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INTRCDCTIODN
In the years cof 1815-138 Fresnel orooounded tc tie French
Acadeny oI Sciences i.is theory of cifrraction, supported ty suca
conclusive experimental evidence that tl:e intervening yvears Lave
resulted in mere matheuaticel elaucration of kis fundamental con-
cepts and but lit<le (unn titative investiintion of nis exneriuental
evidence.l Because of tiie non-eristence cf apsaratus cavactle of

measuring the disvricution of tae enery s in tue patterns wailch he

—

studied, Fresnel was liiited to a visunl coservation of tie lccation

of the axiza and minima., Toe only guelitative measureasents to

o

wiich any reference nhins been found were reported T Lvaan oI Harvard

University in 1229.2 His metlicd consisted of piotocr

cranning a
straiznt edye cdiffraction patiern and measurin: it wita a micro-
photometer. Tae exposwre-density curve of tihe puotozredhic plate
was made at tlhie sare time and frcoca it tihe micropaontoneter trace was
corrected to sive tie actual distrivuation of the light intersity.
He recorcds only tie intensity ratios of succeeding maxiama, wilcn
ciueck ti.e tlecretical values witliin nis estimated prokable error

of U,




In conrection with the construction ol ap.aratus for tie

S

measureaent of very faint 11.ht, wihich was ¢done in the Fhysics
Departuent of the ilchijan State Collese during tie swuser of 1337,
it was thousut wortiowihile to attemdt a direct measurement of the
energy distritution tarowncut a diffraction nattern. For tai
purpose tne difiraction pattern due tc a sinle narrow slit was
caosen. In tle single slit pattern used the invensity of illuunina-
tion at tue Tirst ainiamwa 1s acous 2 X lO"5 tiues the intensity of
the first ainimuan of a straiglit edre pattern vroduced oy tie same

optical systea., A tyoical straisnt ed,e oattern is shown ia Fig, 1.

Fig. 1. Photozrash ol a single narrow slit
Zif‘raction »2attern.
ZARATTS

Ti:e patiern was oprodaced by a single narrow slit, approxi-
mately 0.025 centimeters wide, and was neasured at a distance of
204k.0t .5 cus. Fron tue slit. There is considerable possitle
error in the widtih of tiie slit given vecause, due to a mulitiplicity
of arms and levers in 1its construction, there was an unknown amount
of springing wihen 1t was clasped dovm on tiie sheet of celluloicd
wirich was used for a tiiickness gause. A more accurate value vwes
calcalatec from o:servecd data.

Tie slit wae fastened at one end of a 1ligiit tint wocden

4 e

bex, two meters long, andé finisied a dull ©tlack insicde. AT the cther
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end was mounted the ap aratus for measuring tie lizht intensity.
An optical cdiagrnu is shown in Fig., 2. Unfortuwately tzere was no
source of wmonochro.atic 1ifht aveilaile of sufficlient intensity to
perait the measurcaenss to we aace and perforce a tun's
used. Cornin, Ffilters G34Y ard Diciuizs (now nmualers 251 an’ 5102
resoectively) were used to isolate a vortion of tl.e continuous s3zec—

tran esitted by tie ta sten. The laap wos a Testir, house 107 watt

O

orojection laup of the riboon filament variet:r., Tie ritton, 0,001
inches tuhicx according to tie manufacturers, vno turned ecdiewise to
the slit to apuroxinate a point source, or in this case a line
source aaxd vas 102.0 & L cus. Froa tie diffrectinge slit.

re 1li;ht sensitive eleanent of tlie apoaratus was a Visi-

T R
tron tyoe 53-AV vaciwa paotoelectric cell. Tiiis troue of cell 1s in
con.uon co.aercial use ana hiee well known charactveristics. It cen-
sists ¢f a cesiui coated sesi-circitar vlete ©/3 inch in diameter
and 1 inch long. A szall comcerntiric wire woen usade nositive with

"

Tes v ae

U

ect to tie plave, collects ti.e siotoelectroms esnitted oy
cesiwa. Immecdiatelr in front of tre @ll was a slit, 2.5 vy 02 c.s. |

4

nvarallel to tie édiffractiny slit. The oosition o

such tlLat the lizlt couing throuwsl the slit alwars it on tlie sensi-
tive surince. A Genernl Electric tvpe FP=54 electiroreter

4
v

cowled directly to tie pi.otoelectiric cell and ves uvsed for tier:ii-
onic a.xplificavion of tl.e current flowin: through tle pnctoelectric
cell. Tuis tute wes placed with the nhotoelectric cell in a copper

<+

tox. Tne wiole wros nounted on a rnovatle ted in such a fasi:ion trat

m

tiie rotati-n of a screw woulcd move tle li-0it vatierin systen across

tiie pattern in a direction serpendicilar tc tle tic axis and also




Z 9

W31SAS WIILdO 40 M3IA dO1

Y3ISITANY
GNVY 113D 111s dois Yainsd  dWv




to the frinzes.
w..icr acconts
neasuregsent in

interser valies

at a tiwme are very
acdition to ©..e

cualoride dryinsy

te tvave Iilace

tics to facilit

It as a low 1

"

nich stavility
to cha
the formation o
Teatures of tii

Tilarent and

ance btetweesn the

effect of the conzrol

the negat

current Ilowing

in tiie currens
explained kv a

electrons e..it

nges in T

tihe contrul ;ricd

wvotential with

ive pote:rtial of

ted from the filnauent)., Tiois Texavior was

Tiie pitcl of <le screw vas iwenty tireacs ser inch,

tals one

hES - e 3 M A~ 3 4 - 3 - 3 ~
foer Tt ap.arent inconsistcner ¢f enpressing

incies at soue places in thls paper. XFowever, tle
wiicl: res lted from munlins one revaolition <f the screy

ell, were a Uiss relttery, a caloiun
tute, and an oyague s.ield to prevent 1lijut frea

At Iron reacniny tae cell., Conrections froa tle

a contrcl Dox were .acde t.rTowy a shielded flexitle
wse FP-SL tuve is cesipmed witlh special characteris—

ate toe auslification of extremel:r saall currents.

1a.en’d rature vhiclh: corntrivcutes o

winile its low olate ootentinl ives hi-h sencsitivity
ae potential of the srid. Tie latter also prevents

tute. Tro aniagu
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T any ;as

s tucte are ite sooce cuarge locate? vetween the

onmic resist-

crid and tiie ovier elelents the tuve. Tie

»Tic¢ on the space charse ¢rid is t.e besis

- circ:it. 7.en the sonce ch.ar e rid 1is

resuect to tie filauent, a cdecrease cf

t.e control .rid causes a cdecrcasse in the

O

in the space crid circait and an incrense

flowin;s throwh the plate circuit. (Tuis is easily

consigeration of tIe electrostatic Iscrces actins

anplied
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by DW3Bric;e and Brown,3 wao, acdapting a cire:it develooed oy Soller
nave bullts the tute into a sort of a lYieavtevone Ttri;e circiit, tue
essentials oI wilch are siovwn 1a Fi;. 3.

In thls circuit tie Dlate end sdace cliare orid ol the
tuoe are in cososite arus of a Waieatstone Tricde. As entioned
atove, a change in the ;rid bias ciarns tie resistence ol tese Two
elezents of tie tive in opinsitie serses, ftios mbalancin: the
vridre. Scme 1dea of the senmsitivits of ti.is ¢.ster mar Te owtainec

F - s - 4 - . : e e - v T
from trne fact that a cheante of ;rid potent

-
~ T A T Ao B <
'_:'1']. oL ore LU0 ST e G2

a volt ynve a alvartcaeter ceflection of approxiuately cne 2illi

aiperes. A Tid veltnse chance, Lowever, is not the ony variable
whaich will untalance te oridoe. Anv variation in filement current

a1

will cdisturt the two brancues and upset tle valonce. The ioorfact

‘egulation cf all coiwon source
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acdcoyvicn of a series perallel ccucinmtion of 72 Cry cells arraniec

to ive 12 volt.:e Even tiis coulinntion couid ncov mointain its
terainal veoluepe at tl.e wedest current crain of 72 xzilliauperes

Tie aaount of tuis drop is shown in Fio. U,

0,
s

Ti:e tricd e circiit is ad.iraivlr efanted Tor coapensatin

aq

Tor tais s.uall voltae ciange and the resultant chance in Filaaent

ealseion. Referrin: to Figz. 3, it will Te readily seen that waen

e v

taere is no current Flowins throusl the alvanosetor

IQ Rp = IS RS (1—)

wiere viae suuscrionts refer to the Dlate series resisiance and tue

ct

[

[ 4
evace charse i rid series raesisinnce rescectively T.e erffect

- 3 -l

O

T a

}-

caainge of Tilauent current on the plate and soace clerie ~rid curr-—

ents is shown in Table I and Fig. 5. Yow if the pgalvemometer is to
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resain undisturted by a variation in filament curvent (Ir), all
other veltnies reuaining constant, we mast ave tie condl

filled 8lso tihat

sent carrent at waich tne tar.ents to the curves in Fiz. 5 nave the

(¢
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ct
¢}
m
L]
-3
%
H
n

sa:xe ratio as the will occcur wi.en tie tan ents to
tae two curves inversect on tie If axis. With tie operatin: cata
given in Fig. 5 tiie progser filament current wvculd be sliintly less

than &0 miliiaaperes., Since tue curves are relatively flat, for

ccanzes in filauent current up to atout one Dercent the curve and
its tan ent are essentially tue saue snd variaticons orf filauent

current up to T.is liuit will have 1ittle eflect upon the talanced
circuit. Tals elininates ore of tre wost trodilesone cifficilties
encountered in t.ue amdlification of suall cdirect currents, In Inct,
witn the conventional aunlifier circuits tihie drift of tue palvano;
mever was so renicd as to prevont anv atiendst to use the circuits
exderizentally. It wi it be noted here also tiuat tiiis compensation
is effective for gracual cuanies viiclh occur in tre emissive clarac-
teristics of tae filasent. Tnis is of esoecial ivcrvance in pro-
tlens vihicu reqiire a censicferavle intevvel of time to elapgse ve-
tween thie initial and Tirnel readin. s,

Tre operation of the apparatus is easily seen froa Fig. 6.
Tre filament current 1s determined Ty Ry. Rp acdjusts tie potential
on tie plate and on t.e space camrce prid. Rg and Rp are tne two
exvernal aras of the tricdge as previously nentlored. Ry i1s for tlhe

<

ourvose of apul:-ing e correct povential Tc tie space caaryge rid,




-

R, controls tue sensitivity of tie calvanometer. Rg wAs Tor the

purpose of annliing a fixed tias to the control srid vat was not
used. Rgj is used to set the voltale across the ceoterntiometer to
the proper voltasge to meke it direct readins in volts.,

To set tlie aponaratus in operation tue cornstents are set
at their apsroxiazaie values (Fic, 3). For tiis inforuation ard
much excellent advice, crecit :aust e ~iven to 2 very thorousnh paper
on taerasicnic aaplifiers - HacDonald.5 ATter vein: allowed an hour
or so of varaing un ve enatle tie teuperature distri zation in the
FP-5L to reach a steadr statve tle ay .arstus is ready “or acjust-
mant, For the preliuinary adjustaents the galvanoanetrr is rellaced

[N

oy a nlcroanaeter. First Ry

&

[
9]

set for zmero currert throuw:u the
meter., Tae filaazent current is tnan varied sli:ztly by mneans of Rl,
winich will 'moalance the svstem unless, as 1s very seldon the case,
the systen happens to ve acdjusted to fulfill the conditions outlined
reviosly for the couoensation of tue valance with respect to the
filament current crances. The circuilt is retalanced by another agd-
jastiment of RD. Tris prccess is repeated asain and arain "mtil a
value for Rp and Ry is found for which the circuit is balarcecd and
remalns taat war even for slignt wvariations of Ry. The alvanocmeter
is then returned to the circult and a final adjustment of the

systen is made., Tue circult will now e sensitive only to variatiors
of the potential on the contrcl {rid and is ready for operatiocon.

In the orid circuit the oiotoeleciric cell, a suall

vattery, and the poteuticmeter are placed in series and conrected
to the orid and ground or filament. Preliminerr work was done with

. s ‘o 12 . s
a conventional Xigh resistance, 107° ol.as or reater, connected
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-9-
from the control srid to the negative Post of tne 4.5 volt tattery.

The voltage across tnis resistor depencds linearly, if Ohm's law

nolds, upon the pnotoelectric current and rence is a function of

the illumination. It was found in this particular set-upn, however,

that the reamoval of this resistor improved the operation and sensi-

tivity of the amplifier. The acturl Tenravior of the srid circuit

is as follows: An irnsulated 7rid in a vacuum tube will reacah an

equilibriun cotential, negative, wiich repels all further electrons

enitted rom tie filauent, or, if there is scae current lenskare, the

electrons whica do reaci tine grid carrr the same charce as lealks

off during the interval of time corsidered. In this circuit the

pnotoelectric cell has & dark curreat which, altrhouzh under ordinary
apolications is nesligible, is of consideratle masnitiacde couapared

to the true photoelectric currents reing measured. (Information

supvlied vy Dr. G. K. Green of thie University of Illinois). This

current caused the difficultv with the resistors in tie circuiit.
The current was so larze thiat practically the entire volta~e of the

vattery was across tine resistance at zero illumination, leavinz no

-

additional potential available to Le imdressed upon tire rrid. With

the resistor removed, tiie action cdepencds unon ti.e variation of the
b B N

dark current and ti.e piaotceleciric current with the voltaze across

the cell., Tiis variation of currert wit'.

voltase is shown raphic-

ally in Fig. 7. 1\ien the cell is illuainated there is an increase

in the current flowing tirouch the cell, his effectively cdecreases

the potential of tlhe =rid by dreining off charce faster than it

cones on frou the filament. Tae chense of ¢rid sotential, of course,

*

unbalances the bridge and there is a galwvanouzeter édeflection. The
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-10-
galvanometer can te returned to zero only bty returning the :rid to
its orizinal potential wiich in turn can te done only by restoring
the current flowing froa the grid through the cell to its orisinal

value, By means of tlue potentiometer an EVF opposing tae T.F of the

—

t'

L.5 volt vattery is introcduced into the circuit. Thais lowering of

L~
L

ae potential across the photoelectric cell recduces t..e sensitivity
of ti:e cell until trne original condition is reacuiied at wiica time

-

the voltere introduaced 1is road

rectly froa tl° votenticmeter scale.
Tlie aaplifier vas used as a null instruuent in which the
galveanometer reading and hence thae control srid voltage were xept
constant and tie intensity readinss were mace froa the potential
reguired at the potentiocmeter to kxeep tue vridze circult talanced.
It was possible with this syctea to use tie uwost sensitive galvan-
ometer availavle, a Leeds and Norturun tvpe H5-2290 wnich has a
specified sersitivity of 10"1l auaveres o2er millimeter atv a scale
cistance o0: one neter. T.ie nechiarical sensitivity of the instrumnent
was so ¢reat tiat it was necessary to mount it on a snelf attacned
directly to tue lLeavy foundation of tihe buildin: in order to elinin-
ate a consiant meczanical vitration of such marsnituce that the scale
could not Te read. Residual vibreations werc furtier danaped Ty
setting the galvanoueter on a Lieavy iron disc suvported ©vr sponie
ructcer pads. Tiie solicdity of this mournting mace possitle a rather

-

longy optical ara, about four meters, waich was the maxiawn lencth

ocssivle in tne room. At tihis cdistance a2 cuanie in potential of
re thousandti of & volt on the control orid caused a deflection of

avout one millizeter on tie galvancueter scale w.ich was aujdle to

Permit the potentioneter to te read to tio.saniths of a velt.,. Th
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Calitration Of The Protoelectric Cell and Axplifier
The inverse square lav was anulied for calivratinsn of the
photoelectric cell and %l.e asscciated zudlifier, An opticel tenci
was set up in front of tle cdiffraction slit, which was onened to its
full wicth wiere it .2d no effect. On the wench a lizht source vas

placed. Tuis consisted cof
thicknesses of t Pewriting

an aascuobile heacdlanp encased in tvo

po.cer to

make it

a qlf78e source

and to
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cut down its intensity. Tuils wee wrepred witih opague taje except for

I
L_)

-

a sizall area of atout cne two hrancdredtn of o BQiware inch viich served
as the source. irectly in front of this were nlaced the sane fil-
ters as were used with the lignt source for the diffracticn patternm.
e source and filters were arranced for cenvenient wmcticn alony

the optical vench. Petentiometer reacdin:s were toxen for varicus
positions of tie source »n tohe ontical Tench. Tre area of the source
and nence its inteunsity, was then ciranied and a new set of readings
nade. Four overlappin: sets of data were taken in orcder to cover
the necessarv ranse of intensities. Tzese data are recorded in
Table II. Taey are pnlctted in Fiz., 2. From this fizure tile cou-

~

paraitive intersities of the scurces were obtalnen. Since a given
potentiometer readin- iandicates a particular irtensity of illuaina-
tion on the cell it is pcssibtle to equate tiie intensities cf illuai-
ration prodiced bv two of the sources in Fig. 9 wien ther drodace
ecual potentiometer readin's., By means c¢f this Fisure and the in-

verse square law tiue followin: relationsnhips Totween tle intensities

o the four sources can e ovinined:

1

(
IIII = ( 231-32/373-53) III
Ity = (
I stendiny for intensity and the Romen suvscriots for the nuater of
.the source ad in Tatle III and Fig. 9.. These relotionships are
acequate for the cnuparative mersuarecents in viich we are irterested

order to lLiave an icea of the order ol ua nituace involved,

O
o
ct
3

& cruce guentitative weasureient of tae intencitr of scurce I was

r ~ - . | " ~ .. b
wace. Because tuhe intensity of tuis source vas too suall to e
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read on an ordinary illumination meter, an interzediate standard
was necessary. For this purpose an orcinary candle was cuosgen,
It zave an illuaination of seven foot candles wuen ten cus. from
the illumination meter wiich corresponds to an intersity of .75
candles for the candle. Tiiis vnlue is sutject to on error cf aktout
Lg due to deviations froa the inverse snuare law at this disteonce
tecause of the finite sire of tiie Lhotvoveltialc cell of tie wmeter
an¢ of the flame of tie candle.

Source I wns toen comcared with tine candle by means of @

prease-spot prctoaeter with the follewing resulty

I1/15% = .75/185°

It = .C2» ch.
In orcder to take I1ll acdvanta e of si:nific=ant figures, assuse

Source I as 00500 co. and froa the relationsiziss previously -iven:

—
—
Ll

02507 co.
III = 00247 cp.
= .00732 cp.

IIV = .OI?O Ce
Using these intensities and Table II the 111u_1n“t on on tue cell
for eacn reading of trhe potentiometer can e calculated by rieans
2tion = I luiens/ca® vhere X = 1 when

C\
d is in cns. Froa wi.ich coues Table III.

of the equationy Ilixain

"J

This tatle is plotted in Fis, 10. ote that inasauch as
he pctentiocueter was set to a readine of 0.100 volts at no illumi-
nation, tiis value has Dbeen subtrected from the notentiocmeter
reacir;;s of Tatvle III Dbefore plotting. A larze plot of tis graph

wes used as tne calibration curve for conversion of potentiometer
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readinrye to intensities in the aralysis of the difrraction pattern.
Thie nearly logaritianic response of the amplifier at tue higher in-

tersities is notaltle.* T.is can e seen in Fiz. 10 wiere tle -rid
vias cliange was plctted also against t.oe lozarithm of the intensity
to facilitate an extrapoclation ot the ni~h irtersity end of the

curve.

Veosurecnent of Diffiraction ratterns

-

Preliainary scesurewents revealcd tiue usual array of
xperimental "ous."  Tue galvanoneter would make freguent large
and often peruanent jails, tiere vwes a corstant drift of tae zero

point, and verious uinor perturbations were oresent. Tre exact
causes oI tiie cdifficulties rere never dete .uined tut their na mis-
tudes were redaced to a nearly ne~liifivle aiount by a thorough
suilelding cf the co.oonents arnd careful solcering of every connec-
tion possible, Tie reo:ainin: connections were carefully cleaned

and mace tijnt. T.e »notenticmeter and gnlvancneter, only, were
unshielded. Ti:e potentinmet~r, beiny at ground potential, was
vlaced outside of tine siielded control vox. Tie galvanometer wo:zld

rave been Ttetter if siiielded tut by twistin the leads to it and

.}

rexmoving then as far as practical Irca tie operater, tie cajacitance

*Atvertlon Las been called to a pajer on tiis subject w:rich nas
ajoeared since this wori was coupleted.e Tiis tiroe of circuit is
s-own tneoreCtlc 11lv to give a trldlrv leparitihnic response cf plate
current to illuuziration of photoeleciric cell under tre conditions
trhat the ohmic current in the orid circuit is s.all counnared wita

the photoeleciric current and tiint the lcad resistiance of tue nlate
circuit is large, on tae orcer of one me~oun. Deviations from these
two conditions and tae fact that the plnue current is maintained
constant in a Ttridre circuit onerated as a null instrurent »srevents
the realization of tais icdeal condition.




-17-
cranges cdue to motions of the operator rad very slisnt eflects.
Needless to say, carefzl adjustuent cf tie talaace circuit was a
necessity.

It wos necessary to aake a dezen measwreunents of tle
pattern before the cifiiculties were eliminated sufficiently to give
an acceptatvle set of measurenents. The cdata for one of tie earlier
and the last two pattern are tebwlated in Tatle IV. They are listed
as patierns I, II, and III resvectively. These cdate are plcited in
Fig. 11,

Fattern I suows the erratic early velavicr of tie aprarat-
us. There are nuaercus disconiinuities in tie curve and a .arked
tendency exists fer the galvanouetsr to reanin at eacli readingy

rather than follow tlie pattern. Tois was osretably due to a slicht

ct

rubuving in the galvancuweter. Pattern II was teken with tie carriaze

traveling in the cpoosite direction to its motion in Pattern I.

o
O

The play in the screw is very noticedvle in the disoniacement cf the

¥

peaks., Pattern III is the one waica vas used and is a saoot: curve
except for two points in the very low range~ licn are ooviously

errors, Tiis patiern is »Dlotted 2lcne in Fio. 12 where it has been
lotted on boti: sides of its axis of syunetry altlhiousn the data

does not extend auch vevond the first maximun on one side.

By means of the calibration curves (Fiw. 19) the data for

ct
<1
1
fon
D
N
'3
Q

this curve have been translated into actuel intersi
tese values (w.ich sre siven in tie cixt™ colurn of Talie IV)uhave
teen plolited in Fi~. 13, Tuis firwwe wives toe reintive 1ntvensities

of the differant vortiorns of the orve in tleir true relation es

measured. Coaparison of tris fisure with Fico, 12 reveals the nerit
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of an aaplifier having the chearacteristics of <

havines a linear scale. Intensit;” variations wiich woulcd be unre-

vealed by a linear aaplifier stand out clearly in tie measured
pattern. Ti.e intensit  curve (Fi:. 1%), hewever, is the one wiich
must e coundarec witin tiie theoretical patierm.

Comparison with Thneoretical Values

Theorys

Fresnelt's tieoretical anal:isis of a pattern of this type

consists of intesrating over the wave front to find tihe resultant

axplituce at any particular point, taking into consicderation toth

aaplitude and ohnse of the contritution irom eacn cifferen

cf'
‘ e
©
=
™M
=
0D
jo

of the surface of the wave Trort. This cderivation, in nart cr
wiole, can ve found in any of the common textbooks c¢f phrsical optics,

The process can te triefly sketcned in a gualitativ

manner, Ina;-ine a cylincdrical wave front, s..own in cross-sectiion

o]

in Fig. 14, Let tl.is wave front te divicded into larze nuater of
vertical strips, decreasing in wicdti: as the cdistance frowm the pole
0 increases in suci a manner tiat the phase cdifference between
correspondin:: paris oi adjecent strins is cor
reaching the voint P froa each voint on thae wrive front acording o
Euyzen's orinciple.
Tie ressltant amplitucde at the point P is the vector sum

of the contribdutions of amplitude from each of the small sirips.

I the width of these striws is diminished to the linit of zero, the
x and v components of the anulitude at P due to the wove surface

vetween 0 and S are civen Ty tle Fresnel inte:rals




m0‘1nn.

Cylindrical
Wove Front

CROSS-SECTION OF CYLINDRICAL WAVE FRONT

Fic. 14
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vhere S8 is tre cdistance frca 0 to S and

;

v = s./2(ate) faln (=)

Fal

The radius of

curvature of tie wave Iront and the distance from the
pole to the woint P are "a" and "b" reepeciivelyv and Lave previously
been given as 102 and 204 cus. respectivelwv. Tuae wavelen <th of the
lizht is A.

t nay te noted thiat viiere inte,rals taxze no account of
tse otliquity factor (l+cos6) or tue variation of the anplituce as

-+ 0

thie inverse of tlie cdistance from tile source. For suall angles these

facters are totnh ne ligivle, however.. Several sclutions of tliese
inte; rals have been outained. All, however, imwolve infinite series
winich converze more or less rapicdly. If the volues of x and v for
various values of v are plotfed the Fmuiliar Cornwu spiraol rosuits.,
Fig. 15 is recuced froa a lar;e ~repa zace Irom a table of these
integrals.6

For a sinzle slit ciffraction nattern but a smell secticn,
As, of the wave Zront contritutes to tle pattern. For relatively
small slits and distant sourcesAs 1is equal to the width of the slivw

and corresponds to a distance av 2lon: the spiral riven Ty

AV = AS,/E(&‘*‘.D)/&’:O}\ (C)
IZ P is in a straisut line wit!: thie source and tle center of tie
slit, tiie rclative intensity there can te found U

r measurine on the

gpiral the chord R, frmn':lﬁg to *AY | ow since the inteasity of

fad <
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a wave varies as itue auslitude sguared (R2®) ancd tue spiral :ive
the value of the auplitude for tie 'mobstracted reve Frort as J2 = K

tie measured intensity, I, Ttears the relation
I = I, R®/2 (7)

to tie unowstructed intensity, I . For points such es F', not

centered as F 1s, tie pole O moves along the wave front a cdistance

“

8 given by the siagle sianilar triar:les relationsihiip
s = ¢ a/(a+t) (%)
wrere d 1s tie cdistance alon: the screen from P, revided tuat 4 is

J

small. Tris effectively moves the contrituting length av along the
s»niral from its central position ©r a distrnce v found rou equatiore
5 ancd 8.

Because of tie manv velues of R to be ceterained in making
the theoretical check they were taken froa tne oricinal of Fip. 15
in preference to computation frcm the tables in wnich interpolations
would have nad to Zave Deen uade anyvay, Large values of R could Te
easily read to within * lﬁ wiile for the smaller nunbers tihe error
orotably’ ¢id not exceed t 5,6. These errors will, of course, be
twice as reat in the calcilated intensit;s tecoise R is taken to tihe
second power.
wavelengts of Light:

Accordin:; o inZoranaticon supolied by the manufacturers
the lanp used in this experiment operates at a teaperature of 2025°
Atsolute., Tals is at tiie center of the filanent and droos off to an
unxncwn value at the ends where it is connectec to the sugrorting

Py

leads. An average teaveratwe of 3,700° was assuwued. T..e eneryy

distrivution in the 1lisnat from trhe filaanent was calculated from the
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energy distrivution in the radiation froa a vlack tod;

foraula )
OTe
Ey o= Jote (2)

vaere E, 1s thie enerzr in er:s ner cu oser wnit voluw.ie and

c=3x 1012 the velocits of 1lirht
- I ey —27 L} 2 +

n = 0.5 x 10 Plank's congtant
k=1.37 x 10-1° Boltzuents constant.

A E)\ A E}\ _
7,020 j.I;';}.i_L‘:SB £,099 mog
&,000 2.20 " 5,020 1.11
4,020 3.11x10°

Tiese cdat~ are plotted in Fiz, 15.

Toe eniscivity of tunisten was fournd to te linear in the

visible range.7 AT 3,070° thwe values are

s . e —_
A= ¢c:50 A gilssivitr = 417

vy 7 . N . V, - —
A= 470 A enisnivitr = 455

Tiie cdata for the spectral sernsitivits of the paovoelectric
cell and for the transmiscion characteristics of tihe filters were
taken from curves supoilied by the nnhuxfacturers. The fil*-sr chiaroc-
teristics are not all that could bte desired. Trew are cdesirmned to
isolate the mercury green line at 54350 A but (o not ~ive a very
narrow region for an incandescent source. Eowever, the intensity
of the mercury line was nct sufficient to nmalte measurements of the
pattern possitle and the source ciiosen was a Ccoxipronise vetwesen

poor light and insufficient light.

Curve VI in Fis. 15 is the product of the transzission of
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the filter, tae respomse cf tne cell, the enissivity of tungsten,
and tlack-bodv radiation at %,707°, It wives, in arcitrery urnits,
tze effective ener-v cdistrivuticn in the filtered 1lizht as measured

27 tie paoto-electric cell.,

Sefore tue final calclations could Te ade o 1nore accu—

' rate determination cof the wicdth of the difiractins slit :ad

2ade, Previous exwerinmenters iave veri

rresnell's inte rals Zor tle location of .naxina and ainina in the
Lacviern, It 1s possitle to mnke tiie crnle tion from cata vz

First iniawi to occur at

i
H
O
[ &Y
*xy
H
n
L]
(]

N
3
'3
=

\Jl
[ ]
xq
'-l
ol
H
(¢]

-
wn
9

N
ct
]
F4
H

n.23 % .01 inches or 0.71 % .025 cas. Tie avern.e incident wave-

ler;t: is seon froa Fio. 15 %0 ve 2%t 5750 AL 20 AL, Solving for v
in eguaticns (5) and (&) witi tloece cdata we Find that v o= LL,2 ® o

tle suirnl, BV insnectisn it is found that
this corres»onds to a av = 41t .21, Tuhe corvesponding slit wicdina

is fournd from Ea. (&) %o Le 0.0127 + 0705 cus.

The tnesoretical »nattern vill be tie sxa cf the
c¢ae to each wavelencth present. Because ¢ the lar.e soread of

-

Cwavelenguias presensy

, tue icenl case wns approxinated by calculating
satterns Tor wavelenytiis at intervels of 250 A, Tihesce patierns vore
tihen ¢ id;pll corrected for t.e relative a ts of eneryv tlev
contained., That is eac.: atsern vas aaltil lied Tirr e cons ont wiiich

was oroporvional To the area encoapasced Tetvoen the vavelengtis

i3
o
o
=
+
o
v
e}
o
-~
o
-

125 A on eacl sice of tue central wavelenotll arcd
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of Fix. 10, These cornstants, k, tlie vavelen tlis usecd, tle values

The cata of Table VI «ive the actual tl.ecretical pattern.

e

However, vecause of the finite width of the slit in front of the

-

proto-clectric cell, trnis pattern must e correcied Lefore it is

coaparatle witlh ti.e ameasured dirf

>

iraction gattern. TlLils correction

;_:

is made by plotting the theoretical curve (Fiw. 17) and determinin:g
from the area ancer tie curve the cdiierence tetmween the intensity
at the center of tlie slit and the averese intensitr across the

whole width of the slit, The corrections nacde are iven in Table VII

TABLE VII

Distance Alonz Correction Corrected
Pattern — cus. Intersitr
B, 1

072 0 1.5
037 -.015 1.72
1275 0 1.33
250 0 1.01
.351 0 357
.508 0 .205
535 +.005 00
.59:55 +.004 L0120
.72 +.CC3 L0130
i) 0 Noligts
1.015 0 02750

PN A~ 3 2 L3 I . b -4 N PR
Tarcse correcved intemsities need wubt ¢ ve »ut on the

saule scale as tihe measuired intensities to be directly comparaile

witih then.

Conversion To Sane Scale:

I7 the measured and calculated patterns were icentical

the following relationshiy would hold

fJJ
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waiere £ 1is a consinnt t> corrvect for tihe diiferert nite in wiich
the two intensities l.ave Teen scasuarecl. The icerl ceteraination
of ¥ would co.e Froua the ratio ol the tvo intensities at their
waxiia, since at this voint the effect of the cortrectionns and tle
frequency range of tae lijht are a zinimuwa. However, Ttecause this
voint on tae weasured curve ves Tound Trca an extrenolation cf the
calivration curve, it will ©e necessary to use the Iirst measuvre-

sient nade awar from the mexiawxn., Tiis 1s at 0.070 irclies or

n.1275 cus. The intersities are (from Tatles IV and VI)

-~
Icpll - 1-:'3
5

C.
From these values k = 5.00 x 1077, In tke followin; saauary oi cata

the calculated iateusities c¢i Tauvle VII have all Teen nultionlied

TABLE VIII

Distance Alon;; Fattern nvensity _
Froa Center Liuiens/cn® x 19

]
(@]
0
o
«
n
[ ]
2
2
4
O
w2
D
).
]
N
D
3
n
Pd
D
2,

g
|

020 7.70 2.00
.025 Z.:O B
.020 0.20 c.?O
<130 5.03 L. io
.150 2.78 2.0
. 222 1.023 L0z
«250 L2053 215
272 .C..0

. 3020 070 129
30 2 225
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intensities. lcwever, t.e ciscreZdiCcy Coes 1oL &s,0~T gulio 80
Serious waen tue s.ajes ¢f the Laveerns ave plotted, w8 i Fiz, 18.
Discussion ¢i Zxrors

Te errors in tais ermneriunent awar e discussed ancer two
heacdsy one tie errors in tune measwed paticorn and tie otier tre
errcrs in v.e calcecointel pasiern,

I1 thie weasorel Ladtern the ¢istince alon s tlie patvern
wien read to tl.e mearest scrle divisiosn (1/100 zevolution) was
correct to L .0703 inclies. Tais is 1 ¢f tho smallest moveuzent of
tie carria e walch woans Lacfe, 27 orovnting tiie lsnd screw in con
direction only duarin: a ueasurelent and Ty settin tie cdial wita an
accuracy of auoat 1/10 scale divisions tle error vas red:ced 1o
consicderntly less vian orne percentv. Tie wear of tre go0ft Tat ittt

Nelal
s oa

nat wi was criven Ty the 1
incnes »ner revolution,

The notentiosete

)

n accurncy cf ¥ .0005 volis,
snallest reading wiiclh was us
is prooortionasely snaller in

The calivrrtion cur
c¢ae to tue tatin
(

siste

Fiz. 9). Excent

-

JOR

K
b e

T..ese two noint

with the curve ty 10,5, mevw

1

‘a

Zlection of tie alvanc.eter,

np
foa v

e

ead screw anounted to less than 0.0771

nenli~ivle.

wien rend to i4s renrest civision, :as
T..is is an error of 0.25, in the
ed 1in the coasarison of pavterns and

tie larse velues,

ve (Fi-, 17) .as ssa riat less accuracy
s ur~d in its calculation froa & =rajn
nts tie calilration crve is guite con-

the pcorest is in disareeuent

ve teon due to 2 suanll trarcsient ce-
Consiceratiosr of the céisstricution of
wo.l.f incicate tint tie curve is not
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in error oy as maci o8 Ho at any point save e erire.e value of

2 i - - : - . o L
Fige. 14 waiere tue cxtrapslation xay cawe an ervor of as ;reat as

.

7o
The apulicetion of the potentioneter in the circulit used
calls for a flow of current whereas a notertioueter is celibrated
for and usually opnerated withx no current flowine in its external
circuit, But in this case the curvert flowinq, tne piaotoslectric
current, 1s saaller tnan the least amoant which would Te detectad

in an cordinary circait, and hence does not cisturc the calivration

of the potentisaeter,
Drift »~7 the .nlvanouaeter null point and transient de-
flections were carefully waichied for in totlh the calibratioan and

pattern wmeasureaents. In bota cases the crift was recduced to a

.-

neglizicvle amount wiaile any transients were oi suall wma.nitude as
evidenced oy tne few irvesular points noted in Figs. 10 and 12.

llo record was taken of tie line volta.e, which of course
would affect tota the calibration curve and t:e pattern. However,
it was oiserved several tiwmes during tiie experizent and tle fluctia-
tions were varely enoughi to cause perceptitle motion of tiie needle,
a fraction of a volt. Fuarthermore, rondin. s were usually tasken late

at nignt winen the line load wns essentially constant.

In the calculated patiern the wide range of wave lenctns

4]

geitatod numero S assuptisrs and

p—o

inclucec¢ in the liznt scurce nec:

-

approximations, nost oI them ratler suwall in consecuence, but re-
sulting in a consicdcoatrle over all uncertaintr,

The first assumption, recarcding e tenperature of the

filement, is of unzncwn ma mituce. Tue nverr e teipsratwe is




~

—_— -
provaltly soaewnat less tuan the assuued value of 2,000° Atsolu
This results in curve VI of Firr. 16 bein— distortsd. Furtier dis—

tortion is introcduced bty tue fact that tre filters nar not have

ion curves specified. lloreover, tie cistriou-

0

nis

[67]
=

exactly tT.e troan
tion of the to=al ener:;y nmmony: the el it ontlerns cl.osen cannot Te
¢one with i-n precision and would be tut an aporoximation at the
cest., However, tais approxiuation is not so vad because the extreue
wavelen ths in any one of tihe elrtt patierns ciffer froa the central
wavelengti by only 2,. How in a Fresnel sianle slit pattern the
first winiaaa coes ot znave zero intensity tut the fact that the
measareC patitern does zave a very low value is axn indication trat
tae minina of the eigsnt patverns are fallinz closely together and
Lence any one patvtern resemcles closely the resaltant pattern, wihich
means that the correction orf suﬁainx 159) éevernl renpresentative
patterns institates some de:ree ol accuracy in tihe vattern., In
fact, 1t can te seen from Table VI that tie extreme patterns differ
froam the averase oatiern by less than 10, and therefcre the averace
vattern.snould ve correct well within tiis linit.

For tiie calculation of the widtr of the diffraction slit
the determinaticn ol the average wnvelengti can te made with fair
accuracy cut tle assuwnption that the minimun due to this avera e
wavelen,tn will fell at tue sae plnce as tue avers:e minimwm must
:ave some error., 3ecause of the relative slowes on the tro sides
cf the minimua, the minlaua of the pattvern of the averaze wavelenotn
7111 proovatly lie slizghtly closer to the center of the patter n thas

tne miniman of the averaje pattern., Tuzis can Te qualitatively seen

©y inspection of Tatle VI. Tie wicdtn of the vatiern is very sersi-

Ty

tive to ciances in the +=idtl of .o eliy, Tlhe nastern woull Lo




—70=

-

the sli it resuitant increase in

bring tle calculatec and theoretical patterns
within tihe reanaining limits of error oI tue
crease of five percent in width of pattern would
'ty an increase ¢ about 2.55 in the £1lit widih,

is only calcilated to an accurac cf cne nard

lattern as calcalated is tlherefore

vattern within the provatle er:sor of tiie calcvl

Errors cuie to reading: tle spiral range

cewendinms uoon tiie marmitiace of tihe rendini-, the
ajpearine in the suall values wihere the :reptest

cetween tine calculated and theoretical values.,

o correction was mace Tor the

the source. Tuis wicta cf 0.0025 cus, 1s ©Tut
width of thie slitv in Front of tke cell. ‘here

caxsed a slizat diffuseiess of

ment

pick up the sane licnt tliat it

wicde enouga to
had the filasent oveen infinitely t.

nexligitle,

in the ca

Daltitern o

-reater than tiie calculated wlue wiiichr was used
of thre tueoretical paittera. In tre calculated
a cecrease in widt: of tie pavtern of aboud 55 woulg,

e velue

t+0 curves.

in arrecaent wi

wvidtn of
a froc

tue widts cf toe
the pattern the cell s

vould

one nall as wicde, for instance, 1f in this particular case thie wicdth
of the s8lit had been taken as the estimated volue viich waes 255

alcalation

4,
vr)

[

1

Ui

taizirn; into

¢t the maxluaux,

into coincicdence,

Tihis de-

te broiynt avout

but tne slit wicsn

or 3.2, and the

v the measured

ntinns,

from 2 to 10 percent,
CroSs errors
¢iscrezadancvy exists
the filasent of
vion of tle
wnS

1it

have dicxzed u»

in =and tois error is entirely




This experiment leads te tiie followin: concl-si nes

4

1. For tue tlLeruwionic amnlification very suall ohoto-
electric currents, wiere the cark current of tue cell is coavaraile
to the vhotoeleciric currvent, (ood results are olttained by cornect-

ing the cell to the thermionic tuve in the fosiicn of a ~ricd

0,
1

eax
whose resistance is a function of the quantits of incident licht
and the potential across its terminals., This ty:.e of connection
nas the advanta es of Tein: szeclally sensitive in the reosicon of
lowest illumiration and av the same tize coverins & consicderatle
ran~e, Toe usual connection has a more or less constant sensitivity
and a definive practical upper linit for a ~—iven set of componenis,
Tae circuit used in tinis experiuent aarlified currents ransin: from
atout 10-15 to 10‘12 anperes,
2. ¥roa consiceration of the prcoavle errcrs, it apn.cars

that the measured nattern is sunerior to the Cﬂlculmtéé one., Tuls

ould indicate tnnt for opticel phenomena cof this trype using Letero-

chroaatic liilhit, thae resiliant energy distribuvicn can te more
easily measured tian calculated to tae saue ce ree ¢ accuracy.

3. Wit.iin tiue swi oI the two errcrs the neasured and cal-
culated Fresnel sinzle slit patierns awve siuilar. Before stating
tnhat they are icentical tuais experiaent would have to Te repeated

using aonocurosatic 1ligsht,
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Acuncwled rement

C. W. C.apnan wiaose rindness

1o Prolessor
tle, and to ir. Zeore Chapusn

¥Most of the fizures were drawn by Mr., G. R. CGanertsfelder.
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