphere, a second measurenent will enable one to compute the flux reflec-
ted and the coefficient of diffused reflection for the given angle of

incidence. The reflecting mecdium here functions simultaneously as sour=-

ce and screen.

Reflection FPactor of Snhere Paint and

Transrission Coefficient of Diffusion Glass Wirndow

It was showm in the discussion of the theory of the svhere that

the constant is }(: ‘;’ = /' } . If ¢ is a mom flux fron a
%4
carefully ealibrated lamp, and Iw is balanced against a lnowm inten-

sity Ic of a comparison lamp, then I, the constant of the sphere, is

determined. The constant nay be expressed in a sanewhat different form.
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K=5 = 4F

KI=KI4W= = £adur

__ b £ /_ 1

E= R T 2£pr
£S oS

£ = :r/o1+/(,5‘ P"f"f‘LS

1,
.4 = —wL for T=/ (ro diffusion glass)

#pt +1.S

Thus, the reflection factor of thre srhere painrt rmay te o“tained

from nmeasurements of sphere constant X' without diffusion glass and

the radii r and.jo of sphere and window respectively. The source of
Imovm lurens ¢5 ust be screened so that no direct rays will fall upon
the part of the sphere wull opnosite the window and visible to the oh-

scrver stationed at the photometer head. If this precaution is not talen,

the brightrness of that portion of the sphere will be ron-uriform due to
he component of direct illumination from the source which follows the

rhotoretric distribution curve. The reflecction factor thus obttained,

lJ

howrever, will not hte ttre true coefficient for the wnll point, since the
irmer surface of the window will generally reflect dififerently than the
paint. The result for k will be sufficiently accurate for practical
corsiderations. Since k is independent of T, reasurerment of ¥' nmax
be rade with the window in place and T comruted from lmom valucs of

the constants.

duxiliary Equiprent

The srhere photometer can be used with any of the modern equip-

ment desizned to rmeasure lurinous irtensity, brightness, or illurination.
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Sharp-iillar photoreter, the l'acbeth illurinoreter, an? the e
rhotoneter are well adapted to sphere photoretry. The Weston Fhotronic
Cell, if calibrated to read in foot-cardles, rav te used to reasure thre
illurination produced on the sensitized disc ty the windowr orenins in
the sphere. Due to the fact that certain rarits of the srectrum of the
illurmination rroduced ty the window affect the cell and ere differently,
the cell can te relied uron eorly when used to reasure li~ht of the sare

ion rar te

CI‘

haracter for which tlie cell wms standardized. This lirita
overcore bt the use of color filters, whereby a piven source of rild
color tore mar be made to recister tre illurination on the disc ~vhich

turn is prorortional to the luminous outvut of the source.

“nflnf“ﬁes of tme Srhcre Throtomet er

S

To derive all of its rnoscitle adventnges, certain care in hand-
the srhere must te closely observed, Since all narts of the spher-
ical shell are nore or less in tension, it is reconmended not to sera-

rate the sphere into urrer ard lovrer hemispheres, in order to preserve

nrent at the window. "Then necessary Lc¢ separate the spiere irto

10

the ali
hemispheres preparateory to making a chorge in location, the contour a-

long tre plore of seroration should be refinished vith sphere raint af-

visal:le to clieck the coustant of the sthere Telore

L

ter asserblr. It is a
and after movinz, using the sare standard toth times. The srhere paint
conting will tecorme soiled ard discolored with aze and should le reneved.

1 should te cleaned with carbon tetrachloride and

(]
)
[
3
e
[&]

If soilec, %!
given a light cont of srhere raint. If clean but discolored, it is suf-

ficient to annly one coat of snhere maint. The uprer and lowver conduif
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assentlies nar” be refinisred outside the snhere,

79

ms

e side assertly can

bte renoved and rainted, tut a sirpler procedure is to refinish it in ro-

sition

, taking care Lo mrotect the adiacent surfaces fror strar paint.

Come advantopes in the use of the sphere rhotometer are:

1.

Simrlicity in construction,
Limited adjustment of parts.

thsence of flicler cdue to rotation of lamps.

zlimination of brealage due to rotation of lanipse.
jse not confined to dark rocme.

Greater accuracy than other t:pes of integrating

rrhotor.eters.
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CALIBRATION

As previously described, the constant of the sphere will depend
upon the nature of the interior finish, and is affected by the presence

of light absorbing surfaces.

It was shown that the constant may be expressed in various forms.

It is convenient, when using the bar photometer, to standardize the

sphere in terms of candles per lumen; that is, candle power of window

per lumen output of source.

The 60" sphere was standardized using a two meter bar photometer.
A fixed point near the left end of the latter was set at a distance of

60 centimeters from the surface of the window. See Fig. 12.
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Notes and Data

Stendard Lamp. Std.
Tungsten Filament, B. S. No. 3264, standardized base up by the
United States Bureau of Standards.
Volts 105.0
Amperes 4,227

Lumens 8040

Comparison Lamp. C.

Vacuum Tungsten Standard Lamp, B. S. No. 4772, E.T.L. 5452,
standardized by the United States Bureau of Standards tip up

and stationary.

Volts 109.0
Amperes 0,350
Candles 33.8

The above figure, 33.8, represents the candle power in the direction
normal to the screen in the Lummer and Brodhun photometer head.

The sphere was standardized with upper conduit assembly removed,
top closed, lower conduit assembly in place, and wall finished with one
coat of sphere paint. The diffusion glass was used as furnished by

Leeds and Northrup Company.



82

Photometer Bench Readings.

A A Std. <

82.7 en. 82.8 cm. E = 105 Volts E = 109 Volts
84,1 " g1.8 " I =4,24 Amps. I = 0.358 Amp.
81,7 " 81.5 "

gl.6 " 82.6 "

82,3 " 81.0 "

82.4 " 81.0 "

82.6 " 82.6 "

82.5 "

The mean value for A from the table is A = 82.21 cme.

Calculations
o _ _A*
Te = (260-A)™
=I_A*
L=l (2¢0 -A)*

/ fnu_.te. A‘

$  F (20-A)"

Y
Y ; ﬁfz"") = _0-00089 candles per lumen.
8o¢o (260 -8221)
Iy 722 0.116 candles
= = =, per sq. cme.
b A.  G2.07

'bw = 0,36442 lamberts = 364.42 millilamberts

_ 4 _ goyo _
ML_M =2 =6¢39,8+ c.p.
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The discrepancy in the current readings is due in part to the current
E

taken by the voltmeters, L" = —é-v , 85 well as to slight variations
in effecting the scale readings.

The constant of the sphere for the conditions above described
is K' = 0.,00089 candles per lumen,

Calibration curves for the sphere may be obtained with various
sizes and types of bare lamps. As pointed out in a previous discussion,
however, the variation in K' will be neglizible when conducting tests
on such lamps in the larger spheres. It is advisable to check K' when

measuring the luminous output of lighting units having an appreciable

absorption.
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