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OPTICS EXPERIMENT- AP E4018 Applied Physics Laboratory

In th laboratory you wil investigate laser bea propagation, interference and

diaction, and optical spectroscopy. Textbooks with background inormation for this lab

art Optics by Klein, Optics by Hecht, Laer Electronics by Verdeyen, Funentals of -

Photonics by Saleh and _Teich, and Quatu Electronics and Opticd1Electronics by Yarv.

Week 1 covers light qetetion by phótodiodes and the própagation oflasers. Wèek 2

. covers-optical spectroscopy measurements ard the use of a ph?tonlultiplier. Week 3

covers the propertes of difction gratigs and how to_~tiil-d.a gratig spetroi:eter.~_. .' .
- ,

Week_!

- The goals in the first week are to acquait yourelf with opticã1 harware, to make

measurements of laser power ahd the beam profies, and to investiate tJe propagation of a

laser.in free space and afer a positive lens.

The He-Nè láSer so~rce yùu Wi use has a wavelengt of lï28 Â and is rated to

have å poWer of 0.5 milwatt. See the attched week 1 note for some ínonnation aböut

ths Iaser. _ It is liealy polar and has a-state b~_ctiv~rgencd-of 1.7 -:mrd. Tholig'has

laseis -go ,ths onêis faìly inocuous (Class II, you sliöiild always remember the

fQllowing:

Alway~ keep the lasèt beam and all of its reflections on the table.
. Use beä.m blocks to'.t,prevent it from leaVing the ta~le.

. Always keep the height of the laser below eye level, and. closer to
... waist ievel. Never beIiddown to level of the laser.

Never. look- directly iito the laser or any of its reflections. Make
sure that everybody else (including your lab partner) is also. protected. . -

. ... ,.
Note that al of the optical components are attched to posts that ~e mounfuble on

the optical ra. . Thes~ mo~nts are meant to be 100sened--froIn the rai sli4 to. the proper

position, and then tightened agaI. Afr loosenig the posts, the height ând rotation angle

of the mounte element can be adjusted. The post shou~d _the~ p'_t~_ß:giitened. It is goo~. .
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practice to keep al beams along the axs of the rail (when possible) and paralel to the table

top.

Examine the diferent Sets of optical compon~nts. Note that the laser mount has an

additional angular degree of freeom to alow you màke the outpt;t beam horiont:.

There is a be block in front of the làSer for temporar blocking. When you want to

insert.an optical element in the path of the laser, it is good practice to first.
bJock'the laser, ins~rt the element, .unblock thE? laser, and then make minor

readjushnents. ~at is, d9n't just stick the eiementin the beam path. Sometimes you

can get stry reflections that way.)

Another aSsembIy has a liea trslation stage Wìtl a micrometer drve athed to

it. On top of th stage ar an adjustable slit.ad a photodiode assembly. Iitlaly, whe~

you meae Iaèr power you wi want to remove the slit, and diect the laser into the

center of the photódode (by ådjust:g the photodiode and/or the laser position)~ WheÍl you

re-Inertrhe slÎt. fist, momentay blöck the laser and then center the slit.

The tW other ra mOunts have a iens aid a d.ction gratig mounte on them.

Make sure that your fingerprints never appear on these or any other optical
componentS. The diactioh gratig is held in place by the two horizonta brass screws,

which are td be left _Mone. The gratig is mounted on a mior mount with two án~lar

degree of freeoni, adjiitaqle .by the two screws in the back Make S\1e that you never

change the vertcal adjustment so much. that it ditS thè reflecte Dea too high.. ,.

1) Laser Power Measùrement

Properly mount the laser On the optical bench so that the beam is paralel to the

bench. Make sure that the beam is blOCked at the end of the table. Meaure the lasr power

- with the photodiode. (Te slit must ~ tota open. or, preferably, removed.) To make th

meaSurement you nee to examine how the photodiode is being used and read relevant. -
par of the photodiode descriptio.n (which is attched) includig the calbration data. Do~ .
th foi th~ -1.1 K. load reSiStOr and för the -500 .Q resistor. Is there a relationship

between voltage and resistace? Why? FroIn now on use the resistor that, gives you the

Iargest si,gnal. Now estiate the light intensity impinging on thetop of the laboratory .
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table from the fluorescent lights above. Place the diode on the table facing up (without the

slit in front) and measure the light intensity. How does this compare with your estiate?

2) Laser Polarization, Profie Measurement. and Single Slit Diffraction

You should reView the theory about laser profùes and propagation, which is .in the

appendix (and in the texts lite above).

(a) Place the laser at one extreme on the rai so that it propagates along the ra at

constat height, and keep it there for the ret of today. There should be nothg else on the

rai. Place a white sCreen where the laser hits the walL Inspect the polaroid polarer. You

wil see two tick m-årks at the edges that defe the absorption âXs. . When the (1ealy

pöla) electrc field of the laser is along the axs, there is. nealy tota absorption. By
placig the polarr right afer the hiseI and lookig at the screen, show that the laser is

horizontay polarze.

(b) Examine the slit. One fu tu (=.50 gradations) opens the slit by 1 mm.( 20. .
llgradation). The "zero" position nees to be determined by closing the slit and slowìg

opeg it. Ca t.lie zero thepöint when you sta feelig resistace. Alternately, yoù can

look thought the slit and d'etenne the zero visualy. Yoil may use as your reference the.. . .
pQinter at the side of the slit assembly or the home'-made pointer on top. (As you wi see
the one on top may be more co~venient.)

Now place the slit right afr the laser, with the sIlt centered and totay open. Make '.

sure that you are able to dei-'mie the widû'l uf û1.e slit frmn the diai. Obserýe the single-

slit difaction pattrn on the white screen as you close the slit Take enough measurementS

of the width of the centr lobe ys. slit Width (for the rixed slitlscren--separation, which y.ou .

alo need to ineaSure) to prove the far field (Fraunhofet) diaction result~

(c) Now re-instal the photodiode after the slit, as descnbed earlier. Place the. '
slit/translation stage assembly as close to the laSer as possibIe. . the sIlt asseIIbly should be

centered, with the slit opeo.' Close the slit so that the trmitt power is\- 10 ~ 20% of

. that with the slit open: (Make sure that the slit is sti centered when it is paraiydosed.)

Determe the slit width. (It may be dicult to do th accurately because jt wi be barely.. .
open and the zero is somewhat ~ncert.) Meaur the tranmitted power for difereiit

lateral ~ositions of the slit by scaig across the entie beam from zero transmittd power.
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on one side to the other. The step size in th scan should be about the slit width. (It the

beam symmetncal?) Do you have to account for a background due to room lights? (Notice

that the scale on the stationar par of the micrometer (in the trslation stage) is in mm.

Two turns (= 100 gradations) correspond to i mm of trvel (10 ~gradation).)

. Repeat the scan with the slit open to 0.5 mm and the same step size as 
in the first

scan.

Determne the beam radius for both choices of slit width Does the bea look

gaussian? Is ~e measured beam radius w dierent for the diferent slit widths?

Quatitatively, account for these dierent observations.

If time is running short. do par (4) before you attempt (3),

3) Dîvergence of the LåSer

Repeat the laser ptofilg in step 3, which was done with the sltUI. diståce z' ~ 0

frbmtlê output miror of the laser; for z' - 25, 50, and 75 cm. Use the same small slit

width and sdin step siZe that you used in yout fist scan in (2c). Determine w(z') md

compare it tò Eq. 2:(AppeIidi) and With the dívergeIice angle given by the manufactuer.

4) Focusing LaSers

Repeat step 3 for the laser focuSe by a lens with f = 10 em. Place the lens right

after the laser. Measure w(z) for a distace Z = 1, 4, 8, 12, 20, 40, and 70 cm past the

lens, and compare these results with Eq. 5 (Appendi). For z -( ~ 20 cm you. 
should use

the slit width from par 2c and3, whie for larger z you may have to open to slit a litte .- . .'
. fuer to get a large enough signal. Where is the focus? How does it compar with the ..

expecte value? (Try not to put the slit right at the focus. because you can bur pits into the

slit.) What is the pea laser.Iitensity nea the output of the laser? Whatis the pea

intensity at the focus?

'~..-. --
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Week "8

In tls week you wil perform optical spectroscopy on a discharge by using a smal

gratig spectrometer (monochrometer), your own personal photon detectors (your eyes),

and a photomultiplier. Since th~ detas of the operation of gratings and spectrometers wil

be coyered il week 3, you sliould read apead.

5) Using a Grating Spectrometer

(a) The spectrometer has a gratig with 675 grooves/rom and the dìstace between
its slit and focusing mIror is - 18 cm. (As you will see late, it has very ~i~ed spectral

dispersion and resolution, but wil be fine fot the puroses here.) It has adjustable entrce

and exit slits. Thç wavelength is tuned with the cIalon top~ Keep the dial with the range

of numbers, which is in units of micrometers (microns) (1 i-.= 10,000 Å = 1000 hi).

Dîrect a flashlght into the entrce slit (the one without thelens). Place awhite

scren afetthe exit slit, and now tue the spectrometer. (Wìth ths flashlght incident you

can alo look into ext slit, but never do this when uSing lasers.) How do the. .
. wavelengths at the e:Xt slit compar with the dia settg. Does it make sehse? (It does if

you have rea on into week 3 'ad leaed that diracton gratig can have several orders,

so that at a.wavelength settg of Â-pectròmeter == m Àthat you see. you can see.the ffth order

(m =- integer) of light.) Expláí what 'you See in. temìs of the difction order. (Can orders
overlap 1) 'Yät happens if you repeat this With different slit widths?

(b) Now send the ae~Ne laser through the spectrometer so that the output is
inoident qnto a wIiiie screen.- (Dø not look into the slit non¡.) Keep tIeslits as smá1 ~~

possible for best spectrai resolution. At what settg do you see the laser? If

l.pectrometer = m Athat you see + oerror, determine m and oeror (which you wil use later)..

(c) Now exame the Ne discharge lamp. Direct tGe light 
from the larp into the

spetrometer, and scan it wlule lookig at the White scrn after the exit slit. Make .sure that. . ," . . .
the room is dark, .ad tr tò keep the slits as smal as possible. (Always keep theentrance.. ..
and eXit slits the same width, ~d scan the spectrmeter from the saIe direction, say from . .

shortr to longer À. Because there may be wea lies. initialy keep the slits .open. Then

scan agai with smaler slits.) At what Àactual are there spectral 
lies?
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(d) Mter leag how to use the photomultiplier you wil repeat these
measurements ~with the photomultiplier. It has a sensitivity far beyond that of
the. photodiode you used iI week 1.

Care must be used in using the photomultiplier (PMT) beause high voltages are

used in its operation (see haidout). Do not rearrange the PMT wiring. You are
using an RCA C3100A, which has a maxum operatig voltage of ~ 3000 V. The

maxum voltage that you wi use is - 1500 V. Since the PMris a sensitive detector of

light and a lugh gai amplier, extreous soUrces of light must always be prevente from

reachig it The Iight levels incident on to the PMT must always be kept low ßO that the

output curent is never above the theshold for damaging it (.: 0.01 mA). The PMT output
cutnt is sent though a 160 kQ resistor to ground and you Wi be measurg the voltage

. drop across that resister. (What is the maxum voltage you should ever meaure to

prevent damage to the PMT?) The PMT voltage should sti be off.

You wil be diectig the light from the exit slit of the spectrometer. to the PMr with

a fiber optic bundle. Th patular bundle is faily sti beause of the tye.-of cable it is

housed in. Examine höw the flashlght propagates thugh the fiber optic bundle. Then

send the light from the spectrometer to theJ?MT. (Note: Since we have relatively high

.light levels in th experient, we ate not imaging the light Îitothe spectrometer (with a

.leha as we wi in week 3), nor Me we trg. to collect and detet al of the light afr the

exit slit (by using a.second lens) as one would normally do).)

With the slits fà.ly wide open, tue the spetrometer to the settg of the strongeSt

peak you saw with the Ne lamp, Measure the signal vs. PMT voltage. Are they liealy

relate?

(e) NoW-tae a. scan of the Ne discharge with the slits quite narow, say 1 mm.
Set the voltage at - .. 1300 V. Scan the dial slowly towai:ds incre~ing Â" Take a carefu

spec~ by.stag ~t,O?OO pm on the dial. and ending at L600 iu, Ï:g data in

increments òf 0.005 i.lU, i.e" at and halay between the gradations. CornparecHo par .. "

. . (c), do you see additional lies? Are they shar? po they iüi.v'e strctue? (Yqu may be

able to see more strctlre if you were 'to close the slits furer. IIowevèr. yoù wOuld be

lite by the ultiate spectral dispersion and resolutin of th instrent) Doe.ile
spectr~ compare well with that expecte from Ne? Does the color of the discharge make

sense on the basis of your measured. spectr? (I th par and in par (f) remember that
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you may see lines either in first- or seCond-order.) Does .the Ne line that lases in the He-Ne

laser domiate the emission spectr of ths Ne lamp? Should it?

(f) Repeat pai (e) for.the two supplied, and unidentied,discharge lamps. Does
the color of each discharge agree with its spectrm? Identify the gas in each lamp on the. '
basis of the emission spectra you measurd. Hit You nee to consider only atomic (not

molecular or ionic) trsitions.

'.
'.
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Week l d.

. In the tlrd week you wil examine the propertes of a difration gratig and wil

use it to buid a spectrometer.

6) Properties or a Diffraction Grati~g

Difraction gratigs are commonly used as dipersive elements in spetrometers, as

we wi soon see. The difaction orders of a gra1Igane from multiple beam intederence,

whie the relative intensity of each order depends on how th grooves ar blar.

With the laser mounted at one end of the optica tile, mount the diaction grtig

assembly at the .other end. Intiy mount it so that the laser hits it normaly; and near the

center. Th diaction grtig has 1200 grooves/mm etched into ,the aluiumth fil,

which is atop the glass substrate. (We know these grooves ar vertcal now because' the

gratig has beeR mounte With the arow on top.) Don't toùch the grating surface
because it camiot be c1eaned~ (As all people working with. optics know:
your fingerprints can be identified easily.) Put the cover on'it when you .are

:fhed. Refer to the week 3 note for more inormation a1?out gratigs.

In these meaurements yöu will nee to meaure angles .of incidencé and. refleCtion.

This can be accomplishèd 'by .using a protractor or in the followmg, more clever way.

Make sure that the gratig suiãce is 'áböve a hole in thè optical breadboard: Now you can. '. .
meaure angle lIÎng this board and simple trgonometr. The angle of incidence can be; ,
determined with reference. to m == 0 (reflecon) mOde (be caefu about a factor of two). and

use ths Ü1forratIon for the other orders.

. (a) PlaCe the gratig nearly (but not exactly) nortal to the laser beam. How many
beas do you see bouncing off tls gratig? "Reflection'; from a grntIg can be aScribed to .

dierent oixers m (al integers, positive..and negative). With an angle of 
incidence of ai,

the angles of reflection of af for the diereIit orders ate given by:

mÀ= d(sin ai - sin St)

where d is the spacmg òf the grooves. (See the attched notes.) For th gratig, and with .

the angle of incidence nearly zero, how inany orders are possible? Do~ thiS -agre with

. . your observation? Note .that m = 0 corresponds to ordinar reflection, as from a mirror.
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(b) Now rotate the grating mount post rod and notice how the the different orders
trck with each other. P,?ra range of angles of incidence, for instance ei - -40°, -20°,0°,

200, and 400, meaure Sf and check the gratig equation.

(c) For what angle of incidence wil the first order (m = 1) be retroreflecte back to

the laser? Retroreflection of any order (other than m = 0) is caled the Littow

confguation. Use the meaure angles and the gratig parameters to determine the laser
wavelengt? . Hbw precise is th. wavelengt measurement? Do you expect 

th value of ei .

to be the same for other wavelengths, as is it for 6328 Å? A gratig can be used to provide.

(retroreflectiön) feeback in a laser at dierent wavelengts by properly rotatig th
gratig. Th is often used in carbon dioxide lasers to select which spectral wavelength is

going to lase (becuse optica cavity losses are mined for ths chosen wavelength).

. 
(d) Measure the laser power before the gratig.. Rotate the gratig so that no beam

is -' 5 - 100 away from retroreflection tö the laSer, with the gratig arow pointig

(somewhat) töwards the laser, as opposed to away: Now measure the power öf eath
reflected beam, whie trg to miiz the amouIt of room lightig inddent on the

photodiode. Why sl?0uld .you tae this prëcaUtlon? Is the. powerilto each order the same?

(Te gratÌg equation is a consequènce of multi-slit wave interference. The grooves in the
gratig are Medin prece shapes to form a difraction pattrn to give the deSired

distrbuton of reflecte power into the difèrent orders. Ths procedurë leads to. a blaz

aigle (of incidènce) and a blaz wavelength for wmch diraction is most effcient.). Does

their sum add lip to the ihcldeÌit power? Does your reul violate the conservation of

energy? Why or why not?

7) Building a Grating Spectrometer

The goal here is to buid a simplespectroIleter using a diraction gratig. For a

given difraction order, meaurment of the angles of iicitlence and reflection wil

determine the wavelength: . The wavelength resolutlon that can be obtaed il a

. spectrometer improves as the light covers more grooves, just as the peaks in a mlÙtiple slit

. interferencè expe:ientnarow as the number of slits' increaes. The~efore in a

spectromete it is inportt to send onto the gratig a parel beam (~hy?) that covers most
,of the gratg, and high resolution spectrometers must have large gratigs.

See the figur on the next page for a layout of a tyical Czerny~ Tuer

spettrometer(le the one you used in week 2) and for the version that you wi.buid here.
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(Do you see any relative-disadvantages in our approach?) Build the spectometer using the

two optical ras to mount the optics on either side, with the gratig mounte on the

breadboard in between. Leave room for the laser to be mounted before the first lens, and. .

put the optics in sequential order (with the light path as reference). The laser should be

roughly in the center of the lenses and the gratig. Note that the input lens (f.I. - I") and.

the second lens (f.I. - 4 ") are both positioned a focal 
lengt away from the (right) sIit, just

.as in a telescope. (Wy?) Place thè mst slit 
at the focus in the telescope, and place the

. . mior a few inche~ away. Make sure that the gratig is positioned exactly halway in .

between the two rai, lateraly lig up roughly near the slit, and that it is òperatig in :fst
order. The positions of the miror, lens and slit on 

the second.ra should be at the sare

locations as on the first rai. Algn the spectrometer by using the He-Ne laser. Make 
use of

the mirror mount screws to tune'the gratig. (Note that the screw has 60 theads per inch,

it pivots 1 inch away from the screw, and that there is a black dot on the screw for

reference.) Over what rage of grntig angle do you see the re light at the .output?

ExplaI this in terms of the specometer resolution and dispersion. (see calculations in

week 3 note) Is the enti gratig filed with light?
Now use the wlIte light projectOr source as an input The spectrometer can now be

used as ä monöhromator, Compare the ID.= 0,1 and 2 orders leaving the gratig. Var

the gtatigangle to see the rage of wavelengths afr the output slit; using the 6328 Å

wavelength of the He~Ne laser as a reference. Is th wavelengtbangle vanation expecte?

Why? (see notes) Now calcUlate the spectral resolution of your spectrometer. (see note)

What was the resohitiön of the spectrometer that you used in week 21
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Appendix:

Some theory for par 2 (alo see the texts lite at the beginning):

The magnitude of the electrc field of a laser travellg in the z diection vares as:

E(r,.) == Eo exp( -r2/w(z)2) (1)

where w is the bea radius or spot siZ and vares as:

w(z) == wo .. 1 + (zlzo)2 (2)

where Zo~ 1tW02/Â. Th assumes that the laser is in a TEMOO mode, which is commonly

. me caSe for many cw(contiuous wave) lasers, including th He-Ne laser. In Eq. 2, Â is

the lasr wavelengt and w = Wo at Z = 0, the beam wait, where the spot size is a

minum and where the áidius of cfuatu of the wavefront is infinite. If one of the laser

mirots is flat; as it probably is here, z is the ditice froID, that miror. (TiS is why 
the

dic~ from the output miror is caled z' il par 3.) Zo is known'as the Rayleigh tage,
and d~fies how far the laser must propagate beyond z = Ö for, the peak Intensity to

decrease by two; ~or z c( c( zó, i.e. il the nea field, the spot sire increaes very slowly

(qtiadrticåly) with z. For z;:;: zö" i.e. in the far field, w increaSes liearly with z, as w =
(wøfzo) z = (JJ1Co)z" Then full divergence .angle in the far field would then be about. .
2Â/1two.

Prom Poynfug's vector, the laserihtensity.is:

I(r,z) = Io exp( -2:r2/w(z)2) . . .(3)

. where 10 = cE(?/8it. If the laser has power P, then conserVati~Il of energy gives 10 =

. 2P/1C(Z)2 by integratig I(t,z) over r ~ci ø (or x. and y) at any z. AIso. Eô2 = 16f!/cw2,

.,

To meae W; one could place an opaque screen. will a pii01e (with radius rö c(c(

w) in the beai path aid measure the trsmitt POWel (by diectig the trmitied bea
into a laser power meter) as the hole is translate(l-across theJaser be3. profùe. The

trsmitt power wo1Idbe 1tt02I(r,.). Since Eq. 3 is radialy symmetrc, one ca do the

same thg by scang a slit' of widll a C(": w across the bea. Assumig the slit is in the

. y diection, the trmìtted power would be:
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Pt(x,z) =
x-a/2
J

x+a/2 00
J 1ö exp(-2(x2+y2)/w2) dy dx

_ r;
= ~\l 2" a w 10 exp(-2x2/w2)

(4)

'Equations 1-3 are vald for a beam 
propagatg in free space. If th laser is focused

by a lens then the spot size becomès:

. w2(z) = Wi2 ((1- l)~ + (~)2J (5)

where Wi is the spot size at thelens, Zi = 1ti2/), and z is the ditace past th~ lens: Ths

expression is vald when the Rayleìgh range of the beam hittg the lens Zi :::: the lens focaì

length f.
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CHAPTER 1: AN INTRODUCTION TO LAERS

laser rod

tli-Ne, UtSti'j'--
-'. . _ laser

axii

FIGURE 1.52

EI~iptical pùmp cavitý used in'
many optically pumped solid-
stte laser. .

. ellptical.
pump cavity

linear flaahiàmp
or

cw arc lamp

lasers. The ròund-trip gans in nibý and other solid-state lasers are often niuch
.hig1ier than in ga. laser-up to round-hip power gains or lOX and higher-'
that irrrrs With IIach lower reflectivity or highci transmiion output can be
erployed

PuISed soIid-state lasers are used fór a vaiety of smaller-sce laser cutting,

. drlling, and marking applications; áS milta rangefnders and target nesigna-
tors; aid in an eiormous vaiety of scientifc and technologica exp.eriments. Bý

taIdng advatage of improved lamp effciencies and laser materials, as well as the
fact that most other material are four-Íevel laser, we ca also óperate several
SGlid~state laser cóíitmriouSly at cw power outputs in the 1..100 W ni.n,ge with
efdei:ciesof "' 1% or slightly Iigher, -Uing electrical inputs of HiO W to to
kW into xeion-ot kttou-fiIled arc lamps; (Both l~er rod aid lamps must, of
courë, .bë caefuy water-cò.oled.) Even ruby cån; with some diffculty, be made

to osciiìate ona cw basiS. We wiJ diScusS the very ùsefui Nd3+ hiser system il
detii in iater chpter.

The Helium-Neon Laser

Another or the mos coIIon and famar tyes of laser is the helium-
neon ga laser develòped at the BellTelep-hone LaboratorieS li 1960aid 1961.
The las tube in a R~Ne laser cbnsists of a few Torr òt heliUI comb.inOO with
apprOxteIy òne:tenth that presure of neon inide a quazplamàdiarge
tube, which is.~any p-rovided with an alumum cold catho~e aid ,an Mode;
as in Figue 1.53. Thi diarge tube may be 10 to 5Ö¡ci long and a few mr li .

diameter in a. iypica sì:lar. To avoid brri~Eming or.the las trantion by
istòpe shift (and for other more .complex reàons), a. miUre ôf single-isotope

Re3 and Ne20is usualy employed; and it is 'foUnd empircay that the optiîum
prese-ametet product pd in such a laser is a few Torr-ro and that the
optimum gaiJi per unit length vaies inverely with tube diameter d. .

Thltube is then exdted with a.dc discharge voltage typicây of order 1;()0
. to 1,500 vdc, .producing a dc cuent typiCaý of order ..10 mÅ frol: a special
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FIGURE 1.53

Elementary design for a helium-
neOn laser..-
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FIGURE 1.54
The glow discharge in ¡j He-Ne laser tube has ä
negative-riistanc!! i-v. curve.

I
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'.order 1,ÖOO
1m a speial

Iigh-piity ahiminunreold cathode. (R3o-frequeiicy exciÙl,tion thrugh exer-

nal eleßtrodés was alo employed in many early lasrs, but hai bén found to

be genera. les còvtmènq Because a. de glow: dihage in thi pres rae

. has.à hegative-reistance i-v cure (Figu 1.54), a ba.t .ieisiànce in seîës .

with the de vólt;ge sapply is necessar to stabilie the diarge; and åí intl
highe-voltäge spike must be snppliec to ionie the 

gas andbrea down the gas.

dí~argè eah tlie the tube is tUred on. .: " . .
. 'the diåIge tube in IDany gas làS (especialy with Íonger laser, or Iii

fot resear purses) may be provided wîth.Btewstei-~glé:eìd widows tlhÌcl

tranmit ligIit of the' proper linear polarization with es~entìalf zero "reecti~n
los at eîther face~ (BecUs or the very low gaiÏi in tÍie lIe-Ne -stem, refi~tiön

.loses of several perèIt at each of. the aidieleetrie interaces. would be totaly.

intolerable.) In many små1 inexensve intemalniór He.Né låer, Íioweverf

;he heihun~
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glass enyelope Quart capilary
dlacharge tube

~'jO;~.rü~~:.;;";'~~~,y~;.~,:."i~~~~~~.i
~. . ...... .... . .............. '.. . . .' .. . - '..
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cylindrIcal
alumlnuni cathode anode pin

FIGURE 1.55

An internal-mirr He-Ne laser deSign.

the end miors ar sealtd diectly onto the dige tube, as par of the laser
strctUre (Figue 1.55). Exeme cleanness and purty dfthe laSer gas. fill is vital
int-he fuerently low-gai H~Ne system; thë tube enveIope mUst be ver caefuy.

outgasd during fabrication, aId a special alUIlÌ cat-hade emplóyed, at leat
in long-lived sealed~offlaer. The end IDorS themSelveS are car.efulIy pölished

flat or cured IIors With multilayer evapora.ted dieléctric coatÌllgs, having as

many as 21 carefuiy desIgIed and evaporàted layer to give power reflectivitieS
in excess of 99.5% in wine caes.

The pumping niecanm iii thë He-Ne laser Is slightiy more complex than
those we have discusSed so far. The helium gas, as the majoritý componeItj
domiates the discharge properties of the He-Ne lase~ tube. Iìeli~m atoms have
in faC two vèrj long-lived or metastable energy levels, generalIy rêfered to as
the 21 S ("2-singlet-S") and 23 S ("2-tripleL-S") metaStable leveli, Iocated ",20
eV above the helium ground level, Free eleCtronS thät are acÇelerat~ by the
~àl 'voltage in the laser tube and that. collde with gròund-state neutral hellum
atoms in the laser tube then ca excite helunatóms up Ínto these metastäble
leveIs, where they iemai for lo¡:g times.

There is then a: fbrtüitöus~and very fortuiate-neå coincidence in energy
betwee~ eàch of these helium metastable levei and cerain ~ublevels withi the

soeaëd 2$ and 3.; groups of éxciteà lewis of the liei1traì neon atoms, as shown in
Figue I.56. (The atomic energy ievels in neoli. as Îi other gases, ar commonly
låbeled by mea or sever dièrent form of speosCpic notation of vaous
degree òf obsêUrty.) . ..

When an excited He atom in one of the metatable levels colldes 'wth a.
gròurd~statè Ne atom, the exêIted He a.tom may drp down. ä.d give up itS

. ener, while the Ne atoii simtitaneotily. tak :up alost exactly the s.e

. amount of eiërand is thus excited upwad to its nea..coincident eiergy l~ve1.
Th important type of collion and enetgy.:exchaige proces betwee the He'
.ad Ne atoID is commonly referred to as a; "collon of the secOnd kid." .Ay
sm. energy defect in the proce is taken up by sm chgeS iI thekietit
éier of motiòn of one or the othet atom;.

.Thi ptoces thUS aiounts to a selective pumpin proceS, ~aried out via .the
helium atoms, which efciently pui~ neon atoms into éeai specied eteited
ener levels. As Figue 1.56 shows, laer action is then potentialy possible from
thes levels futo .vaious lower energy levelS in the soCaed 2p and 3p groups. .
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Energy lev~is in the Hè-Ne laser.
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The fit s.uecesfulaser aCtion in any gas lasr wa.m fac accomplihed by
A. Java and ctrwörkér ~t Bell Labs in late 1960 ób,the 282 -+ 2P4 t!anition
of helum..nen at i.iS23 mieIoIi in the nea.infared. ShortIy thëreaer À. p.
Whte and.j. D. Rigden disveTed that the saie syseII would las. on the
tiiínliar and very usfu 382 ~ 2P4 yiible red transiton at 633 ni (or 6328Á).
as wel as on a. iiuch stronger and qtÜ,t high-gam set or" 38, -+ 3p transitions near
:t39 micrôii. (A.hal-dozen or so dlerèJit nearby trimitions withiiièåèb'-ofthese

groups .æ. aCtualy be Iñadë to lá.ë, with the strongest transition ín éae group
beÍig déter~ in par l?y the relatiYe pumping eflciencles iito ea sublevel
and in par by.the reiative tráÎtion strengths ofth~ dierént traitiôns.)

. a
its
ne
el
:ie
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He

Chai'cteristic: of Gas Lasers

The IaeI.ga In the He-Ne 63 nmsysteDi îs qUite l¿~, with perpS.

2um ~ 0.02 tó 0.1 ci'-i(often exresed as "2.% to 10% gain Pe. iieter);

. aid thè typicä :Pwer output from a sma. He-Né laër may be 0.5 to 2,0 m W.
With a. de power inpu,t ,.ot- io W. thi corrponCito an effciency 'of ..Ò.Ql%.
Sever 'inuftUrrs suply mex.ive šelf-cntaed . laer fubes of thi . ty
for about $100 tetaiand Considerably Jes in voluië p'roductio~. Sugi.l~ëI at

very tifulas algnent tools in suréýig, for industrial and scentifc. algnent
pur, supemaket SCers, videe &k player, liir priters, and the' lie.
(The donïa:eeof the He-Ne laser In suCh applIcations may soon be e:Qded by .
even cheaper andsiipler seInconductor ~jectiön laSer.) Larger He-NflaerS .

he.
ed
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with lengths of 1 to 2 meters that ca yield up to 100 m W oùtput at comparablè
efciencies are al avalable.

There are al scores of other gas lasers that are excited by using electrical
glow diarges, higher-curent arc dicharges, hollow-cathode dichages, and

tranverse arc discharges. One.notable famy of such lasers are the rare-gas ion
lasers, includig argon, krton, and xenon ion laser, in which Jluch larger

electron dige curents pasing through; for example, a He-Ar mitur ca

diectly excite ver high-lying argon levels to produce lasr action in both singly

ionied Ar+ aDd doubly ionied .A++ ions. Such ion laers are geieraly large
than the He-Ne laser; and even les effcient, 

but when heaviy drven ca pro-

duce from hundr of miwatts to watts of cw oscillation' at vaious wavelengths
. ii the nea inared, visible, and nea u1traviolet. Longei-wavelength moleCar
laser, such as the C02 las, and shorter-wavelengtii eXcimer la are other

eXamples of important gaS ja.er systei.

REFERENCES

For a reent suln ö(practica laSer systein and many of their applications, see,

for .eXample W. W. Duley, Laser Procesing ard Analysis of Material (Plenum Pres,

1983).
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i.g OtHER PROPERTiEs OF REAL 
lAERS

--

PracticalasI' in fad come .in a great variety óf forI and types; using many

dUeri:mt kinds of atoms, molecuies, and iori, În the form of gases, liquids, crs-
tal, glas~,. plastics; : and semicondtiCtors. These systems oscilate at a great

many different wavelengths, usiIg many different pumping meChansms. Nearly
al real laSer have, however, certain useful properties in commOn.

Temporal and Spatial Coherence

As we have dìSed in some detail in eälier sections, nearly allaS can
be:

. !I

(a) Ver monochomatic. Realaset oscilators ca in certai near-ideal
situations osCilate in a single, esseitialy discte oscil3tion frequencYi ~actly
lie a coherent siigle-Irequeicy electfunic oscilator li inbrè-famar freqùency
ranges. Thi osciltion wi,. as with any othër rea osciator, stil have some ver
smal residual n-equency or phas modulation and .drft; beuSe of mecCa
vibrätions and theral eXanion of the la structure and other Iloisë effects,
as wel as sIiåI á.plitude £iuctuatioIl due to powe supply nppIë and the lie~

, Such a high~ualty laer cå stil be, hQwevei, one or the most spctraly pure

ósdIIators avaable in any frequency raigê. .
More typicay, a rea lasêr device wi oscilate in some 

number of dicrete

n-eauencies, rangig from perhaps 5 or 10 simultaneOus dite ~ai inod~ in.,

naower-line laSer up to a.few thousand 
discrete ånd closely spaced fruëncies

li les wellbehve laer with wider atomic liewidtbs. ..
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t.h on d tòdiS
", .UV Series -. -

Features
. Planar Diffused Structure

· Oxide Passivated

. yVde Spectral Range.

. Flat Noise Spectrum to DC

· Linearity Over Wide

Dynamic Range
· Peak Responsivity:.

0.62 A1W at 900 Nanometers

· UV Responsivity:
0.14 A/ at 254 Nanometers

· Low Noise

ll

Operating Data and Specifications at 23°C: Typical Perf~rmance. at 0 V Bias

chraetnsc UV-00BG UV-100BG W-215BG, U\f250BG 1)~360GG tJBQ UnIttN0BQ W.100SQ UV-215SQ UÝ2~OBQ UV-~C?

~~:ktl~/iÍe~.. =-:,~:t' ,~~~*,~. ::.:.~ '0 '~:Jft,:: :a; ~1::tt~: :::, :23i;:'. ~.;;: íât"i.' /,,~'J: ?lti~ci~ty -~.;; :.mri'~::.?'-t:'~~~;f~&,:'~:.iJ~_'''''-~-:: .",'1~_..;;_.i....~ ... ___-.-..- ...'"~:..~::. ~¡.- ~--'~- ~...- _._-~~.~.. ..,;_.... ~~..... -~1.;. :j__.._._~ASq+-..~~~~~;.spe Range' 25(H150 ~ ,.~. 1851150. nm . .
~~MiS:.1:~~~~~.":;' _;:~~;~ !.:o::;.,. :~, .o...::. .._ '~~:...~:oß7::'. Ir~~::i ::ï~Iy. ~~~~:.~-Jt~jp;~rRespnsiVl 0.14 0,14 0.14 0.14 0.14 0.14 AI at 25
:Ti:~~..-:' .:.- ..~:. .~. ..:..=~ :::: .;~~Õ!~L:~.~ ~.___ _ - ODlC;..., I.'.'QD ., E).oS:'':~ AI at 

20 ~~-:::~~~
Capacl1nc' 2s 150 70 63 1100 280 Picoars

~~'s~untR.ésl~' .2T .:':,. : :'2?Só'Z ':'~~1ap~,::.~: ~~50'., ~~"~';1iC.7 :::;~2O~ ::::.;i01~'~.MegÌin;J,t:.:~::~~~~
Noise. Currnt . . . 6 . 15 20 18 2å 40 10-15 Am~/i-z 1h .

ZJia!'(9Ö~1Ò~1) ~:::~::J:;~~..~ ~i:~1r~:. ;~?:~~L.::.~. .3.... .~.~=- :A...4.3:~~~~_~t6.':?~. ~1O:'4 w¡H';¿;:~?~;.:=-r,NEP (200,10,1) 75 1R 25 23 35 50 10-'4 W/ti1h
~'':''.R...". U....l..._r~.... ~._."".... ..... - - o#.¿1% .-......:.- .... ...... .-- 4 dŠ-';~:..-_.~~~ n.:.." ~~". ." _ _~, . ..Ovr7de ,..:..~:_.Surfce UnlfrmÎt- 1% With O.13rrl'n Spo 63 nni
:.-. -rmpraure CoCient of: . _. ~.. .. '... . .i _. '. _., .... -., Respons (900 hm) ~.' -, _. +OD3 %/"C
~. ~ f:~s~ri (350 nm ~ _ .. -0...' ,. %/"CR~spnse (200 nm) - -0.13 . %/"C~ Shiint .Resne ~... -20 . %/ci
Operatlng Temperature ~ -55 tb + 1~5 (BG) . "C~. .. -55 to +70 (BO)' "Cl'Š: .. ~ I 1Ó

t.

t
~gë Stye : 10 . ~ 10

NotëS

1. Speral range 18~1150 nm applies to unit wih BOsufx, 251150 nm
for units wih BG sux. .

2. Applicale only to unit wi BO sufix. t.,
Typical Spectral Réspon~é
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; ~o.:;ø
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a:
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a:~
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UV Enhanced
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Meçhanical Data and Pin Configurations

UV.040, 100, 215,250,360,44

roi: E~ OI,,.n,lon (min) 040 100 .215 250 36 ~ .
A (Active Ar..) .'t.;:;.:.l:. /:2. .:~~ ..:.s.s". .:'4.é:g :.i..6.0'': .'::iÜl;.8 ~Ïl.3 _.. - 8.3 - 12.3" 8.3 12.6 27.8
C :-:: :Ó-k ~.O,:;. :: 't3.8;I :;:~9.Ò:á 21;,:sE; :: l.8:""-:D 4.2 ..2 . ..6 ..2 5.7 7.1

J.-_.. , ___. .., :" . ~3~::: 3~!~~ ~~.~J. ..~~~i-:. :~l~~ .~~f.~=
: Pin Clrcl. Radli, "... .:.~__.: ~~'2.c:; .~3.8.: . ...2...,. ",;.5.3.~. .:~9;5,:,;
Wlndci thick.n.., ..~ )..0 . 1.0. 1.0 1.0._.. _1.0 ... _ 1.6 _._.

.Wlnd0wDlam.tei ',. ..:S.O ," :.S.O. 10.9 .S.O .... ..9.5... ..:20.r..;:

Not..
1. Only UV.100 and UV.. packages..

have apertures.. .
2. Only UV;øO. UY.100. and UV-25

packages have tabs. .
3. UY'25 and UY-3 active area

are squar.

i . l" PHOTOOIOOE REFEÃEN"CE

!-F-; - PLANE

G..~. QJJt.r~"i...:,;:wr

.. ABC ¥ABC~¡l-tL .tm.Ttl
UV.100;44 UV -0,215 UY-25;360

Typicàl Shunt resistance change with
. 

temperature

10 .

o.~ 5
~
~z;:
J:
£ 1.0Ñi-
ãr 0.5 .-
i-z::
J:
en

a:
0.1

o 15 20 25 3Ó 35 40
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GIossary of Terms

1~ Breakdown. Voltage (VB) - nie voltage at which 8 a Noise Equivalent Power (NEP) - A figure of meri which
stimiconductor fails to withstand the voltage and ceases to act definE!s the minimum incident power requjriid to' genërat~ it
as an insuiator. TI.is.PDint is generally defined a..s tnat vóiÛig.å . '. phötocurrei' eq!Jal tathe total phOtqdiode RMS noise èurrEmt.
at which a predefined dark current is exceeded~ NEP is calculated by the formula:
2. Chann~llmpea~ce - Photodiodè$ of guar ring construe- NEP _ Noise cl,rrents (amps) (AMS)
tioo. have an impe?ance which appears ~etweeí: the ¡ic;ive ?re8 Aesponsivít (ampSltt)
ánd guard ring cathodes. The importance of the chànnêl im:
Pedançe 'is ttiat ~ sfiun~ th~ loac; rèsi~tot. in the A,C eqÜ.iva.Jènf . . 9. P:hotocond~ctlve WC) - The photoonductive or rever-e

. circuit théte/)y restr~cting the ~~i.mù.~ valu~~t th~ lQ~tf. ¡m~ - -. bìas~d ~n .dé~iea is designed t~ det~~.hi.~h. spee~ I!~ht p~.lsé~

peance that the designer may use .10. the operating ClrcUjt The . 'or the high frequency .modulation ot a çontinuous lI,9ht baan,.
chanriel impedance is also à noise source which ml,St be The photocnductíve mode prouces a high respõn~iYty at Ile
- considåred. longer wavelengths, -an extended fr~quenc; rësppi:se ~.~e Íô .
3. Dark Currnt _ Photodiodes operating in the photOCnduè- . 

lower j~nction capac~c.e, ä~d s.en~s rE\si~n-~e time c?~nt

t.iv8 or revØrse biasec; moØe will have. some current f1awing ~d ~ photrr~ th~ nnear wi irrdiance ovr an exended
through the biasing circuit when no light is ii:9ident upon th~ madiance power rage.. .
. photodiode. This dark cuiTent is ä combination of surface and '10. Photovltlc (P -' When .8 silcon p- junctio~ is q~raed

bulk leakage currents. WI rio exernal applied voltage. it is considei:~dti?,"e operåtin.i
'4. Frequency Response - The frequency at which the iii'~~e'ptiOtovoitê!ic mó.e: U!ld7rtliiszero ~~.eIi~d~lt!l.9~.e:~~

ph~tocúrreilt is redúced to 0.707 ( _ 3' dé) qf th~ mid~ba.n~ value - çl~io~ ,~.~ .Io. le~~. of ~nci~ent .b9l!~ th~i:~ Jun~'9n will .ge~e~e
. is consioeted to be the frèquency'response limit rh's. detl . 8p.lr~ent propOrt?n~.tc? ~~e bght p~wer .1~CldE!nt.pn !hii. acli~~... . ..... . ," . _ '. __, 1,1'1- s~rfa.~e. The.. photov~ltalc. operatini; mode tes\-lts in low.
tl~maybeusedtodescribeboththeuppørfrequencyllmitand, hOtocfod" téd 'hÒ ., I't s "'s' 'it át the longer
iñÍhe eae of an AC coupled circuit¡ the lòwer frequenèy lÎriii.' p. . t" i. th~enedrai ...~. f. ~ noiese; ~r:~ i:, .ponô'~ to-' 'õ'" 'g'he' r~J"u"n;.;_ . _ \yave eng . s, an ower røqu ncy response u~ r v'

,,5. Güard Ring .. Silcon photoi;iodes. manuf~cturedfrQ.m ~- . tion capacitnce arid series resistånca. .

: tye rt~teri ~iljze at ,additional tathöd~ '~iffysìoii to: réçiuc~ _ .11 Q an . Eff I ..- (aE) ~ Th. .' bêr of electronic
-Øii current induced nois~ caused by su.rfaèé leakage. The sur- :. ':. um c erl-i . " e.num., . . :', .'
faCe lèalge cúifent is inter~¡:ted by tf~ guard, rln-g ahd shi:rìtèØ . .cha~escoUected fo~ ~ach ~lioton ab~ort:e.tl ,py.~hs pnO~çi?de~ .
to grQund, thus preventing this currerit from reaching thê signàl expressé9 ~ a.p~ntge; isthe quant.um e~ç:i~qçy. Th . qùan
proceSing circuit tum effciency can be calculated by the formula:
a,. Junction ~pacltance - Th~junètion capa.i:Îtance Of a, QE .. 124% R
smeon photodiode is analogous to the capacitance Qf a par!'llèi ).

. plate çapacîtor having a volta'ge c.oiÍtrbll~d .piáte sepáratiçjn. A$
súch. the junètiõn capacitance inc'reasas with an incrEiase iìì ác;

. tive area änd decreases with inCreasing bias'vbIÛlge..

. 7. ~ols Current ~ Photodiod~s .operating in the phOtc:vaitc

. niode generate a thermal noise (Johiisòn ~6.isë) cuijen'tthat :ex;
_hipits ø. flat noise vs. freqUency sPèctfLirj frgm. ÒCto äppro,,-"
i~atelý the photpdiode cut-off frequenCY. The -BM:S 'valLJe_'òl the

noise current is inversely proportional fo the squ¡ue- root of the
shuñt resistance. Thermal noise is ca:lctilatèd by the formuiá:

where: k

T
A

; dt

. ~ ..( 4.k~dfr2

., Boltann's conSint (1.38 x 1D-
joulesldegree K)

.. temperature (K)

.. resistance (series; shunt, channel, orload)(ohms) ,
.. noise equivalent bandwidth (Hert)

, lhotociiodes.operåting in the phatoconductiv~ ."lode generate
. a noise currentiwhich is a coml!ination of shot noise, excess
. noise (11t. aod theiT noise ciirrërits. Shot noise is calculatèd
by the formula: '.

is .: (2ejlddf)-i

where: .. electronic charge (1.6 x 10-11

cOulombs)
Id .. dark current (amps)

df .. noise equivalent bandwidth (Hert).

.q

where: R = résponsivity (amperes/att)
). '" wavelength (microns).

12,' R.esponsè Linearity - The chånge ii1 detector output_ ver-
Sus the change in iricideat light 'power 8escribés the rèspt;nse
'iíH~aii The low pow~r iimit is set by the d~teC;or npìsè.vler-e.
thë' noise current 'eXeeds a pi:definedpèrcènt~ge 0.1 the signàI: .
tha high po~èr Iirnit is setbý the sélf lorw:rd ~iasih$..tor!,ditìoÌ1s .

of the phctodiOd.a which limit thè tôta.~ ¡;rTo~nt qf.poc:tppurreri
that cäii be prouced under the opérafing conditions.

13. Responslvty - The photoCurrent Pl9duced per. unit ~.i~
Cident iigbt power at a speCified wavelenQth is the photióté
reponsiv. Respansiv is genEimlly speèifëd in amperesl
(AI.
14~ Rise Time rr Rl- Thè amount _of time to respond to an in-
put step waveform. is the rise iirØe. The time is rieásur:.d at the

points which are 10% and 90% of the peale signai value.
15. Series ~eslstnce - Photodiodes have an internâl

réist through whiCh the' photQci.lrrri)l~ ft~.'ph.ci~i9Øè .
serîës reisihce is afeCéCl by the pho.ódlode actiY í~~.a;'snicóñ

thickness. operaing voltage; and' the -qualit of elece
contact ' .
16. _Shunt Resistance - The dyra~ic resistn~ ot a
photovoltic junction is definedbý the slope of ths ç1a~ IN
charcteristic as it pase. tfi'u,gh zerÇ) vóiis: This res.iStnpe

shuntS the load resistnce and the phófqcurrênt sö~rcê hi the.
equivalentèleclñcal circuit and ¡š cbmmonly refêrTd to as the
shurn reisnce,

n =~_= oirl-rr,1\ rlr=F1rF'C;

_.
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c Application Notes "

1. Photo-Effect

. When the junction of a semiconductor is iluminated and
a conned.için is made to bàth sides of the junction, a cur';
rent wil f1ow'during the' period of ilumination. This

'phenom~non is known as the photovolt?ic .effeCt, whiah
is . t/je operating mechanism for photovolta.ic (pv
photodiodes and solar cells. In this case, there i$ no ex-
ternal bias applied and the cell gÊmerates an e.m.f. when
i1iuminated.

If an external bi~s is applied in the reversø direction at
the p-n junction, 'current wil also flow under iIumJn'aiìon.
Ttie current generated is composed of both the: photq-
induced currnt and the reverse leakage (dårk) ciiiTEmt~

The iev~rse iéakage current will remain c~nSíänt for fixed'
bias and fixed temperature cõnditÎons: This is called'the
'photconductive (PC) mode.

In both modës of operation, PV and PC, the photocur-
.rent Wilivar' litiearlywlth thé intensity of the incident light.

2. Photovoltaic (PV) vs. Photoconductive (PC)

The phbtovoltaic detector is designed for low nois~J low
'frequency applicatio'15. The PV frequency re~pons,e~ š.h.unt.
resi~an~e,. ~d junction capacity are active. arè~ depen-
dent TIe ëquivaent noise cutrent generated by the çlevi-t
at ~érO voltage is a virtu.ally flat Johnson nOise spëëtrum

'flOm DC to the cutoff frequeney.

i:!3 phbti?c:nductiyé detector is de~igneti to detect high
speed light pulses or the high frequency modul~ti~ii of a
çOijtinuotis light b~am. The reverse yç,lfage. in#eašØs the. .
junction field strength, Whi~h aècelerates theeleëtrò:nloi~

' 'träns!l times. . Reverse bias also requcés the jU,nctiçin'
.cåa~it, thei"êby minimizir:g the capacj~ive I~aditig eff~ct
ó~ th~ frequency resp-onse. PC photodicjides rnäy öPßrate

. over frequencies from DC to over 1 GHz With rjse' times
ranging from hundreds of picosecQnds to ten$ ol
nanóseconds depending on operating ~oiiditións. Thé ..
noise ciJrr~nt generated by the PC phot9diode is'. a c9m-
biriation of shot noise, excess noisa, and,)n tl)ê caSe of
a guard ring~Structure devic~, JohnsQn noisè. Shot.nQlsE!
is produced by the reverse bias current and èXhióits. a 1/f
-é~£e~~ noise characterIstIc. belaw 1 KHz. The Johnson"
noise is geMràted by the channèi resi$tànce between ac-
tive area: and gl.ä.rd ring diodes.

The design deCision to .use a Pv or PC photodiode is
. predicated primarily, on th~ frequenCy réspons~. rè-
.q~írèinents of the given application., aelow 100 t(H~, the
P\photodiode provides better sigrial-ö-noise,peiiriWlCå.
than that obtiined from an equivalent active area 'pC

ptiCilodioge. Below l' KHz~ the PV photodiode is' far
superior "in signal-tCHoise performance.

3. Device Oonstruction. r:
All. of the si!iC9n photodíodes rtan~aCt~red by EG&G
Ele.croptics.are of PIN coristruetion. Th P rëgion is a
layer which has been' doped to a p'+ level dùrÎng à fLit-
nace .di~j.sion process. Thé I region is the intnns!c: buik..

- ~i1con which may be of either'p orN tye silC9~.ïh~ N.
.' -region. is a .Iayer which had been doped toa N + level in
, . another furnaëe diffúsion process,

. Fig.ure 1 shows a cutaway view of a typical guard ring
- _photó~iode. The photodiode is .fabricated f!olp, a i:., tye'
. silcon Wafer or control/ed thicknesS. ~ P+ difusion is par-
foroed on the bac/( surfaçe to faciltate rear contacting.
A N + diffusion is pe,rformed on the front slJrf~ce, USing
photo masking techniques, ~hjêli accurately diffuses th~
. áclive area and guard ring.. Metal contaçts. ar'é sputtered
on the front and rear contact areas and the N + diffusion
is passivted.

~

AS".

METALIZED
CONtACTS

I. ACTIVE AREADlA, IVo

.f)N 4- . N+ DIFFUSI.QN N-+
~Q,!:.)(._ -Ð§£LET!2NR§;G!9~ _J ~~!!)

P.TYPESILICON BULK

P+OIFFUSION.

. Figure 1. Guard nng pla-nar óifused silcon phoiciiode.

" thè photodiode dark current is the sum of th~ .reverse-
léakäga thrQugh the blJlk. ~Uicoh and across,' lha
p~ótod¡ode s¡;rface, The ôark cUlleni iëãKa9.e jn.cr.é~s~ .
wit inpreasiri.9 area. The sU,rfaee I~tl.kage curr~.nt increa~
is proportional to the square root of the. active 'areå. wñile _
thëbulk leäkage cuiTei1t is directly propòrlona1, to tllë aç~' ,
tivè .area. Figure 2 shows th.e total dark_ currerit ~ a fliiiê.:
tióririfthe ate~ with atid witl10Uttheguard ring:NQte (hat
.fafge ~rea phóJodiodes do nQt hava as .slgi:itipant, a pjlrk
êufiènl reducton witn the' guard ring siticé_ a highér
percentge of ~he datk curr~nt IS due to b~lk I~kag&.
Under operating cohcfitions where the acllve' å,r~a. 80(1 the
guard ring are b!a.sØd aI ,the same poterjiâl~ tß~ 's'LIrf~Cè
leakge is shunted around the load r-esistòr and' flows
tfrough thê guard ring to groúnd. In tÎjls.iiiánlJei,J!ié itUèh
19\Ver bulk leakage becories the. fim,ting. s.DUrcø ~fshõi
nOise CUrrent through 'thß .Ioa~ rß$ist~r. SinqËi" the ~hQt- .
npise 'current of the: detector variês dírectlyas tiie s9!lar~
foo of the leakage .curr:ent, the totäl--iQisè- parformanë~ '
of the detector is gre.afly irñpróvetf t)y the -adôitio!1 of lt.
guar ring to detecors manufáctured frm Pty material.

o

-
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FiQure .2. Photiode dark curreri vs actw &ta.
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GerièraJly ciiilY detectors rrade of ~ type. material, a.r~,
manufactured with guard"riñ9~ dùe to the'differeriçø in t~~,
basic propE?rties of the two materials..N type .material aoes ,"

- . nót have nearly as high a surlacè leakgè as I? type
rraIeriål; therefore gi.ård rings typically are not used.

l'

4. Photodiode Equivalent Circuits
The èlectrical equivalent circuits tor N ty~ ahçi P type

.- ' c:etectör$ are shown in Rgures :3 and 4. resp.~pti~~ly. The
f1oY¡ of photocurrenl i~.In ~- d,irection SO as .tQ. d.evEjlop a
Igad Vòltagè whiëh wil.1 forward bia~Jhe id!3al,Qi~~e. .ft is
thE! development of this :foiwa:rd Vólfag"ë across the ida~J
diode' which determines the :high power'lirrit- få.r linear
.response. Appiication of a voltag.~ in the reversø dkectiqn
acr-oss the ideal diode wil extend the high power limit for
¡¡near response.

'Rs

f

~l

RLOADCj

Symbols
i . Phoocurrent generar
~ '. Junci~n capacitce

In. Noise currnt generator

. Rs":. Shunt resist

. As - Senes resæce
V s .. Signa voge

Figure 3. N ty material.

Rs

t

~ r

RÜ:iAOCj.

GUARD RING
DIODE

;"VSIA

'Symbols
Ip . Phótocurrnt generàr

Cj . Juncton caacitce
In - Noise currnt generar

RC,' .' Chanr,!~ rÐsist£8

"A - ~tieS resistce
V s . Signal voitge

j:gure 4. P type iiiieri8l.

10 5. Siilèon Photodiode Characteristics

Piaoar diffused 'photodìodes ~~e u~uäiiy fa.briçat~~ from
ilate~åJ having a range.of resist~liy .frm 10to 1"Q.OO ç~m- .

em. The resiStivity óf th.e silcon aric; the. bí~. ~C?lta$ê dêi~r:
min~ the j~hêtióii depletibh depth.. iunêt,?n ë~pa~ìt~~e,
respoiisÎvity profie; a~(ies te.~iStarc~. r~s~~nse t!r1~; ,and

d~~ c~rrent~ A n.o.ni~s.r~h h~s ~~,~h ~re~~~e~: t~~t.p'er:

miì$ rapid deteillInatlon of photoQlode .dep.Jetlon, dapt~
and:'unCtoÍ1 capacitance' for ~ giýen resi~iVif~~ìve lVeä"
and operätiAg bias. Figu~e 5 is the iíomo~~ph thàt sh.ò~
tnese parameters and their interdependence.
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Application Notes (cont.)
.. ~

6. Detector Biasing

Photodiodes are designed tQ be oper~ted at specific bias
vQIlages which are di.ctated by the operating ,conditions. .
Wheñever possible. the user should follow tha' reeonimen-
dations of the device data sheet in ordër to' a,çhi~ve. ap- ,
tirnum performançe. Circuit designers should bé aw.are

that, if a device is not operated at the recommended bias
voltage. many"of the operating charctristics listed ¡rdhe

data sheet wil change. The nomograph of Figure 5 shows
some af the changes which arß bias voltage dep~ndent
The folfowlng is a list of parameters and the effect that an
increase. of biaS voltage has on them:
A. Dark current Increases
a Noise current Increases
ç. JunCtion capacitance DecreaSes
D. Series resistance Decreases
E. Channel resistance Increases
F. Depletion depth Increases

.- Go Infra-red responsivity Increase;;

H. Rise and fall time Decreases
7~ Capacitance

Junction,capacitçe, in conji:inction with loa~ impedance
and series resistce¡can produç;e a syem HC time coli

. .stänt that. wil be in e~cess of the photodipd¥ çhárgé: col.:'
- leCtiQn time. I. is for this reason that the ~ysetil aesìgner,

should determirie the value of the junction' capacitaiïèe
ana it relative importnce to the particular appliCt;tion._
. The jl:tctiori capacitance of a phótodiodecan be ,~eter-,

.i'ineØ for various bias voltage!" using the noiiögr~ph 0.1
Fiéúi" S if the active area and th~ silcon resistivitý are'
ktown. A stfaight line drawn from thè proper våluè õ!i thø"
R~sistivity scale to the operating vóltagè on!thi; Detêclòr
mas sca:lé wil intersect thé Capaèitance .scale at sØité ,
point. . This . capacitance constahtmu!tiplÌed :hy '~th.ei
phötodlode,aclive area, in square milim~tørs, wìl De .th~ ,

. value' Of the photodiöce "junctíón capacitnce in picotarids."
The voltage at~hich the junction capaçitance ~c9-më$

eonstnt for inêreasing valu~s of ä,pplied voltagelš êiiiì£i ,
the fu\! depletion voltage. Toe full' deplètioii yoltåg~ 'cárî
be'dÊrermii1ed frqm the Figure 5 nomograph. A stfaìght
line drawn from the. proper vali.~ on the 'FlèsiStjvity s.ca.le
th,l9ú~h a value on tli~ Depletion'Depth ,scåle eqtJ~ toJ~e
détëctor thickness wil intersect the Det~ctor 6ias ~èale

, at the voltage at which full depjetion occi-rs. The exâmpl-ø
, sfiòWÌ on the nomograph iluStrates a'det~êtói' rtàÌiú.faè-
. tured of 8 Kahrn-cm, P tye material, ~ÒO microns tliìck.
the full ~ëplétion bias voltage fot this device is 120 volts~

8. Series Resistanèe

series re.slsttice is an importnt parameter to CQnsider "
i" high freqúenèý applications: When the ji.mCtipotränsii, ,.
time Îs'irin.imized, the limiting facto~ for hìgi1 treqi.~hèy

. operation is the RC time conStant. this is tfiØ pr()oÚct of
~e junction capacitance and the sum of the serìes plus

- load resistnces.

'. In an equivalent electrica diagram, the series resistce
appeårs in the series with the photodiode jun"ction ¡in-

pedan; The resistce of the undepleted bulk silcon ca e
he calculated from the following formula:

R=~L
A

where; Q = Resistivity of the silcon (ohm-cm)
L = Photodiode thickness less the

depletion depth (cm)

A = Acive area (sq cm)

In addition to the resistnce of the undepleted bulk
silcon, the resistnce of electode contaCt mustalsa be
considered. Contact resistnce may var from 1Õ'to 1ÓÔ

ohms, depending on the geometry of th~ contact Whên,
choosing detectprs for' 'hi9ti speed applícations, proper
contact design.is essential. .

One resist~ce to the photocurreT!l. which is often
~vei1OQ~d is the spreading resistance. This.resist~.~ ap ft

pearS between th~ point wher!3 t~e catria(s a:re generaied ..

and the electrode contact where the photocÜrrent is Cõ1.,
laçi~d. This te~ista.rice is dìfcult t() quantifY..as..aac," Çàe
is different; hòweverj this resistance is'relatéd to the, ,.' .... .' ' ,.i
distnce the carriers must trável acrosS th~ sunaçe of the .

siiicon. For optinium high speed Pêrloi-rri~ric~, th~'a.dtiva- "
area,should be as close to the iIuminating'spot size as .
p,?sslöle.

-9. Rêsponse Time
thè photodiode response time is th. root-me~-square , .A
sum ~l the ~harge colléction time in t~e dsp,letlon !ei¡ion : - U
and ttiè RC time produced by the ~~riès.plus )oad:
:~istce and juhct.ion plus strày caaçitah:i;:e..i:h~ ~~afge.

.aollectiòri time is bras voltåge d~p~m-dêht, an,Q. is eQua1,to ,.,'

- 'approximately one'halt the .paplétiori dépfh.d~\fd$dJ)Y t:hë. '"
carrier drift velocity. PhotOD eh$.rgy absqrb.d biiìde th~
òèpletion region wni pródiic.e cär(ìers tnât are CòJI,ectè,cf

i:y-diffuslònpiiq tli~ respórise-l1rne Qtthe~e 'cartlers'\vm '.
be nl~çh slower than the c:aiTeri 's~e:pi fr9i- the .~e,l?I.e-
,tiOh region. Under certin b.iaS¡fl~ cond~iöns, ~.phôtÖdiop~. 0.....'
ëan nave a fast response time 19r short wåvelehgths and
a $iow~r responstt time for long\vavelengths. '

l-n the m.ajorit of applications) the d~sign'er Will firicft.hat
the Jimiting faCtor in, photodi~de resp9nse lime wil pe ttie
RC tîire. In a HC limitéd sìtiJâ.tioii¡th'ê' phQtódio(;ê
'ope$tiriq öàrClidt wil ~ e-aJal to 1/(211 Re).or Ò.159iRc,

ard the nse time (100/0 to 9l:WC!1 to.a step ~x~foti of ra~i~ .
. tion wil be .equal' to 2.,2 RC. The fall tirr~ from.. á Step

waveftmnwin be equái to the~ÄCïifOe prus the çårtferiifØ~ "
"tiine. Garrier life time prÖduces ã déi¡¡y in the,start Qt f?-II d
time due to ttê fact that phOton 'genérated, c.artiers' ar~ atili. .
being syept õüt of the. deplëtiôn regÎon: Th~ rise ana fall
t!nies. a:re generally equal for f~I)y. nepletèd'pnot~~jod'es
.but are dissimilar when the pnotÖdibdè is operated hi thé
pho'lvoltaic modè òr at low b¡às vöitageš~

10. Spectral Response el
Thephotodiode responsivitY prafie is' dir~ctly r~!ø.ted to ..

the, depletion depth obtained fQi a. given ppe¡jting bías
voltage and silron. resistivity. The followiiig' åquatioii is
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Application Notes (cant.)

It given to ilustrate the dependence of the relative respon-
sivity on the silcon resistivity.

The dashed portion of the responsivity curve for -
wavelengths below 0.50 micron is ~n app,roxiniation due
to the diffculty in accurately determining tbeeffåC .of the "
reflection lòsses ånd the front window absòrption iõsse~ ,.
in this' wåvelength region. The front window is a term '
usecftò 'describe the 'front surface of the silçon in'whiçh
the ptiotons are absorbed but do not contribute tQ thå
photocurrent. The front window thickness for photodiod~s'
withoút antireflecive coatings is tyically O.go micron. Thló

'abSòii,te responsiviiy peak for the 25ÓO ònni-:m .~l!rVe is. ~.
0.52 A! Manufacturers. of planar òif1us~d photodiöd~s '

. have demonstrated the abilty to improve i:9ì19.çhromatiè'
responsiy by 10('10 to 30% by the appll~.ion of anrêfÌec-
tìve' coåtings to the detector active area. .

Photodiodes of ~ery high effciency at long 'lavei~ri~hs
èar: be produced using thick, very hìgh. resistiyity, silcolJ.
Consider the case of a photodiode inänu1açtllred from

At '1.06 inicrons, the ~bsorption coetfëient of silcon, is 40,OÔO. ohll-_cm, ~ typa ailicòti. Operating .this Cl,evice at .

approXimately 35 cm"1. The deplet!9" depth o~tai.red wit~. . , 300' vrlts bias wil re~ult in a Çleple,ti.on dèpth öf 0.1. ern,
10 ohm-cm'silcon with 90 vólt bias is 1 x 10-3 ern as'coii-' CålcL!I.~tingthe value!?f l.or 1.06 mict6pradiatíp.n wilS.~~.:'

pared tó'15 X'iQ-3 cm foaSOO õhm-cri silCon; SubstitütiiÌ9 tnat this photnoiode wil respond to W% qf the tota, 1.06

these Vàl,es iito the effbiaoey equation indicilt.es that thØ mlcrçm radiation. Réflection losses; again, have been
1Ó Çlhri-cm pliotodiode wil resp.Qti.G to 3.5ò,(of ttw. tòf~. .' .. d

1.o micron, radiation put the' 2500 òhn-~n1 p'hQto~iç'd~ wil . , ~nore .'~ . '. . .

rèspónd t!? 410Ai of the. tòtal1.06 rni~ron ra.a!ation.,lri both., ,. 1.1_ Quantum Efficiency '.
~~s, .surlace r~rlect!ón '.osses ar~.. assumeò ,t~ be- iqe~ .' .'. figure 7,shows a tyical ,spec:ra respon.s~ 9urv~ fÇr a UY

tl?& anctare not included In the et.~i~r;cy ~alyes,: 'In .~r9.~!-.. . enliäticed phótoaiód~ operat!ng. at'O volts..bias,'Th~ SL?~-

to com~let~ th~ s'pe~ral respon.se p~pr'le, ,It-lS- ne.9~s,sary' t(al range is from 0.19 to 1.1.nii~rons, Tn.~ responsiyity
to con~.i?~r the sho~~aveten9Ih, resp~n~e ,for;~e.hV~ ' tiirv~.Jor tf:is" device, typic.~IIY. peak? at Q.9 micron with

. .phptÇ)~!~des. At ~.45 micron, the apsorpt1on c?~ffi~ienrpf a responsivity of apprO)dmatety 0.62 NW.
siliçon I.S approximately 3.4 l' .1Q4. cm-1. C0'lput!og ~e .
value òf I wil show lha.t both deteCtors wil 'respondto --
1ÖOÓÆiof the 0;45 micron radiation. Reflecion lósses have
been ignored in this case also. ,

Figure 6l?reseriæ. typicaI rel.ative ~pécrai rasp'n~e~ for:
the tw ca~es previously desèribed~ Tn~ I'o .rè$pt?nsivity

. burV have ben norialiied to the peak of the 2500 ohm.

cm curve.

where:

I = 10 (1 - eÕt) ~ A
. hc '

I .. Photocurremt '(amps)

10 ,.. Maximum photocurrent for total photon
~sorption (amps) .

A .. Wavelength (microns) .
t, - Absorption coeffcient of silcon at ).

(crr-1)
h = Planck's constan (6.624 x 10-27

ergs/second)
'C = Velocit of light (2.998 x 1()

meterssecond)
t .. Depletion depth (cm)

"t

'f

~
1

iù
fIz.oQ. .
fI "
W

. a:
w;:

~
w
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o '''.... ,
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Figure 6. Relativ spera repose
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Application Notes (cont.)
Figure 8 is the Quantum effciency curve fòr the respon-

sivi given in Rgure 1. The quantum effciency' is
calculated from the formula:

a.E. - hc x ..x 100% 0: ix 124%q À À.
where: h oi Planck's constnt (6.624 x 10-27

ergs/second)
c .. Velocit of light (2.998 x 10S

nietårsecond)
q ~ Electronic charge (1.6 x 10-18 couiombs)

R .. Respónsivity (NW .
À a: Wavelength (microns)

~:,~oz
w
Õ
ü:~
w
~;:l-Z
'";:
cr

1.0 1.1

Figlire tl Typical quantum effciency - UV series.

12.. Noise - Photoconductive Mode

. The. noise current generated by, a planar diffused
photodiode operating in the reverse bia.s mode is a cQiT-
bination of shot noise, excess noise, ard thermal (Johnson)"noise. '

. Shot nõise is. generated by current flowing thrQugh the

. device. Thìs current may be eithar the dark ëurrèTlt 6r the
. . photocurreht; however, the predominant shót nQise

.generator is the diuk current. The shptnqiSè prbdilej
by th.è dark cur~nt can be calcLJlated by the formula:

is == (2qlo Af)Y.

. Where: q = Electronic charge (1.6 )Ç 1( -19 coulombS)
:110 = Oark ëiJrrent (~mpéres) .',
. tif == Noise equivalent bandwidth (hért)

Below 1 KHz; the shot noise increases with a 1ft
. c~aracteristic and is referred to as excess "noise.

_ The themial noisecontributioTl is provided by t,I1ß, series
resistan.~, load resistance, and, in lhè caš~ of 'a guard'..

~-ring devce, the channel resistrice. The thermci noiše cui'-
rent is equal "to:

It = (4k~Af)~_
where: k = Boltzmann's constant (1.38 x 10-23

joules/oK)

T.. Temperature (K)

Af = Noise equivalent bandwidth (hert)

R = Resistance: series, channel, or load
. (ohms)

The il1tetrelatibn of these noise sources ,can be seen
by referrng to Figure 9, which'is a nois~ mod~1 for' gl gy~rd
ring structured, planar diffused photodibde operaing"
under r'ëverse bÎas.

The designer is normally intere~ed in the tpta ~~is.e pre-
sent at the input to the preamplife.r or, a,s shqwfl lrl Figure
9.. the total noise voltage, V n' present across thé 'load Atlresistor. . V~

----

RJ
CJ

Rc V RLN

Rs e:
- es

is == (2qio Af)~., .~
ee = (4kTRc At)

es = (4kTRs ~f)~ o._ . ,.t~r" .i:\l, eL = l'+"'. ~L ~IJ .

Figura 9. NoiSE. inodei for Æ"Jersebiassd. guard ring stucturedpooroWd~ .
To simplify the analysiS, it is assuméd that Rt -c R.c' If

.in practice. RL is s¡g~ifjtant with respect to. Rc' ~e.n th~
. deSigner can calculate their equivalent patallel reslst~.

. The total noise .voltage pres~nt ~cross Ri-ls tne ~quar~
root 0.. the ~um of the squared noise voltag~s .as follows:

en total = (e12 +' 922 4- e32)'I

,where:

e1 ..
esRL

((RL + RS)2~ Cj~~
_.

Jt EGi:G PHOTON DEVICES
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Application Notes (cont.)

. e2 ==

eL(1 + c.C¡2Rs2)"'.

(1 + w2j2(Ri: + RsF)'"

e3 =

isRL

(1 + w2j2(RL + Rs)2)'"

.f

The preceding three equations relate the spot nOise
voltage at a specific operating freqùeiicy. The op'e,¡'atín~

bandwidth of the individuëi noise generators (e1' e2. ë3)
can .becomputed from. the réiationship: f ,.3dB
= 0.15!;/RC..This operating bandwidth can be converted
to a noise bandwidth by multiplyingf..3dB by th'é factôr
'1.5g, ãssui1ing a 6 dB/octave rolloff slop'e.

13. Noise - Photovoltaic Mode

The shunt resistance generates a theimal noise.current
that e1'tiibifs a flatnoise vs; frequenCy Spectrum from nc
to appro~ii:ately the photodioaé cutoff fre.qüenèý Tijå
J1MS value ohhe noise current ia iri~ersefy pròpof.òÌl~1
to thë sqi.åre root of the shunt resistancé áS shown-in thè
'following Johnson (therriáQ noiSe lormula:

. , (' 4kT Åf)Y.
'nt = -., . Rsh

where: k = Boltmann's conStnt (1.38 x 1O-2:J
joules/OJ

T == Temperature (K)

.1f = Noise equivaient bandwidth (hert)

Rsh = Shunt resistance (ohms)

14. Noise Èquhiaient Power (NEP)

hi i1aiiyphotod.iode applicatìons, the design~f is cO,n~

cerned with the minimum datectàblê' power: of thØ
P.hotbdió(ie. The noisØ equiv~lent power !NEP) figiJre' 91
merit defines the minimum incidentDower. ret'îuïre'd' tõ
generate.a photóciJrr~'iit equ~ to UiåtoIåI p'hDtodiodé
noise cUrrent. In forl'rlula form, this would appeår as:

NÊP = .. N.d¡-~e ëum:~iit (AfIps) -
Responsivity (Ampslatt)

Ii should be noted t~at NEP is an ambiguous fiQl,re or
rnarit if th~ të~ èonditiòns are nÇ)t specifie,à. Expérlënced.
d~si~".ers y!ur q~ai~fya ~aiue af ~EP by, spec:i!ying the teSt
_ conditions in parenthetic notation as follows: .

NEP (soUrce' Ylavele'ngth; test frequency,
, noise' bandwiçfh) . '.

t.

t

-
Examplè: , ~
NEP (900 nm, 10 Hz. 1 Hz)= 3 x 10 -15 Watts/Hz

Photodiode manufacturers generaiiy speci NEP for tf:e
phot~diode oiiy, and do not consider thé tloísé contrbu- .
tiOi from other sources in the circuit.

.15. Response Linearity - photoconductive
Mode

The reverse biased photodiode signal current is line~r
over a wide range of irradiance. It is Iiini.tedat. ~igh irra-
dial1Ce levels by the p~rmissible power dìssipatión quoted .

. for tJìe' device, providing that ~he load piuS' series
resistances are not current limiting. N. low irradianqe
levels, thè signal Iinaarity is limited by t~l! shot noise .cúr-
rent for the operating bandwidth, neglectng any measure-

'ment system n"cis.e.

Some general rules for determining maximum, linear
signal are:

esignal M S 0.3 X VB1AS

0.3 .X V BiAS
isignal (A) S R R.

s + L
The photodiode wil have a linear operaling rang~ of 7.

to 9 decades. when followéd .by G properly designea cir-
cuit. The ranga for 1% Iinea,ijty, is deJine~~s be!ng:frorn
10.0 times the iioise. 10th 1S/N. to the point ~t .whièh the .'

. d~tectdr respon~e de.viafêS from the. pre.di~êd r~spon'se .
curve by 1%. Greater range. can be achieved if larger
deviátions can be tolerated~

16. Response Linearity - PhotovoltalC? Mode

In low iight level applications, the linearity limit is deter-
mined by the noise c~rrent for the ope:~t¡'tig,~o.1~: ba,nà-
width. At high irradiance levèls,.the limit is de.termined. by

. 'thè forWard voltagè which appears across tfi¥junct~n ~~:ø
the rate åt which the carrierS can be sw~pt from theJua'ç:, '
tion. the follbwirig fbrmula fordetermining ITaxÎrjiJ!h

linear photocurrent .is based on 'empirical éviiluations of
photovoltäic photodiodes.

(25 x 10";3). . (P x Rsh )..

'pm == . .. loge. . . .. ... Rs + RL . Rs + RL

. The active area dependency of the s,~~i~~. and. sh~nt.
resisfi'rices creatès a sin'Quiar .tins$'rit SÖ!uiolÎ for eaê.h.

. .ph'otodìóde.Figure 10 is a grà.phita.í pr~~éi)~tibh ol.ä lO/o_

liriearity equåtion for the várious phötodiod~ 'activè areas
n6iially encountered in instrument applications.

If photodiodes are used in' cOnjunction with a .road
resistor, the responSe lQ incide.nt .light n'~y batomEl
nbniiii.ear well before the' ~urrent.lèvels shq'!l) .in .Fig,ure .

. 10 ,are reached. The lìne.ar range of a ph~todiode is alSC? .
lilÝited by the forwård ~ltage 9E¡rierated a.cross the ,a¡~9~.

junction by the photourrent floWing th!Óugh thè séties and

load resistors, For linear .respönse: ...'

Load voltage s 100 x 10,-3 V

Linearit wil.also be affected if current dE¡msities are too ,

high. The low field strength.of PhQtovöttaic dio~~)u~clions',
iimits the rate at which the carrier,S can be swept from the
junction. For linear response:

Current density :s 50 x 10 -6 Nsq. mm
of iluminated area

.41



'Ap.tJli.cation Notes (cont.)
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1mV 10 mV 100 mV

LOAD VOLTAGE

LINEARITY'; 1% LOAD VOLTAGE
MAX RLOAD = MAX PHOTbCURR~NT

Figure 10. Maximum phoiocurrnt for s1% linearity.

The maximum radiant power densit for linear r~sponse
. can becalciJlated from the following formulå:

M. . .. d. 'ty _ MaXimum ci,rr.ent densityaximum power ens i - R. . . . 'ty' t À. . esponsivi a
17. Response Uniformity

The !Jniformity of response is dependent upon the
qu:aities of the window; the photodiogè ffO!ll ~urfå.ce, ariçj
tÏ)é pt'6diödé. fëãi' šÚiiãëë. in appiieãiiõriš wh¡;r~. the Îñèi-

.' .. dent lignt is fOCused on the detector surface, th-e window
should be clean blJ minor imperfeetions cån I?e ignórëd... .
,In app.lcations where the light spot is small and frOlT a'
. coilimatedsoLirce, it is importnt that the window be of
uniform qualify. .

In. apRlicåtions where the operating wavel~ngth is less..
than approximately 900 ntn, the qua.líty of the diode ~ront
. sunace is most importnt. The fTnt sùrface must bë clean
and freed cöntamiriation arid cíy antire,flective coåtiTigs
. must be unifomi and free of hol~s. This ís especially true.

. iñ àpplications wher'ë there is no protective window. The
.. 'response unilormit is inversely proportional tó the it- .
luminated area; therefore,' s!Jrtàce condition is critical hi

. situatic;ms where a smalllight spot is used. Å high quålity.
proódiode should exhibit response uniformit of bétter
thån :f1% wit a s"ot siie ~Ö.13 mm.

N. wavelengths longer than approximately 900 nm,' a
photòns st~rt to penetrate the silcon, deep. en.ough to ·
reach the back surface. the rear surface is panìally re~'ec-
tive and its condition is a tactor in long wavelength

. applications.

In applications wnerè all of the light energ must 
be kept

witin the phbtodiode actye area, t~e i.deal sP9t size i~
the active area dimension minus the beåm movement
dimension. In the case of a photoèi6de with ail active areà' .
diameter of 2:54 mm and a beam movement of 1 mm, the .
.ideal spot size for the most uniform respOnse wóuid be
1.5 mm.

18. Angular Response e:
1 V

The responSivity of a photodiode i~ qUÇ)ted fói',inclden.t
radiation thatia normal to 'the plane s.LliTacé oJ. the

phót~diodè .active area. When the çingle .of, inçid~n~e
våries from the normal angle of incjd~nèe. .tnè J?h~tödit)ae .
response,wiI decrease bý a factor that ~ppròx.matès' the
cOsine of'the incident ångle. The aD9u1a.r ¡~.spon.se is

wavelength dependent anô isgreatly~ affèct~d -lY, ih~' a.c-
tive àrea- reflectivit. FigLire 11.sho~ the typical âeviatjôn
from a true cosine response for tl plaiiar.d'ifflisëg, õxiö~
passivated photodiode for two wa~~lengtns öf inCjdent'
radiation. Rèflections fi'òm packåge surfaces Will also af-
fect angular response.

.-
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Figure 11. Typica devafons (%). frm tr cone rens vs angle ~of incidenc. .
19~ Responsiv'lt~ vs. Temperature

Photodiode resporisivi i.s ta,rn(li"u,- dapendérJ Th~.
rè'~~nsivity teriperafure ~ffçi~r.l vafue is ~V~lè!1gt
dependent. Typically;. th~. tèÌ'p~ratúre . coeffc.rent for,
waVelengths shorter thöir: 700 .nn( is negative; at

Wav~lengths longer than 70 om, the tempèratüre coeffi-.
tiÈ:mt is positì\Ìe~ Figùre 12' Ì$.' a tabi~ of respan$iVity
temperature' coffcient \I. Wavelength daÌå for tW
photodiode tyes.' .

"
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, Temperature Temperature

Wavelength Coefficient 1 . C.oefficient2

(Nanometers) (%/0C) (%/oC)
200 -0.18
250 -0.16
300 -0.14

'.350 -0.10
40 -0.14 0
450 -0.06 +0.009
500 -0.003 +0.08
S50 -0.002 +0.027
600 -0.001 +0.036
650 -0 +0.045
70 0 +0.055
7S0 +0.003 +0.064
800 +0.010 +0.07

" 850 +0.015 +0.090
900 +0,030 +0.22
950 +0.060 +0.30

1000 +0.30 +0.51
1060 + 1.01 +1.51

1. SGD series at 90 V bias
2; UV senes at 0 V bias

A'pplication Notes (cent.)

l Figure 12. Typical responsVi temperature cOffcients.

The equation to calculate the photôdiode responsivity
at a different temperature is: .

. .. T' T
ReSponsiV 2 .. Respansivit 1 x (1 '+ Temp, cç. (%/"Cl) 2 - 1. 100

. t. where: Aesponsivlty 1 == Known .responSivity at ).
Temp. C-oef.. .. Phofodiode tèmpéràt!Jre

cOeffcient at )..
T2 ~ Nêw temperátura
Ti =Startihg temperature

20. Photodiode/Operatfon~r AmpUlie.1"
; Combination: Linearity. .

The operational amplifier; when used .as a current to
voltage converter, cr.éatés a uníque sölUtìon to the iÎneàr~

'.' ty Iimitatons impo~'~d, on photcidíodes QY th~ .~rm¡l1ating
load impedance.,!n this trar:Síitpedancë configûration;t~e
phdtodiodè views a 10aQ impedance as shôwn in the
following equation:

Za = " d - . Ft.f
AI., + (CrRtÓi)2j1f

e

This equation shows that at low frequencies the ap .

parent phqtodiode load impedance is very ~ow but it in-
creases w1th increasing frequency. With tbe ?,yailabilty of
open-loop amplifier gains that exceed 105 at DC., it Is eyi~ '.
dent that photodiode signal gain can 159.. accomplis,hè.d.

'over a reasonable frequency range without the lòss of
response linearity. A gaod approximation: of the
pliotoÇiod~operationai amplitier response. Iineårity ça ~.
detèrmined by.the substitution 'of Za for AL in the n~e~i-
ty equations for both photovoltaic and photoconductive .modes: .

It Îs irrportant to rememb~r that operatioaal amplifiers
dO not have the same dynamic range as a. silcon:
'photòdiodè and that the. linearity range may be JlmJted by
the a.mplifier. If an amplifier h~.anRMS noi~e ,!olt.ase ç~'
1 mV at the output and a maximum output of 13 V (f15
V supply), then this is a maximum ranga 01 just aver 4
dacad:Ss..lf the output sîgnai voltage is I!mited to. 

100 my"

100:1 SIN) at tlT low end and 1Ò V atlhe higfl ~nd! this, .
is only 2 decades of linear output signal vójtage. This Jìnea( .
råiige IImitätion makes the proper choice 9t. feedback
'resistor value an importt design consideration.

21. Operationai Ampliier rrarisimpedance

When used in conjLinction with a silcon phqtodioae, an
operational amplifiè.r is used in th~ transii!ped¡;hCe mode .
as a curtent-to-voltagè converlet In this ric)de, the
photocurrent, or datk êUrreht, is converted to a .voltåge by" .
an impedance in the feedback, loop. Wl!~n .oparatiqg. ât
DC, the output signal voltage is proportional to'the,feë~
back rêsistor value and can be calculated from the
formula:

EOiJt = lin x At

This formula does not consider any offet voltages. This.
subject is covered in Section 23. '

Tho torm "ni:in" rinø~ nÄt i:nnlv tn thp. tr::n~imoedarice..._ .._.... ::-" ___i; ..-~ -r-r-3 ..- --.. -----....r~;--:--:-

, . mödé of opera.tion. Gain is the ratio of the amplifiør out-
put tö the amplifier input am:! bü"Ji tem's rttl ~e. thé ~Tiè: .

volt¡ amps/àmps; Wattåit. tn th~.tr$)nì~aD~'
mode, the ihPÜt and output terms ~rs different; therelore,
thë term I&gain" does not. apply. . .

It shoùld be noted that the formula fur ;out does not
,reflect th~. closed loop "gain peakil1gi' inat ëCl11 _oqcur

beëause of thi;' summation of the open loop gain and the
raiate'd phase angle with..the transÎn:péaartçe ahc; it ,
associatéd phase angle. If t.he 9p.en !ooPGai'J. and fee~~
back gain are àddéd algebraically 'and cornpared to. th~
-sum of the respective phafi~ åtigfé~; it may '.peèòije eVÎ-:

deot that a sum positive gåÎn wii occur ?t lhØ f¡'eqfj~ncy'
where the sum phasé. angle .cr'Qssë~ 180, de.ørees, Tnj~
situation of positive gain at 180 'degr~es .ph8:Ss' angle is

ge"Orally referred to as "gain pèaking" and tn?~ dG .
signers recognize this situation as b~ing the basis for
amplifier instabilty.n ... .u ç:~"r: PHOTON DEVICES 43



. Application Notes (cont.). .
eThe cause of gain peaking in photddiode/op'amp .com-

binations is the total capacit presented at the aniplifier
inpùtwhich must be driven in the closed loop confígura-:
tión by the oUtput voltage ttlrough the feed 

pack im:'
pedi;lnce; The solution to gain peaking. is to add a smail
ambunt of c~pacitance acro~ the feedback resistor so as -
to' modify tlie dosed loop gain/phase angle'relatìohship.
Figure 13 d~picts gain peaking in p typical phot04ióde/op.
amp combination where the detector is a large area;
photovoltaic photodiode. Tne curves show the results of
aeling small ~mounts ófcaacitce acro the feedback
reSistor.

~l-
:;
eizo
D-
C/u.
a: 1.0o
IÚN
:J~
~
a:oz

0.1
100 1 K

FREQUENCY (HZ)

Figure 13. Gain peaking in photodiodelop-amp circuit.

10K

22. photodiode/OP-AMP NoiSèCharacteristics

Tne yarious noise generators which contrïöUIe to IÎJe .
tota output noise voltage of a photoØiodeiop-amp com-'

. bjnatn are sl10W in Figure 14. For lar~ area: p~otovoltip .-
aétB,ctors,the outpLit noise .voltage at ffequericies 9reaièt
ttìàn 50 Hz is determined by the amplifier noise'vpltage
géne¡'atot~ the photodiode impedance, and die leEidbacK ,
¡inpedanpe. In most cases;, gain peaking of the. noi~:e'.

: vOltage wiU occur but this can be controlled ¡is previoiJsly

. d¡scusS~d. From 10-50 Hz, the total,nöise voltägeis æ-

feCted by ttiè Combination of phbt()diode 'nqisé, carrent. ,
amplitlér-npùt noise current, andfthe value of feédback
resistnce. Below '10 Hz, the i'gnituGle of the 1il-
charcteristic of theampUffer noise çurrei' wJil ter;q je? cor)'
tro the magnitude of the õutut noisé. Fjgu~e 16. is â plol'
of t~e output noise voltage for a iarge:.areaph~tbVQlta!9

. detectof ~oupled to a typical operatíøoal amplifi~r. N,oté.
in Figure 15 how the noise penormance is improvéd by

-the additiån of a 2 picofarad feedback cápacitnce. '

.iNf
Cf

Rf

RS

lJ

CJ

.' RSH

SYMBOLS

Áo = NOISELESS AMPLIFIER WITH FREQUENCY
DEPENDENT GAIN

INf = JOI:NSON NOISE CURRENT OF FEEDBACK
REsiSTOR

iND = JOHNSON NOISE. CURR"ENT OF
'PHOTOVOUAIC PHOTÒDIODE (DUE TO

. SHUNT RES1STÀNCE) .
iNA = AMPLIFIER iNPÙT NOISE ëURRENT - FRE- eQUEÑCVDEPENDENT

eNA = AMPUFIER, INPUT NoiSE VOLTAGE - FRE-QUENCY DEpENDENT .
RNA = AMPLIFiER INF'li RESISTANCE

CNA = AMPLIFIER INPUT CAPACITY

Àgure 14. Photiodelp-amp electñcai modeL.
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Figure 15. TOtl out noise vs. frequency.
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.Application Notes (CQnt).

Smaller active area photodiodes withlarg~r shunt
resistnce and lower junction capacitance wil produce-à
lower nOise and extend the gain peaking to a higher

frequency.

fi gain peaking is determined by the individual

character!stiçs of feedback impedance, amplifier
gain/phaae a.hgl~, and photodiode source impeçlance, it
l?èCrñes' diffcult to define ~ aç:curate total n.oise equa-
tio.n~ A reasonable solution is to. neglect gàiii peakiåg, .
which can be colJpensated, and tò define the total nolså
btits ~iitñbutiiig-s0':rces. The following equaiiön is 06-

rived from Figure 14, where the various noise generatòrs
are identífed. This provides a good approximàtión õfthå
tota lioise present at thè outpÜt of the photodiödefop-ainp
coinination.

-

e ~2 . ..e . _ . nA. , . 1/nr - Zf (.. . + In 2 + In h2 + In 2) .. Zs A s f
where: Zf

Zs

insh

, inf

. 1/
= Rf(1 + WZ Cf2Rf2). . 1/= RsW (1 + c.j2RSh2)

= l4KT Âf~ 1/
\ ~sh J

= l4KT Âf~ 1/'
\ Rf J

I,n applications iiivQlying lárge ,area phqtodiod~s, thè
amplifer input noÎse voltage gëner~tör is the major toft

tri,bLitor to. the total output nbis~ :vc:!tàge., Therefqrè, jfrš
,importnt, iil these app!icatibn~l to seieë\, an 0PE¥ta:ti"9Ì1al .

anl'p'l~fier that has a minimum value of íopút ñois~ ýoitagï~.'
Conversely, in. applications involving sinaJl årèa
photQaiódes, the optimum noise penorlTånee is Obtained
witn an.operational amplifier having a 'v~ùý low value

aSsociated with the input noise current g'eneratot .

..i.

23. Amplifier Output Offset Voltage

The DC, offset voltage present attha outpUt terminal of

_~ phot09Îöqelop-ampcòmbinatian is a fiinclon of fee,o:-
ba?k rasistnce. shunt resistce fçr a P."pliçtOdioçé, aÍQ

da.rk current for a PC .photodicke. The equation for deter-
mining DC output. offset voltâge is: . ,.

:e

eoffset - N offet + to V offet) (1 + :f ) + ((B + iO) x Ad,sh .
where: Voffet

f: Voffset

= Amplifier input offset voltage (volts)

= Amplifier input offset voltage drift
(Vice)

= Feedback resistor (ohms)

. = Photodiode shunt resistnce
(ohms)

-= Ampiifier input bias current
(amperes)

:o Photodiode dark current (amperes)

Rf

Rsh

is

iD

This equation has three terms, Rsh' ia~ and in, wtiich
havè a nQnlinëa( dependence 'on temp'èr~ture. Wl1.en
calculating DC offet voltages fòr fernperàlufes òth~r t.hàr
those given in the data sheet presemted earÎiedn tiiîs.
catalog, 'it is importnt tò consider the temperat!,re eff~çt

The equation to calculate shunt resistnce at a different
temperature Îs:

. Rsh2 = RSh;/ 2(T2 ~ 11) /6

where: Rsh; = Knowi shunt resistance at tempera-
. ture T1 (òhmS)

11 = Starting temperature (degrees C)
12 :: NeW temperature (degrees C)

The equatiòn to calculate either ph~todiode dark cUr-
. r~ht or amplifier inpUt bias current at different iemperäÚire,
is:'

. . _ ,. _rT _ .. ,~ I..n
la2 = ia'l 2\'2 - '1// 'u

iD20: iD1/2C2 -T1)/10

where~ iS1 = Known input bias current at temperaure
T1 (amperes)

i01 = Known dark current at temperature. T 1
(amperes)

T l' = Starting temperaturè(degreés C)

. T 2 = Ntiw temperature (degrees C)
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~'8.3.3 Poiaroid

. 'in i 928 Edwin Herbert Lad, then a i 9-yea~-old under-
, grduate at Harvrd College, invented the fi~ dichroic

sheet poJanzer, known commercily 
as polaroid j-sheeL

It incorprated a .synthetic dichroic substance caed
ltopalhìt ór quinine sulfal peñodid. Lad's own
rerospective account of his early work is rather infor~

. inuve and makes fasnating reding. It is.partcu~rly

. iíterestng to follow the SòIDetÍ'iies wlísicål örigi
,.i-' of what is now, no doubt, ,the most widely used grup
:: of polarizers. The following is an excerpt from'Lad's,~ . remarks: .

In me literature there'are a few pertent high spo in
the development of poJanzen. panicularly the; work of
WùliBird I-etapatb, a physici in Briol, Englad,
whoSe pupil, a Mr. Phelps, had found th when he
dropped iodine iiito the unnè of a dog tht had beii
red quinine, lime såtilting gren crst fonned m
the reacton liquid.. Phelps went to hi teacher, and
Herapath then did somètg which I (Ladj thk wa
aiiiow under the cim~ces; he looked at the cr~

'~;:. tau under ¡j miqOScpe' aiid riôucià thfin Some places
:;;,~.: they were light where they overlpped and in some

~. places. they were dàrk. He wa shrewd enough to re-
'~ ni tht here wa a remarIcble phenomenon, à new

poiaring materi (iiow- known as herapathej. . . .
Herapath's work caught the attention of Sir Thvid

Brewster. who was working in those happy days on tle
káleidoscpe.... B¡-ewst~r, whò invented the kalêido-

sope, wrote a bok about Ít, and in tht bok he men:..

tìonèd that he would like to us heIapathte cr for

the eyepiece. When 1 was. readig th bok, bad in

i926 and i927. i came acr hi reference to thes

: remarkable cIsta!s,. a.'id tlt strted my intere in

, herapathite.

:Land's initi approach.to crating a new form of

. ear polarizer was to grnd 'herapathite into milions
.submicroscopic crsts, which were naturay needle-

,ped. Their sma.ll size lesned the problem óf the
,: ttenng of light. Iii his ~adiest experiments the cr

. were aligned nearly paraii~i to êach other by means

.h

. ~, Lad. "Some Áspe of tbe Deelopment Dc Shee Polariis "
:"' So. Am. 41. 957 (1951). .

:z8i

of magnetic or electc fields. Later Land found tht
they would be mechanicay aligned when a vious
colloida suspension of the herapathite needles wa
extruded through a long narrow slit. The resultig .
I-sheet wa effectvely 

a large flt dichroic crsta The
individua submicrscopic crstas stil scttered light a
bit, and as a result, I-sheet Wa somewhat haz. In 1938
L3d invented H-shet, which is now probabiy the Diost
widely used Iinear polarizer. It does not conta dichroic
cTsta but is instead a moleqilar analogue of the wirë'
grd. A sheet of clear poiyvyl alcohol is heated' apd

. stretched in a given directon, its long hydrocroon
mólecules becoming aligned ,in the process., The shtd,
is then dipped into an ink solution rich in iode, The
iodie impregnates the plastic and attches to the

stight long-cairi polymeric molecules, effectvely for-

ming a chain of its own. The condtiction electonS

assoáted with the iodine ca mOve along the cl as

if they were long thin wires. The component tit E ií
an inådent ,wave thai is 'parallel to the moleclles drives
the electrons, does work on them, and is strongÍy ab-
sorbed. The trnsmission axs of the polàmer is'there-
fore perpendiaiJar to the directon in which the fi

was stretched.
Each separate miniscule dichroic enuty is liown a.

a dicroophOTe. In H-sheet the dichromophòres are of
molecular dimensions, so scatterng represents no prob- .-'
leII. If-sheet is a very effectve pôlanzer acros the

F~8.14 A pair oC cr polaróids..Eacb polaroid appe gný
beus it absorb roughly half tke ÌicideIt lighL (photo by E.H_)
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entire viible spem but is somewhat lesS so at the

blue. end. When a bnght ~hite light is vie~ed through
a pair of crossed .H-sheet polaroids, as in Fig. 8.14, the
exzni:um color wil . be a deep blue as a result of th

leakage. EN-50 would be the designation of å
hypothetita, ideal H-sheet havIg a neual color (N)
and t~~~ittig 50% of the inådent natura light whie
~bs?¡-bing the oter 50%, which is the undesired pciar-

ittion compónent. In practce, however, about 4% of

the inëoining light wil be reflected back at each sunace
(antireflecton c?a~ings are not generay used), leaVig
92%. Half of this is presumably absorbed and thus we
might. ~onteInplåte an HN-'I polaroid. Âctualy, largè

quantitIes of HN-38, HN-32, and HN-22, èach
difenng ?y the amount of iodie p:esent, a~e produced
compieroally and are readiy avaable (p'róblem 8.7).

Many othet fonns of polaroid have been deveIoped. *'-
K-sheet which is humiditi- and heat-resist, ha as itS
d.ich~omophore the sttght-c hydrotrb~ poly_
viylene. A roiniiiation òf tle ingrdíents of H- and
X-sheets leads to HR~shee;, a near-'infi"ted POlanzer.

Pola';id vectograph is ä commeI- uiìeri d,ësìgied
to Ix Incorprated ii a proceSs for making thee;.

dimensional photogrphs. The stff never 'w success-

ful at itS intended purpse; bùt it ca be used to produce ..
some tath~r thoughi-provoidng, if nót niystifyig,
de~.onstrations. Vectögrph fi is a water-dear plaStc'
lainate of two sheets of polyvyl alcohol arrnged so

tht their stretch directons are at nght arigles to each

other. rn this fonn there ate no conduction electrons

aVaable, and the fim'is not a polarier. Using an iodine
rolütion, imagific that we draw an X On on~ side of the

fim and 
a Y overlapping it oil the other. Under natuIë

ilumination the light paSing tirough the k wi he in
a: ~-state perperidicuIar to the . ~-stte. Ìight coIng
from the Y. In other words, the påinted.regions form
two CI.ossed polanzers. They wil be seen supenmpösed
on eàCh other. Now, if the vectogrph is viewed though
~ linear poJanzet that' ca be r~tated, either the Xi the
Yo or both wil be seen, Obviously; more Inagiative'
drawings Can be made (one need only remember to
make the one on the far side 'backward). .

· Se Porri. Light: Priuiicm and UsL. by Shurdi. or its more

redable little brother. Polarid Lig by Shurclif and Ballard. .

.~.

8.4 BIREFRINGENCE

Many crs~ine substaces (i.e., solids ~hose ~toms a~
ariged in some sort of .regular repetitive arry) are "
opticalyanistropc. In other words, their optipi prope., :

ties'are not the Same in al directons with any given' :
saple. The dichroic crstas of the previous seon ,~~;
ãre but one spe subgroup. We saw there tht if th
Crstal's Janice ~to~s were not cOniple~eiy syeiriCày
arryed. the bindmg force-s. on the eleÇtroIis would bè
anisotropic. Eaiier, In Fig. 3.25(b) We represented Ù1t

istropiC osólltor using the simpl~ mechani6ù niodel

of a spherica chrged shell bourid by identidi sprigs
to a fièd point. This wa a fitiiïg representation for.,.,.
optically 4otroc SubStances (amprphoUs'solids, stich;ir ~

Kla and plastic, are u5uaIly, bùt not ~Ways, is9tròpic~ ~~~ t
Figure. 8:15 sho~,s ari.other.CIrged shen~ ~is ön~ boundl~~. ~
b~ ~pnn~s of dienng. stiness' (i.e.~. ~rin~ dieI"I& :&~ tI

spn~.g ~onstnts)' An ~Iect:on that IS dipJàced fromi: :ft tJ
equiIibnum along a directon paraiei to ont se óf .' 'i'
"springs" wil evidendy osèiIate with a diferent thne-. -¡t, t1
tenstc f¡eq~~n~..thn it would ~ere it displac~ed in.;. .~~f
S?m: other: dire~on. As we have pomted out PI'e~OusY;. ',: ~~~ it
(Se~on_3.5.2)., I~g.ht propagates thro~g~ a tras.Prent ':' :r;: il
substance by exatmg the electrons within the mediUm. !~.. . .' .' '1 0.,_ lZThè electrons are dnven by the )Lfield and they reradii ~ t~ ¡i.~::l; ~.

_i~~:~,~;.%tž~~ I ~.:
~ . .- ,',,'~. i ~SJ~""r ..... . '~~~ i ~~

.:. ., ~,:-."h,
l', ~~n;ji
'i 'r&"'.
4 . 'Sln,; ...
$.. ,~¡;ci

j ~""-i'$ . ..&J" -¡ ,*)n',

.I

.¡
F'ig 8.15 Medita mOdel depiailig a negtively clrged sl .J
bound io a positive nucleus by parS of spnngs havìng difrerc.;stness S
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: 10.2 . FRUNHOFER DIFFRAcnOJ't OF .
f 10.21 The Single Slit

¡~

.r Return to Fig. 10.8, where now the point bf observtion
t is veri diSt from th coherent line source and R ~ D.

l Under these årmstces. r(y) never devites appreå-
!, ablY from its nidpoint vaue R,so tht the quatity
Z (eJR) àt P is essentiy constat for al elements dj. It
:. follows frm Eq. (10.9) tht the field 

at P due to the

~ dierenti segment of the sourc d'j is
, t
rr dE et.. (I It) d
,Í- = R' SID w- T ", .~,,, .
¡1 wh~re (eJR) dy is the amplitude of the wave. Notice

ii tht the phae is pluCh more sensitive to varitions in

ri r() than is the amplitude, so tht we wî ha~e tb be
Ii more.careful a~ut iI~rodu~g approxitions into it.
ft We c: expand r(y), ID preaely the same maner as.' ¡ wa done in Prblem (9.13), to mae it an expliát
, 'i funaion of y; thus;..

t r == R - .1 sin 8 -+ (y2/2Ii. cos! Ð +.. e, (10.1l

l-' where 8 is ~easured from the n-pIäne. The third term
:~ ca be ignored so long as its contribution to the ,phae
-' is 'insignìfamt even when " == '%)/2. tht is,

0'; (1rD2/4ÀR) cos"l 8 inust be rtegIigible. This wi be tre
::-. for al values of 8 wheh R is adequately large. We now

l- have the Fraunhofer condition, where' 
the dimlnce r is

;~ liear in '=, the' distiië:e to the point of obsérvrlon and
.' therefore the phase Ca be written as a ¡inear funcion'
.t ot the apertur~ variabl~s, Siibstitiitig' into Eq. (10.10)

f" and irttegiting leadS to

~~, E = ~R~ J+~f2 sin (wI - l(R - , sin 8)i d,. (10.12),~ -D(
't anci fiy
.-

;. , E = eJ) sin f(kD/2) sin 8) '. _. (10.1""~ R (WI2) s~ 8 SID (wi, lR). .:/
! To simplify the apperance of thgs let

P .. (il /2) si D,

(10.10)

"

-f
(10./4)

f~
.1.
"t..

, .

.."

. 

!-iA, f !.4JdiJ - wÚ) 7 (. (l.j ~
ZD.!Z Fraunlwfer Diffraction

. so tht

E eLD(sinß). ( ~n)
= R -i si wt - u. . (10.15)

The quantity most readily measured is the irdiace

(forgettg the consnts) 1(8) = (E~ or

1(8) =i(eire~ßr. (10.16)

where (sin2 (wt - kR)) = l. When 8 = O. sin ßIP == 1 and
, 1(8) = 1(0), which corresponds to the prncpa
mamum. Th irrianee resltng ft an idalized .
cohent iine source in the FTaunhofer appmatiim is tlen

1(8) = I(O)e~ßr (10.17

or, using the sine fUnction (Secton 7.9 artd Table 1 of
thè AppencI),

1(8) = 1(0) sinc! ß.

There is symetry aoout the ,-aXs, and th expresSion
holds for 8 m~asured in any plae contaning thi ax~

Notice tht sínce ß = ('1D/À) sin 8. when jj)) A., the
irrdiace drops extremely rapiØly as 8 deyites fróm

zeto. This árses from the IaCt tht ß becomes very large
for lar;e vaiies of lengt D (a centimeter at so. when

usiIg light). The phae of the line Soürcc is equivalent.

. by way of Eq. (10.15), to tht of a point source locted
at the center of the aijy, a: dislaIlce R froni P. Finaly,

a relatixeiy long coherent lie sOurce (D )) Á) çan be
enVisioiied as a siglè point emitter radiatig pte-

dominantiy in tle forwrd. 8 = 0, directon; iI other
worcl; its emission resemblC$ a årclar Wave ir the,

xt-plane. In contr; notice that if Å ):) D, P is sma~

si.-- ß = ß.ard I(Il) = 1(0). The irrdiance is then çon.;
stnt tor al e; and the lie sou 

tee resembles' a poÏIt
sourêe emtting sphericà v.-aves

We.ca noW turn o'ur attUon to the problem o~
Fraunhofer'd.i-cton by a slit or elongated naw .
recgular hole (Fig. 10.9): An aperture of this Sòrt
might typicaly have a Width of severa hundred Å and
a IèIigt ola few centIeten. The usua prodtite to
follow iii the analysis is to dividè the sli into a series of

"long dileIenti stps (dz by l) paraei to the ;-ax,

4DZ
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patter of a sigle vertca slt under point-soura ilumintion.
to be zero. tht Is,

: == 1(0) 2 sin ß(ß c;~ fJ ~ sj In == Õ.

The irrdirice ha minima, equal to zero, wilen SID /3 "'~0, whereupon - .

as .shown in Fig. 10.10;. We immediately regi~
howèver, that each strp is a long coherent line sôurc
andea therefore be replaced by ä point emitter òíi the
z-åx: Iii effett, eadi such emitter tadites a àrcular
wave in the, (J =,0 or) :a-plane. Ths is certy reon':
abie. sice the slit is long and the emeI6g WavêhôÎitS .
are práctóii unobstcted in the slit dîrectoIl. There'
wil thùs be. very litùe difracton paralel to the t;dges

of the- slit. The problem has been reduced to tht bf
fidig the field in the n-plaie due to an infiite

nUII~r of point sources extending across tIé width of
the slt aiorig the z~aXiS~ We then need only eva.iite '
the iritegr of the contnouuon dE froÏn eadi eièireiit
lÙ 1r thê Fraunhofer approxiation. :But onèé aga..
th Is equivaent to a coherent line sòürte, sO tht me'

complete sohiiiòn for the sIit is, as we have seen.

. .
ß == :f'i, :f2'l, :f3oi, . . ~ .

It alsO follows from Èq. (1Ò.19) tht when
ßtosp-s4iß=O

tt ß = ß. :. ~

The solutions to thiS trnscndenta equation ca l)!t
, dei:emiin"ed ~phi~y, as shown in Fig. lOjï.,th.a~:, .
poÎnts of int.necton ófthe Curves /1(1) == tá ß. wíth~~~
the straight line.f:ß) == ß ate commoii to bo~ ànd Sl~
satif"i Ëq. (10.21). OrJy one sucl extrmum exi',
between adjaCent miim (i 0.20), sO ~t 1(8) m~~,
~ve subsidíry ~ at these v.ues of ß (:ti.4303,t'.i:'. ./1;:.
:f2.45902T. :f3.4707'l;.. .)~ . .;%:
Tlere is.a partttrIyeá way to appretitè.w~tJ ~

happenig hè:re with the aidòfFig.lO.12. We. en~~loD¡:'

eve.ry point ir the aperture e,IIttg rays in al 
"!lreCtoll .~

in the :i-plae; The Iight tht coritiuês to propägatt-l

directy forWrd in Fig. 1Ò.12(a:) is the uiçiråct~~,
bè. al the rays arre on the Viewig Scn in p~;~. i(

1(8) =: I(O)e~ør, (lo.m

provided tht

ß == (lb/2) SID 8 (10.18)
and 8 is meaured from the xy-pÎae (se Problem.1 Ó.3).
Note tht here tIe lie sorce .is short n = b, ß Is not
large. and although the itrdicefas off rapidly, -
higher-order Slbsidiary ma wi k: obserVble. Th~
eXma of 1(8) oct at vaues of ßtbt o.Use.tl/dß
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.:?Fi¡ 10.10 (a) PòÎr P on fT isesntiy infinitely faT from ~ (b)
~ Huygen waveleu emiued acrsS the aperè. (e) The eqiiivaleni
,7 reiation in terms of n)' Èach point ci TaYS ir all directons:

:~, Th pallel r.ys ii ..-anous aitons åi- se. (d) Thes riy bundles

;f and'a centra bnght spot wi be fomied 1,y them. If the
. ~ scn is I1ötacttiaiy at infity, the rays tht cop.ve~ge

.i to it aie not qtiite'patael but With it at infinity; or beitè .
,: st. with a lens in plaçe~ the rays are as drawn. Figure'
.!f lO.12(b) shows the specific huridi' of rays 'cÓiiiIg off~. . .;~ at an angle 81 where the pali-lengt dierence between

1; Ûieraysfrom theverý töp mdbotIoIl. b sin 81~ is'made
~ tqual to ~l1e wavelengt. A ray from the middIe of the
~, dit Wi then lag l,\ behind a raý loom the top and eiacty

ir cancel it. Simi4rly, 'a ray from juSt beow center wi
:~';:~ncel, a ray frin jUs belòvi the top, aid so on;aH
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corrpond ~ pb.e wav~ wbicl ca be thought of as the thre
dimensiona Founer companenu. (e) 

A sigle slÎt iluminted by
iiònodtomatic plane wave

acroSs the aperture ray.:pan wi cacel, yielding a

ínÍIum. Tbeirdkce ha d..opped from its high
centi maXum to the fi zero on either side at
sin 81 = :b).b..

M the angle iìtreases funher~ sòine sm frcton
of th~,rays wi aga interfere constctvely, and the
iird'wèe wi ri to fÓr a Subsdiary pe. A .furÎer

'incr~ üi th~ angie prtuces anoter' mium. as,
shoWÍ in Fig; 1 Ò.12(c), when b si 82 =, 2.. NoW ~ag
the aperture' divided intó quartñ. Ray 

by ray~ the top

qUarter wi cacél ~eoI1é be.neath it. and the ne:i. the:
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F'~ iO.1i The points or iiitenon or the tWo CUTv are the

solUtonS or tq. (iÒ:.1);'

~Ithd, wil èacel the last quarter. Ray-pairs at the Sae
locuòns in adjaCent segTents are A.2 out of.phase: and
desictvdyi¡:terlere. In genera tÌen. zeros of iridi-
ance wil ocCur when

b SID 6", = mÁ,

where m = :H. :12; :ig, . . . , whiCh is equivaent to Eq.
(i Ô.20), sincè ß == 7n'7 == (kb/2) sin 6... .

We should inject a note of cauuon at thi point: one
of the fr.ties óf the Htiygens-Frenei pnnåple is thi -
it does nòt. take proper regard of i-lie variclóns in
ampÌitude, With angié. over the stimce of each seron-'

dary wavelçt. We wil cQme back to ti when we eon-

sider ,the: obliqity fac in Frenel difrâctoÎi, where
the efect is signifi6it. In Fraunhofer diracton the
diCe froiD the aperture tò the plane óf observuon
is sO large th we need not be coIicernèd abOut it,

provided that 6 reIIIr sma.

Figure 10,13 is a plot ofthe flux.density;.3. expreed
by'Eq. (10.17). Eivision some point on the airve. for

example, the third subsidiry rnaxInUI at /3 ==

(l
:~

Fí~ 10.11 The dir.aion orllgbt in vàrius diòns. Jieiih
apeut' is a single slt, as in Fig. 10;1 n, - .



. ~ 3.4707'l; since ß := ('1bIA) sin 8, an incras in the slt
, ,.idth b reuires a decrase in 8, if ß is to be constt.
: Under thes conditions the pattern shrinks in towáT~

: ~ ¡he priåpa maum, as!t would if Å wer decreasd;
¡:, it the sour emits white light, the higher-order IIa'

:: show a succeson of coors trag off into red withI~, incrasing Ð. Each dierent colore light component

; ba its mjn and subsidiary ina at aigtlár posi-
~ iions clraàertic óf tht wavelengt (probiem 10.6).

î lodeed, only. in . the region about 8 == 0 Wi al. thè
'l consnient coiots overláp to yield white light.
L The pòint source S in Fig. 10.9 wouid be imaged at
~ the posiuon of the center óf the pattern, if th difractng
t sc I were removed. Under this 

sort of ilu.ÍIation,

; the pattern produced with the slit in pIace is a series of
': daes in the yz-plane of the screen u, much like a
.~¡

~

\ Fit 10.15 The Fraunhoter difraaion panern of a sigle slit. :;
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ZO.2 Fraunlwfer Diffraction 4°5

spred'-ut IIge of S (Fig. IO.9(b)). An incoherent lie

sourc em place of S) posiuoned parael to the slit, in
the fOC pIane of the coIltor Li; wi braden the

pattern out intO a series òf bads. Any point on the,lie . .
,Source generates an independent diractón pattern,

whìcl is diplaCed, with respect to the others, along the
,-c:iron. With no diractg scen present, th~

irgë or the lie source would be a.lie parael tó qie

origial slit. With the sceen in place the lie is spread
out, as Wa the poiItimge of S (Fig. iO.14). Keep ii
mid tltit's the smal dienson of the slit tht does
the spreadig out;.
, ni singÏe.;slit pattern is eaily observ.ed withoi.t the

uSe ofspeåa equipment. Any number of sourc~ ~.

do (e,g., a dista stet light at night, a sma incades-
cent lap, s~nlight steaming through a nairw space

I(fil ~(0)

os
I(fi _ (Sin P)2

1(0) P
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it might at firS seem from Fig. 1 ój () U1at the loction
of the pnnåpa malÏltl~ is always to be II lie witl .

. the ceter ot the diracig apertuI-; th. however. is

not géneray ~e. The diracton Pattern is aàualy
centered abut the aX of the lens and ha extty thë
Sae shape and loCtion.re~rdleSs of Ù1e sUi's pösiuon~
as long as itS orientation is unchged ard the approXi-
mations are vaid (Fig. 10.15). Al waves 'trvelig'
pael w the lens ax cimv'erge on Ù1e send focal .
poÌIt .of 4; th then is the imge of S and the center Fip 10.IS The double-Slt sep.

406 Chpter zo Diffracti

. :~...
.' - ""-

"

""\ I ~~',Æ~.t~:c, B:*
;,~,,'- ., '.-

i:

s,~'.,Si~ ' ~:'. '"'

Li
"-'/
L,

Fip 1 0~1. The sigleslt pa with a lie iora Se ñn
photogph óf Fig, 10.17.

m a Widow shade); almost anything tht resembles a
point or line sOurce wil serve. Probably the best sourc
for our purpses is an ordinry cl~r, straí-l;fit-jiri
display bulb (the kid in which the filaent is vertca

aici abut 3 inches long). You can üse your imgÎnauon
to g~neratt all sort óf sIigle-slít årrngeineiits (e.g;. a
comb or fork rotated to decrse the projeàed spåce
. between the tines, or a sctch across a layer of 'indi
iolon a micrscopC slide). An ineXpensive vernier
caper nikes a remarkably good varibl~ slit. Hol~ ,the
Caper close to your- eye with the slit; a few thousandtb'
of an in~ wide. patald to the fiment Of the lamp.

FoCs YOUT eye beyond the slit at infinIty; so tht its lens
serves as L:.

10.22 The Doublé Slit

"Il'~~';- ".

' '.

:(~
of the diracton pattern. Suppose now tht we hà 1tt

two ~ong slits of widthb and cente:-to-nter se~ra~~
ti (Fig. 10.~6). Eac: aFrtu~e, byitself, would generi;1
the sa single-slit diffracton patter on the vi .,.~:~
sceen 0". At any point on 0", i?e contrbutions fro~,:~
~o slits ove~p, and,even tboùgh each DÏust be ~t

uay equa Ui. amplitude, they. may well difer ii~
nif~tJy in pha. Since the sae priry wave exåt~
~e secondary sOurCes ~t each slit, the .I-~.sultig wavd~
wi be coherent, and mterlerence must ocair. If ~:~
priry plane wave is inåde~t on J: at some aIiglé;l

(see problem 10.3). there wil be a constat I- . '#
pba CÍerence between the secondary sourca'" .~
no.I1 inåde'nc, the 

wavelets are al emitted in p '''. ï

Theinterference fringe at a partcular poirt or 0 - ,. ~
uon is determined by the differences ih the öptca ~": .
lengt traversed by the overlapping wavele~friiìÍ.i

two slits.. As we wil sée, the fiU)-density i;triõii,l§
(Fig. 10.17) is th reult of.a rapidly v:rrg doubl~
i?terleience system modulated by á single-slit wØlnon pattern. . ~!
To öbtan an expresSion fot Ù1e opuca d.' ~

at a point on (T. .we need omy slightlY. refoi"ultê~
single"slit analysi. Each of the tWO apertt~res is divi~
~t~ ~ere~uäi strips (d:i by~, whi~ in,.~utn ~
like an infinite number of point sources aligned - .~
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Photomulti~r Ratings and ChElracteristics (Cont'd)- ~
t- Spe- ReA . No. i Max, Typical Chracteics lit spified operating supply voltag, voltag Out- Remarl

tral ¡TYpe , Of I Ratingb: distributíon, and 220 C. .
I HneRes- No. Stages i
I Dra-pons and ¡ Sup. Oper. ! ResnsÝityd Anode . Anodii iog

f Ca ply

ting, . : Dark Pulse ISe Struc- i Volt. Supply Radianl- Luminousf j Current RisePage 'ture. . il . Volt-. i "

! Cathode
' S Anode i Time; .'

3 ' i : ag l Anode . Cathode; Anode : Luminousi !I .t . and Rllponsi. ¡ ¡
Omri- Typ. Typ. Min. :Typ. ,Min. Typ. ¡ vit t

i

1v
: bütionC- ¡ i:V A/ mA/ AJlm . A/m ; tl/lm tllm' nAliA/lm. iCnl I

2"-OiametBr Head-On Types (Contdl

35CT 8575/Vl 12 I 3000 2000 S 1.4xl06 97 175 1230 77. 85 1 ~ 200 2.5 26 An 8575 supplied with an
23k i6 10k 11k AJ2132 adapt.r making it

interchangeabli with type
55AVP. Oyn.odi emïttlng
~rfac", SIO.

35CT 85751V2 12 i _ 3000 - 2000 S 1.4xl06 97 1.5 1230 77 85 1 ~ 200 2.5 26 An 8575 iupplied wit en

23k 150k lI)k Uk AJ2144 ice".t nithir
thin an .oJ2145 tyPI. Dy.
node emitting iurfaen, .

. 810.
35CT 031057 12 I 3000 2000 S 1.4xl06 97 175 '230 77 85. 1 (l200 2.5 25 A ruggoilZld 8575 with

23k 160k 10k 11 flying Iiedi. Disign telted
for S, V, and A. DynOde
emitting ,urfllCfil, SIO.

35CT C31057 A 1:z i 3000 2000 S' ',4"'06 97 .l 1230 77 .M 1 (l200 2.5 25 Variant of C31057 that i.
2310 160k 10k 11k 100% tened for S arid V.

Dy.noClii IrrittÎi'Íllurfac..,

'i- SIO.
35CT 0310578 . 12 i, 3000 2000 is 1 .4x 1'6 97 175. 1230 77- 85. 1 ~ 200 2.5 25 V.,iiht of 8575 liiving

23k 160k 10 '1 ba.. .ttchec to flying
leads. Dvnodi emitting
iurfaeii, SaO..

35CT 4507 12 I 2500 1500 V 1.8xl0S 97 19. 160 73 as 0.2 (l so 2.5 21 A biilkiii photocathode
2.5k 2' 9.5k 11 tYPI hw,,,g .. ¡phirie."

section ficepieia. Dv.node

.~ imittrig IUrf,I,;, .šeo.tl 35CT 450tiV3 12 I 2500 2S00m Hr, a minimum 'titium (H3) effieiene.yn of 58% and I'W¡'lcal 27 Vir..nt of ~607"de.ignëd
S . E' ISP figuri of merit o.f 155 atthi tritium and point !TEPJ sp~.iFcally for liquid

voltag". lcint,lIetion cóiJntinÍl iyi-

ti"'.. DynOdI imitting
lu'rl8i... SIO'.

3SCT 8850 121 3000' 2boo T 1.4xl06 97 1.15 ~ .I 85 O,6lØ 2.5 26 pi-imium QUANT ÄCON
Ü¡k 160k 10k '1 . 200 tYpl'for photon counting

e'ppl ication.. H,i nigh.

Dain GeP f¡Flt dynodi
e'¡Îttirig surfici followed
byBeO dynó.di .mining
aUKe.. in iuì:iedjrig
sta~....,..

35JT 4501iV4 12 I 2500 1700m Hils a minimum tritium (Ha) itffieianevn of 59% and .. 27 Variint of 450'1V3 hiving
S tYpical e2/SPJiiiuri of m'.rit of 205 at the tÌitium improve J.quid ICintil.,

end. point (TEP) voltiga. tion' eountlng ch.riletiríltiCl.
Dynode imlt.iing iurfaeei,
¡MO.

35JT C31000M 12 I 3ÒOO 2000 T 1.4xl06 97 115 1230 .I 85 0,6 (l 2.5 26 VV.\iitiani: of 8S50. Hìii
iSk ¡GOIt 'iO~ 'iL 2QQ . hillh-giin Gap. fi~t dynpd",

emittiniiiurfiiei followed
by S.O' dynodi imining
iurfii.. in sUcCieding
steg.,.

40AT c31000AJ 12 i 2500 2000 S 4.9x105 71 250 650 60 95 3(l250 2.5 26' Hit. "high.tempir.turi"
25'k 65k 6k 9.5k b.allt.1i Photoçathode per.

m¡ting operatiõñ l!t tiiñpir~
Rur.. .a high ii 1500 C.

Qynodi emining iiiirfiei.,
..' BeÇl.. . . . ". .......

SOAT 4463 lQV 2500 2000 E 1.x104 68 12 25 120 160 4.~Øt12 10 31 Viri.nt of 8Q53 hiivi,!g. a(S.20) multiallaili .phlJtoc-th~dii
for ...ø iind ne., i R sVi.'

tlms. Dv:"OdI emlning
surfae.., SeO.

50A.. 7265 14 I 3000- 240Ø W 3.1xl 06 64 SÖO 7200 100 150 50Cl ;3 28 Variant of l;8ÙtA hiving'
(S.20) 1000 a multial"lli photoeith.od"

Dynode. imining IUrfICe.,
SIO.

50AT 7326 10 I 2400 1800 E 3.8xlo4 64 12.5 88 120 150 3'~20 2.5 28 Variant of 1265 hiving 10- (S-20) stg... Dynodi emining
.' '. iurt.e.., aia.------

'12 i 300 2000 S 2.7xl05 77 200 700 120 '2'00' 5 GI 2'OÓ 2.5 26 Vari~nt of S575 having i
multi.lksili photöcathode.
Dy,nÖdI imitting iurfacei,
S.O.



Spectral Response Characteristics and Data
RCA has changed its pure-numeric notation for speCifying
spectral-response characteristics to a more orderly system. The
iièw designations are alphanumeric combinations that are óased
on (1) the photocathode material, (2) the window niater.ia.I,

. arid (31 the photocathode operating mode. As .illustr¡!téd be
low, the first two digits (Co.luinn II in the designation indicate

It.

Coumn I
10 - .AgOC.
15 - AgSiOCI
20 - Cs
25 - OBI
30- CsTii

j 35 - KCsb (Sialkali
40 - NaKSb (High

I ~ T'mperatur. Bialkali
i 50 NaKCsSb (MultÍ8lkali~
I

51 - NaKCsSb (ERMA I)
52 - NaKCsS¡' (ERMA II)
53 - NIlKCsb (ERMAnl)
60 - GIlAS

71 - InGaAI (Type I)
72 - InGaAl (Type i I)
73 .; InGlIAi (Type III)

e 100
.
.
~

TYiëAL

=~~ITY . 2
mA ;0.

I.

1
100 20

Typical Ultrayiol~t and Visible Spectral Response Characteristics

: :i - 5l i;
WAIVElENG .: NAERS

10 80 90 100 1100

100

.

.

10.
TYCAL ·ABLirE .REsvlTY
in. .

1..
.

e 2

0.1
100 20

Column II

A - 000 (Lime GlalS) or

. 7056 (Borosilcate Gla.l

(£. 7740 (Pyrex)
E - 9741 (UV-Triinsmittinii

GI....)
G - 9823 (UV-Transmininil

Gla.)
J - SiÐ2 (FUled Sil!")

M -UV-Grad. Sapphire
P - L1F

the photocathode material; the following alpha character
(Column II), the window material; and the next alpha character
(ëolumn 110, the photocthode operating moqe. Where re-
quired, the letter "XU is used as a suffix to the ì.esignation to
iilicate an extended respónse in the red or near infrared. '

¡ .COlumn II

o - Dormer.Window Typc
. R - Reflaction Type
lIT Transmission Typel~ .

i

I-
i

I

!

Column IV

X ': Extended Reson..

E~amples:
Tube type 931A has a spectral ~es~nse that was previouslV designated as 102 (S-4). This tube
type hás a'CsSb photocathode, a ÖÓ80 window, and ¡¡ .refh~ction tYpe photocattode. Its newdesignation is íÖAR, . .
Simiiarly, a tube type having a CsSb photocathode, a 0080 window, and a tránsmissiôh type
photocathode is designated 2ÒÀT. This response was previously designated 107 (5-111.

Selected Spectral Response Curves

:i - 50

W"VELEH - N"ETER

10 10 80 ~I' . '00 nOl

Typic;! "BrGadband" Spectr! Responsé Characteristics
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~

.-
i No. Oistri-
¡,Of but ion 

! stages
Code

5 A

6 S

C

9 0
10 i E

.
Fj

¡
G

! H

. I
"oj

! J
¡

K.
,

¡ L

11 l M
,

N¡

: p

12 . Q
i R

S,.
¡ T

: u

t i V

I 14. i W....
X

,

I Voltage Distribution
I K,Dy1,Dy2, 

Dy3, ----P
i

4,2,2,2,1, '.7l, and 0.37'"

2,l,l,l,l,l,and 1

: 1.2,1.2,1.7,,1,1,1.. and 1..

;. t, 1..1, 1, 1, 1, 1, 1,1, and 1

i 2,1, '.,l,l,l..l,l,l,l,.nd 1

~ 2,1,1,1,1,1,1,1,1,1, end 0.i5

; 1.2;,1.2, 1.', 1, ;,.; ,1, 1,1, 1, and 1
¡ .11,. 1.2,1.7,1,1~. 1,1,1., 1,1,.~ 1i .. .
; 1.7,1.3,1.3; l,1,l,l.1,1,;,.nd '.

: 1.13, ;:4, 1.6, 1.2, 1., 1, 1, 1, 1, 1, and 1

; 2,1.4,1,1,1,1,1,1,1,1, and 1

! 3, '1, 1,.1,1. 1, 1,1, 1..1.. ¡¡'nd 1

; " 1.4, 1, 1, 1, 1, 1, ;, 1, .1. l,arid 1

: 150.,1,1,1,1,1,1,1,1, 1,2'-and 1

i 1,; ,1, " 1, 1, 1, 1, 1, t, 1, and ,.

1:1.2,1.2,1.7.. 1,1,1, 1,1, 1,1,1..1, and 1

! 2, 1.4., 1, t. 1, " 1, 1,1, 1, 1, 1, a~ 1.
:.4,1.,1'.4,1.,1,1,1,1,1,1,1,1; a.nd.'

:6,1,1,4,1,1,1,1,1,1,1,1,1, ..nd 1.
660*, ;,1.4,.1, 1, 1, 1, 1, 1,1, 1., 1, and 1

2; 1,.1)l, 1, t, 1, 1, 1, 1,!, 1,1, andl.
2,1,1,1,1,1,1,1,1.,1,1,1.25,1.5, US,end 2'

.3,1,1,1.1,1,1,1,1,1,1,1, "'.', and 1

l Between dynode No.5 and suppressor grid
ÂBlltween suppressor gríd and ground

.,50 volts

*660 voits
K, cathode; Pi, dynode; and P, anode

The voltage di.str¡butions specified for the individual tube týpes
aretypical average distributions whiCh are used to me'asure the

tabulated characterÎstic values.

lriterstage voltages for the tubë electrodes may be supplied by
indîyidual sources but are lIsually obtained .from resiSiive volt-
age-divider networks placed across the high:.òitage supply. The
power ratings of the individual resistors making up the network
sh'ould be approximately twiëe that of the caièulated disSi~atión
values for circuit safety reasons. Resistors havin.g tolerances of

about ~% ar-e satisfactory in most systems for- circular.cage and
focsed in.line photomultipliers. Resistors having 10% tolerances

may be used with venetian-blind tubes.

The voltage-divider arrangement sho~lci be located so that it
wil not affect tube operating temperature. Head-on type
photomultipliers sometimes use zener diodes between cathode
and dynode No.1 t6 provide constant voltage when tube sensi-
tivity is 'varied by adjustment of supply voltage. .

t

Voitage-Distribut10n Considerations

An importnt consideration is that the voltage-divider current
should be maintained at a value of at least 10 times that of the
.expeçied average value of anode current. If this consideration

is not observed, deviation from linearity and irmitations on .
anode-current response to pulse light may occtJr_ The latter

effect may be reduced by connecting capacitorS between the
tube socket terminals for the last 3 or 4 dynode stages and
ånode return. The values of the capacitors wil depend upon
the shape and the amplitude of the anode.current pulse, and
th time duration of the pulse, ortrairi of pulses. When the
output pulse is aSsumed to be recangular in shape, the

following' formula applies:

i' t
C'= 100

V

.!
where C is in farads, i is the amplitude of the anode current in
amperes, V is the voltage across the capacitor in volts, and. t is
the time duration of the puise in seconds.

This formula applies for the anode-to-final dynoe capacitor.
The factor 100 is used to' limit the voltage change across the' .
capacitor to 1% maximum during a pulse. capacitor vaiues for
prèceding stages Should take into account the smaller values o(

dynooe cUrrents iii these stages. Conservátivelv, a fáctor o.f .
approximately 2 per stage is used. 'Capacitors are not required
across those dynode stages where the dynode 'current is iess
tlan lil0 of the current through the vOltage'(ivider network.

. TypiCal Voltage-Dividèr Arrnge.,
ment for Fas Puls Resons and
High Peak Cûrrent Systems. Anode
Re.tùm at Groiind Potentiai.

Typicài V oltagivicer Arraii..

rnnt for SCintiibtion Countiòg
SyStemS. PhötóetliOde at

Ground Potenti.

NOTE

~1
l d

j. Fl.'. I .I . -. .. .'
i
I
it,

-'flY

+HV

+HV

-HV~
OUTPUT

Noti: In mÓd..rri photomultiøii..rs, the focusing ..Ieetrod is normally

~nn..eiad to dynode No.1. In old.r ~ube types, the focU$ng electrod.
may D" ~nneeYe to the arm of a potentiometer', betwMn cathod. and
dynode No.1, to pemit adjustm..nt for maximum anode turrent.



Dimensional Outlines
and Bc:srng Diagrams for PhotomuftipHers (Cont'd)

¡¿~ Basing, Bottm Vie .
855
855N1
855N2
8850
88~2
C3100A

. c3100M*
C31000AJ

. 5..
1"".51
MAl

*ÖVerili length for C3tOOÒM is 6.43" (163.3 mml max.,
seted height is' 5.70" i O.OS" (144.8 mri2 mil.

/ .'

.f3
4501N3
450tN4
4507
883

5.1
1147$liiic

o.~o Ie.'" -/-....lL Il
I

" ~Ò,32!O,03

r- "" le,I!O.e)
flC'" 2l-Plii

. LIGHT TIGHT"..

..~~n .
Fôr type 8575,8850, 8852, C31 OOA, C310ooM, and C3'l00AJ -
fiCA AJ2145 (Supplied with tubel
RCA AJ2144

For type 8575N2 - RCA AJ2144 (Suppiied with tube)

For type 8575N1 -" Not recuired. Type supplied with RCA

AJ2132 socket adapter.

MlgnniC Shied
RCA AJ2252

Soet Adapte
For types 8575,880 - RCA AJ2132

Auxiliary Pliotomultiplier Asmbiies . '
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C~nstruction and Operating Characteristics

I INTRODUCTION
The photomultiplier tube (or PMl) is a photosensitive
device consisting of aphotoemissive cathode (photo-
cathode) followed by focusing electrodes, an electron
multiplier and an electron collector (anode) in a
vacuum tube, as shown in Figure 1,

When light enters the photocathode, the photo-
cathode emits photoelectrons into the v~cuum. These
photoelectrons are then directed by the focusing eiec.
trode voJtages towards the elèctron multplier Where
electron,S are multiplied by the process of secondary
emission. The multiplied electro~s are collected by
theanodë as an òuiput signaL.

Because of secondary-emlssion multiplication,
photomultiplier tubes are uniquely sensitìve among
photosensitve devices currently used to detect
radiant energy in the ultraviolet, visible, and near
infrared regions. The photomultiplier tube also
features fast time response and low noise.

This section describes the prime features of
photomultiplier tube construction and basic operating
characteristics.

Agure .1: Cto-Sitctlon of Head-On Typ PMT
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CONSTRUCTION
The phòtomultpiier. tube generally has â photocathode
in either a slde-o or a head-On cönfiguratîón. The

side-n type receives Incident light through the side 01

thë glass bulb, while, In the head-on type, It is
rec.eived throughtheetid of th~ glass bUlb. In geni;ral.
the side'on type photomultlplièr tube.is relatively low
priced and Widely used for spectrophòtomét~rs aod'
general pflotQrntric systems. Most ot the side-on
types employ ari opaque' photocathode (reflection.
moqe photocathode) and a.circular-cage struct~ri; ,
elect(on rfultiptier which has gOO sens!tivity and
high amplification at ä relatively low suppiý volt~ge"

The ,head-on type (or the end-an type) has a
semitransparent photocathode (transmission-mode

pnotoc,athode) deposited upon the inner ~urface ~f tti~
entrance ~indow. The head-on type provides better' .

¡ unIformity than the side-n type having a r~f¡açtion"

l. mode Ilhotócthode. Other fe¡,tIJres of head-On types~::u,,~~ a choice of Photos'enSi~ive area fromtehs of

~

square milmeters to hundreds of square centimeters.
Variants of the head-n type having a hemispherical

window have been developed for high energy phys'ics
experiments where a large diameter and good angular
light acceptabilty are Important.

e

Figure 2: EXeral Appearance

a) SIde-On Typ b) Head-On Type

f)

Figure 3: TYPs of Photocathode

a) ReflectIon Mode b) TiiÌnsmisslori Mode -SElilTRNSPARKT
P~TOCTHODE

PHOTO'
ElC1RONS

ËLECTRON MuLTIPLIER
Th~ superior sensitivity (high gãiñ ãñó high SiN ratioj
of photöinultiplier tubes is due to the use of a low- ,
noise electròri multiplier which al)plifies electrbrs by
a cascade secondary emissíòn prócess. The electron
inultipUer consists of from several up'to 1'5 stages of

electrod,es called dynodes.
There are sevér'af prinèipal types Itl use tpday.
1) Circular-cage type
the circular cage Is generälly used for the side-on type

. of photórtuitiplier, tube. The prime feat,:res of the cir.
cular.c;age arèits COmpactness and fast response.
2) Box-and-grid tye' .
Thls type consists of 'a train of qúarter cylindrical '
dynodes and Is widely used In head-on typë' phòto- "
multplier tubes because of Its ralatìvely ea~y ~ynode

design and better unIformity, althoutJh timé response
may be a problem fn some applications.

-
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3) Liner focused type
Since this type features fast response time, It Is widely
used in applications where time resolution and pulse
linearity are important.
4) Venetian blind type
The venetian blind type has a large dynodear.ea and
is primarily used for tubes with large photocathode
areaS. It offers better uniformity and a largei' output
current. This structure Is usually used when time
response IS not a prime consideration.
5) Proximity mes.h lye '.

In addition to good unifõrmity and high pulàe i.inearlty,
this type provides high immunity to magnetic f1el,ds.
Also, It has position-sensitive câpabilty when"ùsed
with multipl.e anodes. ,
6) Microchannel plate (MOP)

T~e Me? has much fast.er time response than the
other discrete dynodes. It also featUres good iinmLinity
magnetic fields and two-dimensional detection abilty
when multiple anodes arè used.

Recently hybrid dynodes combining two of the
above dynodes have been devëloped.These hybrid
dynodes are desi goed to provide the merits of each
dynode.

-

e Flgure.l: Types of Electron Multipliers

(a) Clrcular~age Type
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(b) Box-and.Grld Type
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SPECTRAL RESPONSE
The photoCathode of photomultiplier tube converts

energy of incident light (nto electrons. The conversion
èffciency (photocathode sensitvity) vares with th~
wavelength of Incident light. This relatlonšhlp ,
betWeen photocathode sensîHvity and waveiength Is
èalled the spectral response characteristic. FIgure 5
shows a typicàl spectral résponse of the'biålkali .
photomultiplier tube. The spectral i'espö"se range Is
determined on the long wavelen.gth side by the
photocathode matèria.1 and on the short wav~lelîgth
side by the window materiat Typical speral
response characl.eristics for varióu~ typeQf .
Phótomuitiplièr tubes are shOwn on the inside back
cover.

In this catalog; the long-wavelength cutof.f 0'
spectral response characteristics is defiii~ as the.
wavelength at which the cathode radiant.sensítîÝity
becomes 1 % of the maximum sensitivity for.btalkaÌî
and Ág-Os photocathodes, ànd o! 1 % of t!e maximul'
serisitlvity for miJltalkáli photocathOd.es Spectrai
response characteristics shown inside the back cover
are typical curves for' représentâ.t¡vè tube typèS~'

Typical radiant sensitivity for Ihdividtiál tobe types ,is
listed in their characteristic tables, But actual data
may be different from tube to tube. .

F1ë:ui'~S: TVDical SoectrBI Response of BlalUl Phot,ocathOèe
.. .- _. .. (RŠ78, 8t~) .
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Photocathode Materhils
ThA nhnlncathode is a ohotoemissive surace usually
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consisting of alkali metals with very low work
functions. The photocathode materials most
commonly used in photomultiplier tubes are as
follows:
1) Ag.o-Cs
lhe transmission-mode photocathode using this

material is designated 5-1. It is sensitive from the
visible to infrared radiation beyond 100 ilm. Since It
has high adverse dark emission, i",bés of this
photocathode are chiefly used for deteclÍon In the
infrared region with the photocathode cooled.
2) Sb.Cs.
This is a widely used photocathode arid has a
spectra:! re.pOnse In the ultraviolet to visible range.
Mainly used for reflection-mode photocathodes.

. 3) Blalkall (Sb.Rb-Cs, Sb.K.Cs)
These have a .spectral response range similar to the
Sb-Cs photocathode, but have higher sensitivity and
iower noise than Sb-Cs. They also have a faVorable,

blue sensitivty for scintilator flashes, thus they are
frequently used for scintillatioa counting. , .

4) High temperature bialkali, low noise iiialkaii
. (NaTK-S)
This Is paricularly useful at higher operating
temperature since It can WithStand up to. 175.C.
A major appiicatiòn is in the oil wéll log.giog industry.
At roomiemperatur~s, it operates with very low dark.
current. Thus it can also be useful for photon
counting applications.
5) Mtiltialkali (Na.K.Sb.Cs)
The multialkali photocathodé has a hi.gh¡ widé
spectral response from the ultiavioiet to near infrared
region. It is widely used for broad-band
spectrophotometers ahd phCltori taunting
applications. The long wavelength response can be
extended out to 930 nm by speCial photocathode'
processing. .
6) GaAs (Cs)
GaAs activated in -cesium is also used as a
photocaÜibde. The spectral response of this
ph~tòcathode usually covers a widër range than
i:ultialkall, ultraviolet to 930 nm, 'and is very flat.
7) IriGaAs
Th!$ new photocathode has more extended sensiIivÎty
i~ infrared than GaAs; Also, In the range between 900
and 1000 nm, InGaAs has much higher SIN ratiò thanAg-()Cs. -,'
8) C.. Te, C~i

.. These materials are senslUve ~o vacuum UV and UV
rays but riot to visible. light and are'trlerefQre ëalled-
solar blln~, Cs-Te.ls quite Insensitive to ~avei-erigt~s

. :.~,~J.er than 
320 nm and Cs-I to those longer than 200 nm.

.~'i": "?r-".'

.,:~_ Window Materials .
~..L~.c~lndow materi~ls to.mmonly used in
-#Et::~~.
;.~&:'/. .:~;;~

e
photomultiplier tubes are as follows:
1) Borosilcate glass
This is the most frequently used materiaL. It transmits
radiation from the infrared to approximately 300 nm. It
Is not suitable .for detection in the ultraviolet region.

For sclnlillcltion counting applications, the ¡ow-
noise borosilcate glass (so called K free glass) may
be used. It contaiiis very low potassium (40K) which
can cause unwanted background counts.
2) UY.transmltting glass (UY glass) .
This glass transmits u'Jraviolet radiatioii well, as the
name implieS, and is used as Widely as borosilcate

glass. The in cutoff Is approxbnately 185 nm.
3) Synthetic silca

This material transmits ultraviolet radiation down to
160 nm. Since siiica has a different thermal expansion
coefficient from Kovar, which Is used for the tube
leads, It is not suitable for the stem material .of the
tube. Borosilcate glass. is used for. the ste.rii then a
graded seal using glasses with gradually different
thermal expansion coeffiCient are connected to the
fiïsed silca window. '
4) Sapphire glass
The sapphire glass inade of AlzOa crystal ha~ an

intermediate transmittance in the ûitraviolët reg~on
befw~n UVglass and synthetic silica Bút,.at,
waveierigths shorter than 150 nm; it has higher
transmittance than synthetic silca. Since the

sapphire glass does not require graded seal, the
overaJllength of tubes can be shortened.
5) Mgl=2 (magnesium fluoride) .'
The crystals of alkali halide are ~uperior in- _

transmittng ultravioiet radiatio.i, but deitquescence is _ ,
a common problêni. Among them, MgF2 hås low' .
deliquescence and transrritsultraviolet radiciÜcin
down to 115 nm.

"

-

e:

I
Figure 8, Typcal Transmittance of Various Window
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As stated above, spectral response range Is

determined by the photocathode and window'
materials.. It is important to select an appropriate
combination whIch. wil suit your appiicatións.
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RADIANT SENSITIVITY AND QUANTUM
EFFICIENCY
As Figure 5 shows, spectral response Is usually
expressed in terms of radiant sensitivity and quantum
efficiency,

Radiant sensitivity Is the photoelectric current
from the photOCathode divided by the Incident radiant

power at a given wavelength, expressed In AJ
(amperes per watt~

Quantum effciency (aE) is defined as the ratio .of
. the number of Inciderit photons to resulting

photoelectrons emitteâ from the photôcåthOde. it is
eustomary to present quantum efficiency as å
percent: Quantum effc~ency and radiant' sensitivitY
have the following relaìÌonship at a given wavelength.-

QE == S x 1240 x 100 (%)

where S is the r~diantsensitivity hi Am ~t the
given, wavelength and À is the wavelength in nm
(nanometers).

l
LUMINOUS SENSITIVITY
Since the measurement of spectral resp-onse .
characteristic of a photomulliplièr tube requires a
sophisticated system and time, it Is nót practlcaÏ to
provide customers with spectral response
chíuacterlstics of each tube ordered. lristead; a value
of cathode or ahòdéluminous sensitivity is commonly
used,

The catnode lumlnoús sensitivity is the
photoelectric current from the photocathode per
liicidentlight flux (10~ to 10-:llumen) from a tungsten
filament lamp òperatéd at ä distribution temp~raîure
of 2856K. The anode iuminous sensitivity iiS the anodè
output clJrrent (amplified by the seeôndaryei:lsslon
process) per incident light flux (10-10 to 1Ó-- ltimen) on

Figure 7: Typical'Humiin Eye RespOnse and
. Specrii1 Distrlbiitloi 0; 2àS6K Tungsten Lamp
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the photocathode. Although the same tungsten lamp
Is used, the light flux and the applied voltage are
adjusted to an appropriate leveL. These päi'ameters .
are particularly useful when comparlng tubes having
the same or similar spectral response range.
Hamamatsii final test sheets accompanying the tubes
usually Indicate these P!'r~metersexcept for tul?es
with Csi or CsTe photocathodes which are nót ,.

sensitive to tur:gsteillamp ¡ight. (Radlaht sensitivity

at a speclfie wavelength is listed for those'tubesInstead.) .
. Both the cathode and anode lùm!hOUS sensitivities

are expressed In units of A1lm (ampeJes per 
lumen).

Note that the lumen is a unit used for lu~Inous flux In
the visible region and therefore thesè; values may be
meaningless för tubes Which are sensitve beY9nd the
visible region. For those tubes, the blLie sensitivity or
red/white ratio is often used,

BLUE SENSITIVITY AND REDIWl:lrE RAT,O
For simple comparison of spectral reSpnse of
pllótomultíj:iIer tubes, cathode blu~ sensitvity ànd
redlwhite ratio are often used.

The cathode blue sensitvity is the photoelectric
currërH Úom the photocathode prOduced bý ~ Iigfl.t '
fìux of a tungsten lamp at 2856K passlil'g thÌ'O!J~ha
blue filter (Corning CS No. 5-58 poiishe to h'alf ttoëk.
fhicknessVSiiice the light flux, once. transmitted'
throLi.gh the blue filer cannot beexpres,sed in lumens"
blue sensitivÎty Is usuaiiy presE1nied in A/lm-b

(a.rrperes per lumen.blue). Tile blue sensitivity Is a .
. very Important parameter In scintiilatlpn C!0ntl.n9
.since scintillators produce emissions in the btué .
region of the s'pectriim, and may dominate èner¡¡y
resolution.

the red/white ratio Is used for photomultiplier
iübes with a spectral response eXt'ti'ding to the near
infrared region. liis parameter is defÎned as the quO-

Figure B: Transmittance of Alters
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I tient of the cathode sensitivity measured with a light
flux of a tungsten lamp at '2856K passing through a
red filer (f05hiba IR.D80A for the S-1 photocathode or
R-6 for others) divided by the cathode luminous sen.
s¡tivity with the fiter removed.

CURRENT AMPLIFICATION (GAIN)
photoelectrons emitted from a photocathode are
accelerated by an electric field 50 as to strike the first
'dynode and produce secondary elèctron emissions.

Thse secondary electrons then impinge upon the
riext dynode to produce additional secondary electron.
emissions. Repeating this process over sucessivè
dynode stages, a hIgh current amplification Is '
achieved. A very small photoelectric current from the
photocathCK can be observed as' a large output
current from the ahode of the photomultiplier tube..

Current amplification is simply the ratio of the
änode óutput current to the photoeleCtric current from
the photocathode. ideally, the current amplification of
a photoinultipfier tube having n dynode stage and an
av.erage secondary emission ratiò d per stage is dn.

While the secndary eiectròn éniission ratio ó is
given by

d = A.Ea

where A is constant, E is interstage voltage.,an~ Q' Is
à coe.flibiènt determined by the dynode material and
geometric structure. It l,sually has a valueòf 0.7 to 0.8.

When a voltage V is applied betWeen the cathode
and the anód at a photornliÍtplier tube haYing n
dynode stages, current amplificatÎon, G, becomes

G= Ó n=(A~Eit )n~ r A (-L) aln. 1 n+1 J
= Ah. .\¡ an = K.V an (K: constant)

(n + 1) an

Flgùni 9: Typlcii Current Amplification ys, Supply Voltage

. .tll'
.. ......

..... " ..

1

1#
..

. . ~ . ù/. 1. .. 'ò $' .
" ,& ,tL .... .

" ~.:£., .
1

.. .(;j
,.,

I..

."
- 'J

1

to'

10' IÒ"

~,.
~; tOO
~...
~
;:
~ to
:i

i~ Ill
3

z
0" Q

5
¡¡

~
0" ~

~z

Q' l

ioc lit
0-

,cr-2O)l sm 7l 100
$UYVOLi'AC (V

O'
ism

8

--

,
Since generally photomultiplier tubes have 9, to

12 dynode stages, the anode output varies directly
with the 6th to. 10th power of the change in applied
voltage, The output signal of the photomuitiplier tube,
is extremely susceptible to fluctuations in the power
supply voltage, thus the power supply should be very

stable and exhibit minimum npple, drift and temperature
coefficIent. Regulated high vòltage power supplies
des!gned with this consideration are available from
Hariamatsu (see page 69),

ANÓDE DARK CURRENT
A small amount of current flows in a photomultiplier
tube even when the tube is operated in complete ,
darkness, This output current, called the anöde dark
current, and the resulting noise are critical factors in
determining the lower limit of iight detection.
'Fgure 10 shows that dark current is greatly
dependent on the supply voltage.

Other sources of dark current may b7 catel1ortzedas follows: '
1) Thermionic emission of electrons
.Since thë matërials 6f the photocathode and dynoaes
håvevery low work function~, they emit thermionic
electrons even at room teniperature. Most of dark cur-
re'nts originâte from the thermionic emissions, esp~
cially trom the PhotocàthÓde and, if s6, become
mUltiplied by the dynodes. Cooling the tube is most
useful in applications where low dark current is
essential such as in photon counting.

.,V

l

FIgure 10: Typical Dark CuiTent n. Supply Voltage
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FigurEl11 shows the relationship betwe~n dark
current and temperature for various photocathodes.
Photocathodes which have highsenslt!vity In th~ red
to Infrared re~ion, especially 5-1; show higher dark
current at room temperature.
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Figure 11: Temperature Characteristics of Dari Currnt
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Hamamais,u'provides thermoelectric coolers
designed for various sizes of phótomultiPller tubes
(see page 68).

- . 2) loni.zatfórt of residual gases
Rèsidüal gåses inside a photorrultiplier tube can be
ionized by the flow of photoelèctrons. When these
ions strike the ph010cathodè or earlier stageS of
dynodes, secondary electrons may beemitied; .thus.
i'esuiting in relativeíy large output noise pulse. These
nëise pulses are usuaiíy observèd às afterpulsës' .

followihg the primary signal pulses and may be a
.pròbl.ern irr detecting short light pulses. ¡:resent
phötomulfiplier tubes are designed to minimize
àfte.rpulses. .
3) GÎass scin!i!!at!cn

. When èlectróris deviating. from their normal trajectories
strike tfjeglass envelope, scintilatlons'may occur and

'a dai'k'plilsemay result. Toeliminate this type of a"á¡-k

puls'e, photomultiplier tubes may be operate( wíth the,
anOde at high voltage and the cathQde álgrouiid
potential. Ha.e it is usefui to coat the glass bulb with
a;çqnductive paint (lA Coating) connected to the.
cathodê (see pàge13).
4) Ohmic leakage ,
Ohmic leakage resulting from irrpèiièCt insulation of
tha glass slem base and socket may be. ~iiòtherd .'
source of dark current. This is predominant wheñ the
photomuitiplier tube ¡s operated atå lo~ volta.ge o~

low temperature, The flatter slopes In Figure 10 and
11 are. mainly due to ohmic leakage.

Cbiitamination consisting of dirt and humidity çm
the surface.of the tube may contribute to' ohmic .
leakage, and therefore should be avoided.

5) Field emission .
~ . . .... .._.. ...L _ ~_ __ ___.._.. _.. _ _._l.L_~_

ca.--

near the maximum rating value, electrons may be
emitted from .electrodesby the stron electric fieid
and may cause dark pulses. It is therefore
recommended that the tùbe be operated at 200 to 300
volts lower than the maximum rating

The anode dark current decrease with time after
. the tube is placed in darkness. In this catalog, anode

dark curr~hts are measured after 30 miriutes storage
'In darkness.

ENI (EQUIVALENT NOISE INPUT)
ENI is an indication of the photon-limited slgn:al-to-
noise ratio. It refers to the amount of light In watts
n~cessary to produce a signal-tO:noise ratio ôf.uility
in the output of a photomultiplier tube. The value ôf
ENI is given by:.

ENI:: Ý 2q.ld.b.ß.Af (watts)
. S

where q = electronic charge (1.60 x 10-'19. couLl
Idb :: anode dark turrent in amperes aftèr

15~hour storag~ in darkness .
G = current ampljfication
At = bandwidth of the system ili hert

(usu~iiy 1 hèrt)
S :: äiìode radià.nt sensitivty in amp"im!s

per watt at the wavéler'gth of" interest

For the tubes listed in this cstalog, th val!Je òf ENI
may be èaIC:ulâted by theabÒve eqUation. US'lal!y It

_ has a value between 10-15 and 1Ô-1& watt

EFFECT BY MAGNETIC FIELD
Most phòtomlil,tipller t~bes are affeced by thë

. presence of magnetic fields. Magnetic fields 'may .
deflect ëlectr.ons from their normal trajeetón'es arid
cause a toss of gain, The extent of thè loss ofgain
depends on the type of photomuitiplier tube and its
orientation' in théma.grietic field. Figure 12 shows

Figure 12: Typical ÈffÍl.cts by Magnetic Fis PÍlrpèndlcular. to Tiibe Axii '
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typical effects of magnetic fields on some types of
photomultiplier tube. In genèral, tubes. having a long

path from the photocathode to the first dynode are
very sensitive to magnetic fields. Therefore head-On
types, especially large diameter tubes, tend to be
more adversely influenced by magnetic fields.

When a tube has to be operated in mag~ètic
fields, it may be necessary to shield.the tube with a
magnetië shield case. (Hamamatsu provides a variety
of magnetic shield 'cases. See páge 68.) r:o express
the e~fect of a magnetic shield case, the magnetic
shielding factor is used; which is the ratio of the
strength of the magnetic fielØ outside the shield case;
Hout, to that inside the shield -case, HÎii~ It is. deter-
mined by thepermeabi/ty il, the thickness t and inner
diameter D of the shield case, as follows.

Hòut ~ 31lt '
. Hin 4D

It should be noted that the magnetic shielding
effect decreaSes towards the edge of the shield case
as shown in Figure 13. It is suggested tei cover the
tube with à shield case longet than the tube length by
at least half the ti.bê diameter.

Figure 13: Edge Effec of Magnetic Shield Case
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Recently proximity mesh made of non:mag.n~Hc
material has betl introduced as an .alternate dynode
in photomultiplier tubes. These ttlbe types (see page
56) exhibit much higher immunitytò external má~netic
fields than the photomultiplier tubes with. other

dynodes, Also triode and tetrode tubes (see 'page 56)
areusefui for appiications where the measured
amount of light j~ large.

SPATIAL UNIFORMiTY
Although the focusing electrodes of a photomultiplier
tube are designe ~that electrons emiit~d'from th~
photocathode or dynodes are collected èff!ci.~ntiy by

. the first or fóUowing dynodès, Some electrons may
. deviate from their desired trajectories and collection

efficiency is degraded. The collection efficiency varies
with the position on the ph~tocathode from whi-ch tiie
photoelectrons are emitted and influences the'spatiâl
uniformity ofa photomUltiplier tube. The spatial

uniformity is also determined by the photocathódé
surface uniformity itself.

In general, head-on type photomultiplier tubes
provide better spatial uniformity than sidé-n types
because of the photocthode to first dynode geometry,
Tubes especially designed for gamma camera applica-
tions have excellent spatial uniformity.

Figure 14: EXamples of SpàUal,Unlformlty
(a) Head.On Typ (b) Sldé-n Type

(R1-30 for r camera) .
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TEMpERATURE CHARÀCtERlS,TICS
As discussed earlier,by decreasing ambient tempera-,
ture Of a phòtomultipÜer tube, dark' current origiilé.tini;
from thermiònië emission c;ab be reduced. Sensitivity.
of the photomuitipiìet tube also varies with the' tén'-'
perature. In the ultraviölet to vis¡br~ region, thè

temperature coeffcient of sensitivity has a negative

Figure' 15: Typical. Tem~l'lure CoeffCients of
. Anode SensItivity
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value, while near the long wavelength cutoff It has a
positive value. Figure 15 shows typical temperature
coefficients around room temperature for multlalkall

. and bialkall photocathodes. Since the temperature
coeffcient change is large near the long wavelength
cutoff, temperature control may be required in some
applications.

-

DRIl= (ANQDE CURRENT INSTABILITY
While operating a photomultiplier tube continuously
ovér a iong perIod, an.pde output currentofthe
,ptiotöinultlpiier tube may vary slightly with time,' .
althQÙgh operating condItions håve not changed~ This

Instabilty of anode output current Is ca"~ drift,
Figure 16 shows general drift curves. Drift is primarily,
caused by damage to the last dynode by heåvy
electron bombardment. The operating'stabllty of a
photomultiplier tube depends on the'magnitûdè of thê

. anode current and hot sö much on the applied

. 
voltage', and therefore tlle use of lower ànode currént
is desirable. when: stabilty is of prime importance,
the use of average anode current of 1 ~ or less is
recommended.

e Figure 16: Examples of Drit
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HYSTERESIS
. 'Piiötomùltipliêr tubes exhfbft a temporary instabilty
In anode output current for several secondS 10 several

tens of seconds after voltage. and light are'applied,
Le;, sensitvity may overshoot or undershoot before
reaching a stable value, this Instability is called
hysteresis and may bé a problem in specróphotometrY
and other applications.

Figure 17: Hysteresls M~~siJreme. '
i-U
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Hysteresis is mainly caused by electrons being
deviated from their planned trajectories and electro-
statIcally charging the dynode support ceramics and
glass bulb. When the applied voltage is changed as
the light Input changes, 'marked hysteresis can occur.

To el!minate hysteresis, many Hamamatsu side-ri
photomultiplier tubes employ "anti-hyster~s¡s design"
In which the dynode suppor: ceramics are coated with
chromium and maÎntained. at the cathode potential In
ordèr to repUlse stray electrons.

T1ME RÈSPONSE
In application. where the Incident light Is hi the form
of pulses, thè anode output signal sho.uld reprQducè a
waveforrfalthft.l to the Incident pulse waveform,
ThIs reprod.tcibilty is related to the Mode pulse rise
t.lme and thë electron tra-nslt time.

As iliustfated In Figure 18, the anode pu.lse rise
tlme is defined as the time to rise from 101lo ,t9 9Ò%
of the peak ampliude when the whole photocåthOde .
is iluminated by a deltä function light pulse (p'ul~e
width less than 50 ps). Thè electron transit tlm~ Is the
time interal between the arrival of a delta function
light pulse (piiise width jess thán 1 lis) åt tlle .
phôtocathôde and the instant whèn,the anode output
pulse teaches its peak ampiitude. T~Ø electron, transit
time has a: fluctuation between individual Ugh! p!,lses.
This fluctuatloii is cálled trånsit time sPread (T.t,$,)
and defined as the FWHM of the frequency
distribution of electron transit times. The T.T.S, is an

important factor in thtle-resolving.inèasurement.
Thóse parameters are affected by the dynode .

structure arid applied vòltii.gè, In general. tubes of" the
Itnear focused or circular cågë structure exhibit bet~èr
Ulna response than lubes of the b?x-arid-wid or . .
venetlaif blind structure. Figurè 19 shows typical time
response characteristics vs. applied volt3lie fór tYpes
R28 (Pis" dia head"Oh, 11-stage, box-aM.grid type)

and 931A (1"118;' dia side-on, 9-stage, circular cage

type).

. Flgure'18: Anoe Pulse RISe TIme and Elec Transit TIme
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Flgure 19: Transit Time Spread (T.T.S.)
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Figure 20 Time Response Characteristics YS.
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VOL TAG E-DIVIDER CONSIDERATION
Inférstage voltages tor the dynodes of a photomultiplier
tube are usually supplied by a voltage-divider nët.wt)rk

consisting of šeries-conneêted resistors. Sëheinatlç'
diagrams of typical voltage-divider networks are iJu~
trated in Figi,re 21. Circuit (a) is a basÎ~ arränge~ent
and (b) Is tor higlKu,rTerit pulse operations. Figure 22
shows the respònSe of a photomuitiplier tube using'
the voltage-divider (li) as a function of the Input light
flux. Deviation from linearity (over.response; region.A)
is caused-,by an increase in dYh~é volta~e resulting
from the redÎstribution of the voltage loss bet.ween the
last dynode arid théanode. As the input light level Is
increased, the anode output current begins tò šciturate
neår the. vaiUe of the cÌJrrent flowing through the
voltage divider (region C) due to the eX!èllsi.ón ,of .
voltage losses to the last few stages. Thereforei the
upper limit of dynamic range of the photomultiplier'
tube Is determined by the vóltage-i~ider curren1. To

prevent this problem, it is suggested that the volta-ge-
divider current be maintained at at" least 2Ó times the

i anode output current required from the Photomultjplie~i ~~ . .
i 12

Rgure 21: Scematic O'iagrams of Voltage.Dlvlder Networb

(a) Basic arrngement for DC operation

4
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(b) For pulse opration
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Figure 22 ResPonse of a pMT Using Voltage Divider (8)
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Generally high output current is requir~d in .
applications whëre the input IÎght is. in the form öf
pulses. In order to maintain dYriòde. potentials ~t, a. .

constant value during pulse durations and ~~tain h~gh

peak cur~ents, large capaçitors are used as shQwn in.
Flgurê 2Ö (b). The capacitor values ~epend on the
output charge. If IÎnearity of better than 1 % is neèdoo¡
the' cåp-adtoi' value, betWeen the'last dynode and the
anode should be at ¡east 100 times the output charge
per pulse; as follows:

,

,
C ); 100 ~. (farads)

where J Is the peak output current in amperes, t is the
puise width in seconds, and V is the voltage across
the capacitor in volts.

Haniamatsu provides socket assemblies incorpo-
rating voltage-divider net~orks, They are compact"
rugged, and carefully engineered to minimize electric'
leakage. (See page .66.)

I;
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Ground P~larity and HA Coatin9
The general technique used for voltage. divider circuits

Is to ground the anode with a high negative voltag~
applied to the cathode. This scheme eliminates the
potential,difference between the external circuit and
the anode, facilitating the connection of such circuits

as ammeters or current.to-voltage conVersion
operational ampliiers to the photomultiplier tube~
However, when. a grounded anode conflguratión Is.
used, bringing a grounded metallc holder or magnetic
shield case near the_bulb of the tube can ~use '.

electrons to strike the Inner bulb wall, resuiting iil the
generation of holse. Also; for head-On type

photomultiplier tubes; ii the faceplate or bulb nèar the
photocathode is grounded, the slight condii~t!vity ot" .
the glass material causes a current to fiow between
the photocathóde (which has a high negative
potentÎal) and ground. This may cause electrolysis of
.the photocatht?de, leading to the danger of slgnificáiit
deterioration. For this reason, when ~esign¡ng the . .
housing lòr a photomultiplier tube and when using an
eÎêctrostatic or magnetic shieid case, extreme car'e is
required.

In addition, when. using foam rubbèr or slrnilar
material to mount the tube in iis.housing~ it is
essential that material having sufficiently gôod
iilsulation properties be used, This problem can be
solved by applying a black conductive layer around
the bulb and connecting to the cathode potential
(called HA Coating), as shown in Figure 24. However,
In scintilation counting; it Îs often imposSible to ~sø
this technique, since the grounded scintilatOr is in
intimate contact with the photomuitiplier tube, hi
such cases, it is recommended that the cathode be .,
grounded; as shown in.Figure 23, with a high positive-
vO:ltage applied to the anode. Using this scheine, a '
coupling. capacitor C Is used tó separate the higH.
posîtive voltage appiied t6 theariode from the signal,

making it impossible to obtain à DC signäl output.

Flgure,23: Cathode Ground Schein.
_CA TH

+1l

Agur. 24: HA Coating
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LOAD RESISTANCE
Since the output of a photomultiplier tu!;e i~ ac.urrent
signal and the type of external circuit to which photo-
multiplier tubes are usually connected has voltage in-
puts, a load resistance Is used to perform a current-
voltage transformation. This section describes can~

siderations to be made when selecting this load re-
sistance. Since for low output current levels, the
photomultIplier may be assumed to act as virtually an
Ideal constant-current source, the load resistaÌJce can

bë made arbitrarily lar'9é. thus converting a low-level
current output to a high-level voltage output. In prac-
tice, however, uSÎng very large values of load resist-
ance creates the problems of deteriorat!on of ti'~uencY
.response and output iinearity described below.

Figure 25: Output Circuit forPMT

~~~-,~H\t .
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If, in the circuit of 'Figure 25, we let the load re-
sistance be RL ard the tQtal ot the capacitance of th~
photomUltiplier tube anode to àll other electrodes, in-
cluding such stray capaciÜióce as wiring capaci-
tances be Cs; the CUtoff frequency fc is expressed by
the fOllowing reiâtionship.

fc.= 1..
2nCsRi.

From this relationShip, it cail be seen that, even if thé
photomultiplier tube and amplifier have very fast re-
sponse¡ response wil be limited to the cutoff frequency
f~ of the output circuit. Anode effect of large. load
resistance is on linearity of the output currEmt with

. respect to inténsity of incident iight. If the. load ..
resistance is made large; at high cum:mt levels the
voitage dróp across RL becomes large; caui~ing the
pot~ntial difference between the la~ dy_nócl i:taq~

and ìheanodé to'drop. This .Increases the effett of
the spa.ëe charge and lowers the efficiency of the
anode In êollecting eiectrons. In effect.. the outp~t
becomes saturâtedabOve a certain etrrerit, resulting
Ina loss of linearity.

FIure 26: Ainpilfer Interal Resistance

OU

.J



I
In Figure 26. let us consider the effect of the in-

ternal resistance of the amplifier. If the load
resistance is RL and the input impedance of the
amplifier is Rio. the combined parallel output
resistance of the photomultiplier tube. Ro. is given by
the following relatronship.

R ~ RL. Rio.. 0-
RL + Rin

This value of Ro. less than the value of Ri.. is then the
effective lOad resistance of the photomultiplier tube.

If, for example, Ri. = Rio. the effective load resistance
is 1/2 that of f\ alone, From this we see that the upper
limit of the lod resistance is actually the input resist-
ance of the amptifier and that making the load resi~t"
ance much greater than this value does not have sitf
nWcant effec, While the above description assumed
the load and input impedances to be purely resistive,
in practice. stray capacitances, inpiJt capacitance,
and stray inductånce~ influence phase nilationships.
Therefore, as frequency is increased these circuit
elements mus be considered as compound impedånc:
rather than pure resistances. .

From too above; three guides can be derivêd for
use in selecion of the load resistance:

1) hi case in which frequency response is important,

the lOa resistance should be máde as smaii as

possible. ,
2) In cases in which output iineatiy is important, the

load resistance should be chosen such that the
output .voltage is below several volts.

3) . Th iOa reistance should be less thari the approx-

Imate input Impedance of thè external amplifier.

HiGH-SpEED OUTPUT eiRcüiT
. For the detection of high-speed and pulsed light

signals, à COxial cable 1s tis_ed to make theconnec-
tion betwee the photomultiplier tube and tile elee-'
tronic circuiI as shown in Ftgure 27. Since cbmmoñly
used cables have chatacteristicirrpedances alsO Q'

or 75 Q, this CàbJemust be terminated in a pure resist- '
ance equivalent to the characteristic irrpedänce to
provide impeance matching and ensure distortion~
free tränsmission fOT the"signai waveform. if a matched
tranSIJis~ion. line Is used, the inipèdanca of the çabl~
as seen by the phötÓinUlfiplier tube output wil be--he
characteristië impedante of the cabl~, regardless of "-
the cable length, and no distortion wiii oceur in signal
waveform .
. If prope matching at the signal receiving end Is

. nm achìeved the impence Sen at the ph9lómuttpller
tube output will bè a function of both freqüencyand
cable length, resulting in significant waveform distor-
t.ion_ ~uc;h mismatched condit¡on~ can be caused by

I'!
the connectors used as well, so that the connector to
be used should be chosen with regard given to the fr.e
quency range to be used, to provide a match to the
coaxial cable,

When a mismatch at the signal receiving end
occurs. all of the pulse energy from the photomultiplier
tube is not dissipated at the receiving end, but I~ par-
tially reflected back to the photomultiplier tube. While
this reflected energy will be fully dissipated at the
photomuitiplier'tube If an lmp~danêe match l;as been
achieved af the tube, If this Is not the case, since the
photomuitiplier tube Itseif acts as an open circuit, the
energy wil be reflected and. thus, returned to the
signal-receiving end. Silice part af the pulse makes a
round trip in the coaxiai cable and !s again input to
the receiving end, this reflected signal is d~iayed with
respect to the main pulse and results in waveform dls- '
tortion (so called ringing phenomenbl), To 'prevent .
this phenomenon. in addition to providing impedance
matching at the receiving end, it is rlt:cessary to pro- "

vide a rasistance matthed to the cable inìpedance at -
the photomultiplier tube end as well. U this is done, it
is pOSSIble to virtually eliminate the ringing caused by.
an impeclancë mismatch, ållhough th~ oÜtput pulse

height of the phqtomultiplier tube is reduced to óne-
half of the norma! level by use of thÎs impedance
matChing resistor,

l

l.

Figure Xl: Hlgh.Spe Output Circuit

r ~ -- - -¥:l l=fz:: ~tri:&. '",;i . : MATCHINGL,__-'___~_...-". RESTOR)
R-R.
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In figUre 28, let us consider waveform observa-

tion of higfi~speed pulses ~sing ari osçlloscòpe. This
type ôf o~eratiori requires a low lô¡Hi resistánêe.
Since; hówei¡er; there is a limit to the osciloscope
sensltvity, an amplifer is required.

For cables to which a matching resistor has been
. connecte~, there is an advantage that the cable length
does not affect .the charäcteristlcs of thë cable,
However; since the iTatching resistance is vëri Jaw
compared to the usual. load re:sistanc.e, the outp-Ilt . '

. voltåge becomes too smail. While tnis' _situation c~n
be remedied with an ampiifier of iiigh 'g~in, the In~
hereof noise of such an ampiifier cim Itself óe datri-
m'ental tò .measurement performance. In suth cases,
the photomultiplier tube can be brought as cros~ as
pos'sible to the ampiífier and a load resista~te 'as
large as possible should ti used (C~hsjstei:t with
preservation. of fréquency. response), toachìeve the
åesireå input voitagè.

f;
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Rgure 28: Waveform ObseratIon UsIng Osciloscope
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It Is relatively simple to Implement a high-speed
amplifier using a wideband video ampilfier:or pulslr .

type ic~. Recent Improvëments In the avaHabilty of a
variety of types of such rCs and prIce reductions have
made this possible. There arè, however, various prob-"
lems concerned with characterìstlcs (pariculatly ~oisë . .
performarice) whèn using ICs, such pr~blems requi~ing
sufficient care in measurement system design. . '

As the pulse repetition frequency increaSes,

'báselÎné shift create,s one reason for concern. This
occurs. because the DC.signal CCimpònent has been

eliminated from d;e signal circuit by coupling with a
,capacitor which does nót pass DC; If this Occurs, the
reference zero level observèd at the ¡ast dynode stage
is not- the actual tero leveL. Instead, the apparent zero'

level' is the time-average of the positve and: ilega,tive
fluctiJations of thè signal waveform, This wiji vary as

a functiCin of the pulse density, and is known as
baseline shift. Siiice the heightCif the p~Jses.above
this baselirie level is influenced by the repétition
frequency; this phenomenon is of concern when.
observing waveforms òr discriminating pulse levels.

e
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OPERATIONAL AMPLIFIERS
in cases in which a hígii-sen~itivity ainmetëi is ~(jt
avaHable¡ the yse of an'operational amplifier 'Ni1
enable méasurements to be made using an inexpensive
voìtmeter. This technique relies ôn converting the o:ut~
put ëi.rr'ént of the photomUltiplier tube to a voltage
signaL. The basic circuit Is as shown in Figure 29; for '
which the. output voltage; Va' is given by the following
reiatipnship.

~

Vo~ -~f ,Ip

Thjs reiatlonship is derived for thèfollo'oing i:eason. If
the input Impedi:mce Qf the operatlonal amplifier is ex-

. . tremélY 'large, and the oUtput current of the photq-
multiplier tube is allowed to flow int~ the in~ut ter-
minal of the amplifier, most of the current wiii flow
through Rt, and subSequently to the oper.atio~àl
ampliier output circuit. Therefore, thé output voltage,

- Yo, is given by the expression -Rf x Ip. When ~sing
such an operational ampliier it ìs, 9f course,. not
possible to increase the output voltage with~ut limit;
the actual maximum output being appr~xímateiý écual
.& - .1&.. _ _____..:__..1 ..-._la..o.. niUlor êiiinnlv vrilt:ine_ OAf

limitations are placed by th~ operational amplifier off-
set curréntOos), the qualiy of Rf, and other factors

such as the inSulation materials used
i

Figure 29 Current-Voltage Transformtion Using
Operational Amplifier

If the operational ampliier has an offset current
(los), the above-escribéd output voltage becomes
Vo == -Rf (Ip + los), the offset, current component beinQ
superimposed on the output. Also, the magnitude òf
temperature drift may create a probiëm. In' general, a
metallic'filin resistor is used for the resi,stånce Rf,
and for high resistance values, a va,cuurn.seal~ type,
Is used, Carbn resistors, with their; highly, temp~ratur~
dependent resistance characteristics, are not sóita:bje '

, f~r this.appliCation, When inputtng.such'extremely':
low level currents as 100 pA and below, in addltion to ,"
the considerations described äbove, tilê materlafs ûsed
In the cirCuit implementatìòii réquire care ä~ weiL For
exampie, materials such as bakeiìte ar.e notdsujtabl~,
more suitable materials being Teflon, p'ofy~t.y¡'ol"qr- ,

. steatie. In addition¡low-noise cables shôulC1 bè used,
since Qetieral-purpose coaxial cables exhibit noise

due tb mechanical changès.

FIure 30: Freuency Coiipensalfon of
Opèratlorial Airplll.ler
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In Figure 30, ii a capacitance Öf (including. ~ny .

stray capacÎtances)';exists in parallel to the r~sistanct!

Ai, the circuit exhibits a tir'ec.nStanl ôl.Rf x Cl~ ~o,
that response speed is fimitêd to t~is time,~onstanl- '
This is a partIcular problem if Rf is made large. Stray
.capacitance can. be reduced by passing., Rf ~hro~gh', á ,

hole in a shield plate. When using C?oaxial sianalln~i:t
cables since the cable capacitance Cc and Rt are In
the fe~dback loop,- òsciliations may oc~lir 5'ri~ hòi$~,
may beamplitled.While the 'mèthOd,of avoiding th.is
Is to connect Cf in paraUei to .Rf, to,reduce ~ain at. '

high frequen"Ces, this, as .~~s~r~~~ á~~~i_.~~~~t:~ a
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APPENDIX
1) photon Counting
photon counting is one effective way to use a photo-

. multiplier tube for measuring very low light. It is widely
used In astronomical photometry and fluorescence

spectroscopy. In the usual application. a number of
photons enters the photomultiplier tube and creates
an output pulse train like (a) in Figure 31. Th actual
output obtained by the measurement circult'is a DC
with fluctuation as shown at (b).

'Figure 31: Overpping Ouipiit Pulies(a)~
nME.' ')0

'~.'~
(b) J

nME
~

When the light intensity becomes sQ low that the
Încident photons are separated as shown in Figure 3~
This condilon is caiied single photon event. The
riumber of output pulses is hi cUrect ptöportion to the'
amount of iriciderit"light and this pulse counting
method has advantages in SIN ratio and stabilty ovèr
the bc method averaging all the pulses. This pOise
counting technique is the photon counting method~

Figre 32: SIngl Photon Event
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Siiice the photolTultiplier tLibe. oLitput cohtains a
variety of noise pulses in addition to the Sll1nal pulses
represéntiiig photôelectrons às shown iñ Figurè 33.
simply counting the pulses without some form"òf
noise elimin'àtion wil not result in an accurate meas~
urèmeri. The most effective approach to noise el¡mí. "
nation is to inVestigate the h~ight of the output pulses.

Figure 33:- OutpufPulse and DiscrimInation level
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A typical pulse height distribution (PHD) of output

of photomultiplier tubes is shown in Figure 34. In this
PHD. the lower level discrimination (LLD) is set at the
valley and the upper level discrimination (UlD) at the
fooL Most pulses smailer than the LLD are noise and
pulse large than the ULD result from cosmic rays, etc.
Therefore. by counting pulses between the LLD and
ULD. accurate light measurements are made possible.
In the PHD, Hm is the mean height of pulses. It is
recommended that the LLD be set at 1/3 of Hm and
the ULD at triple Hm,

Considering the above. clear definition of the
peak and valley in the PHD Is a very significant char-
acteristic for photomultiplier tubes for uSe in photon
counting. All of Hamamatsu photomuitiplier tubes
selected for photon counting are supplied with such
PHD data

ti

FIure 34: Typal Pulse HeIght Distribution
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2) Scintilatio Counting

Scintiilation counting is one of the most c~mmon and
effecUve methods in detecting radiation partiCles., It
uses a photomultiplier tube coupled to a scintilator "

which produc light by ÎiicidEmcè of radiation particles.
l:i

FIgure 35: Diagram of SCintilation Detector
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In radiation particlérieásurements thère are two

parameters that snould be ~easured. Ö~é 1s th.e energy
of Individual particles and tlie other is the amount of

. paricles. WI radiation p-anicles entèr the sèintiliatór', .
It produces i¡ghtflashes iri response to each p-áriicle.
The amounlof fiash is proportional to the energy of
the Incident particle and individual 'light flashes arè
detected by the photomultiplier tube~ Consequently.
the output pulses obtained from the phbtomuitiplier'

tube contain information on both the energy and'
amount of pulSes, as shown in Figure 36.

ti
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By analyzing these output pulses using a multI-

channel analyzer (MeA), a pulse heightdlstribuUon
(PHD) or energy spectrum as shown in Figure 37" is ob-
tained. From the PHDj the amount of incident particles

. at various energy levels can be measured, For the
:PHD, it is very important to have distinct peaks at
each energy leveL This is evaluated as pulse height
resolution and is the most significant characteristic 

In

radIation pârticlemeasurements. Figure 38 showS the
definition of pulse height resólution for a 137CS source

Figure 36: Incident Partlcl~. and PMT Output
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PMT Th height of output pulse Is

IlrbOiiónàl to the energy of
Incident particle.
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FIgur'é 31: pulse Height Distribution

(Energy sperum)
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Figure 38: Definition of Pulse Height Resoiiitlon
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Figure 39: Spetral Response of PMT and Specral Emls~lón
of Hal (TI) Scintilator
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fiulse height resolution Is mainly determined by
the quantum effciency of the photomultipliertubei in
response ~o the scintilator emisSion. It is n.ecessary.
to choose thê tube whose spectral response matches
the scintilator emission. Fòr thainuri-activated sodium

. íodide, Naicri) which is the most popuÎar scintilâtor,
head-on type photomultiplier tubes with a blalkaIi
photocathode are Widely used. .HamainatstJ has a
~-pageieata.iog "Photomultipiier Tubes f?" Scintila~
tlon Counting and High Eriergy Physics" avaÎlabie

fr'òrT our sales 6ffice.
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"Typical Photocathode Spectral Response

.,." ~

Spectral Resoonse
.

Peak Wavelenoth

Curv Co Photocathod Window Rae of PMT Examples
Materials Materials Radiant of

Sensitivity O.E
,"

(nm) (nml (nm)

Semitransparent Photocathode (Transmission Mode)
0 100M Cs-I MoF2 115-20 140 130 Rl081. R972, R145~. R250

0 20 Cs-Te Synthetic 160-32 210 20 Riæ3. R759. R821, R431S

silica
a 20M Cs-Te MaF2 115-320 210 20 RH180, R1460

1/ 201S Cs-Te Synthetic 160-320 240 22 R278
silca./ 201,\ Cs-Te Saophlre 150-320 25 22 Rl689-1

a 3OK'(5111 Sb-s . B.orosilcate 300 - 65 44 410 6111. 7696

0 .w Bialkali Borosilcate 30 - 650 420 39 R647,R12i'3. R2. R5, R32. R878, R1306, R1213, '
R1250. Rl635. R302, etc.

0 400 Bialkali UV olass 185-650 420 39 R7SO, R29

a 40 Bialkall Synthetic 16ô-65 420 390 Rt60, R2. R331. R5. R2059, R2496. R3172, ete.

silca

0 4011( High temp. Borosilcate 30 - 65 375 36 Rl2.i, R1288~ R1282 Rl04, Rl64. R1317-0, R1519-01.

bialka/i R1705 './ 402K Blaikali Borosilcate 30 - 650 ~75 36 Rl645U, R1!iU, R2li6U, R2287U, R224U. R2U, etc.

0 4030 Low noise UV glass 185-68 375 32 R293
tiiaikall

-

0 SOK f,2O Multiàlka./i Borosilicate 30 - 850 420 36 R1894, fi1ß17, Rl3a7. R55Q,R1513, R1925. 'PM55, Ri3

0 50(, Multìalkall UV olass 185-850 4~ ~ R14.63, R1464, R3i4, R15O8,R453. R567, Rll04,R22.7

0 50 Mullialkall Synthetic 160-85 420 28 R376, R375. R56, R2
silca

0 .51K Multiaikall Borosilè:àte 300. - 90 65 60 Rl33, R669, R1Q17, R649, R266, R28
.,"

700K. ($1) Ag-s .Borc;s1Jèate 400-120 BÒ 700 R632, R316, fl5a, 7102, R1767'V

Opaque Photocathode (Reflection Mode)
,

0 150 Cs1 MclF2 11.5 -195 120 120 Rl259

0 25Ò Cs- Te Synthetic 160-320 20 20 R1657. R427. in6õ, R166UH
silca

0'- 250M Cs"Te MgF2. 115-.320 200 190 Rl220 "

0 . " 350K is Sb-s BorosiliCate 30-850 400 . 35 ,RS06. 9:31A, iP21, Rl0S, Fi105UH .
0 350U :js5¡ . SlrCs UVglass' 185-65 34 270 R1414, R3O, Fi12, LP2.. Fi44,Fi.12UH

.

0 350 (519) SlrCs. Synthetic 160-650 34 210 R3, Rl06, Rl06UH .
silica

0 351U ¡E'd $-5) SlrCs UV glass ias-too 450 2às lP2.8A ,

V 451U BiillkaJj UV glass 185-730 34 320 R37i./ 452U Bialkali uy .iilasš 185e. 750 3! 315 R9./ . -I53 l3ialkiili Borosilicatè 30 ,.650 4( 360 93 ii~./ 453U Bialkall UV oiass 185,.65 4(. 33 R1516./ 4~K Bia!kal'. Borosilicate 30-68 45 43 Mi8S/' 455U Bialkali uy glass 185-68 420 '4( R17a4/ 456 Low noise UV glass 185-68 375 320 Rl527, R271. Ri371-Q
biallali

V 457U Biaikall UI/glass 30 -68 .45 450 R2752

1/ 5SQU Mu!tíalkall UV giass 185-850 53 25 . Rl546, Rl547, R5, R88

V' 55 MultialkaU Sy~thètic 160-85 53 25 R1503 ~ ~

silca
0 551U Mi.ítialkall . UV olass 185 - 870 33 28 R4

551$' Multialkall Synthetic 160-870 33 28 R4 -

0 silca
0 5sU Multialkatl UV glass 185-99 4( t6Ò R98

0 5525 Multialkali Synthetic 160-90 4( 215 R9
silca./ 554lJ Multiálkilll UV alass 185., 90 450 370 R1477./ 5550 Multialkali UV 01 ass 185 -ï~5O 40' 320 Rm

IA 556U Muitialllali UV iiiass 185-930 420 ' 320 R91/ 55~U Multialkall UV olsss 185'-Qp' 42ó 4Ó ,R1913V 558K Milltialkaii Bprosnlc;ie 30 -8ó 53 510
dR1923

tV 559U Multialkall VV olass' 185-:810 33 28 R5 ,.
"0 65U Gas(Cs) UV class 1l¡-93 30 -7OD 39' R6 ..

0 65 GaCs) SYnthetic 160':93O 30 -700 2B R9
allca./ 651l GaCs) UV olass 185-910 35 270 _ R66. R60 750K Ao-Os Borosilcate 40 110Q 73 .730 R4V 85U InGaAs (Cs) UV glass 185 -1010 4( 330 R258 "

a : Spera response curws are shown on page 77_
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10.5.2 Helium-Neon Laser

The energy-level diagr for me helium-neon system is shown in Fig.

.10,.11 together will some common laser trsitions shown as solid lines. For
ince. me very common "renlaser line at 6328 Å is ~ trsition frm me 3s2
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Fi io.l1' Ener-level diagr for Ù1e helium-neon la. The solid line rei¡tstl
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cocients.
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3X

to 2p4 state~ * The numbers in parentheses ar the A coeffcients. Also sh~wn in
th figu, as dahed lines, ar the spontaeous decay routes frm the lower

lar level, 2P4, down to the Is states.
These latter irsitions, 2p4 - lSl,4,S, and many others origiatig at the

ret of the 2 p states, give neon sîgis their charcteristic red coJor. Note thRt the.
A coeffcients' (the numbers in parntheses in Fig. 10. i l) for the'se sp,:mtaem1s-
tIitions ar quite large compard with that.of the laSr trsition, Ths ilus-

"" trs an importt Point referrd to ii Chaptei: 8, where a genera pumping ,
scheme of a laser was discussed. We do not.look for .Stng spentaous.lineS') . V~

. for a laser; rather. it is the wèa lies, wmch ~i?até on the upper stites of the fJ
stng ones, that ar prie candidates for a lasei¡..

To.ilustte ths point furter, consider thedata given in Table 10.5 for the

two states of interest in the 6328-Á trsition. Hére we list the many trsitions
.... out of the two states and their relative intensities as listed in 

the Handook ò/
Chemistr and Physics (CRCPress). All the 3s ~ 2Pi_atransitioris have i~, .

and none of the 2p4 ~ Isi-s have o~ciiiated (in CWoperatioIi): This is in spire
of the fact that the A coefficient is in the n.umerator ôf the laser gain equation:

A1 (. g \
j'(v) = A11S1Tg(V) Ni - g~ N~

i...1

j:

(10.5.1)

However, as we wil see, it is diffcult to obtan ~ inversion on the 2p ¿ Is
tritions; henc~, they'do not lase. But the rapid spontaeous decay of the 2 p

stte empties the lower level ofuie 3s - 2p laser tisItions. .

A tyica helium-neon laser Îs a gIass tube 10 to 100 cm-Iong, 2 to 8 mi
in diameter, and filled with helium and"Deon gas m a 5:1 to 20:1 ratio to'a
prssur presCrption of (12).

p . d 0: 0.36 torr-cm d = diameter of bore, em

Typical curntS thugh the discharge tube rage frm 5 to 100 mA for CW
opration.

Such a prescrption satisfies the scaling laws :of a positive còlump dis-
chage, a subject ~o be discussed in gr~ater deta in Chapter 12. For now, we,
nee onI~ the experimenta facts of life about 10w~pressUI discharges.

,.

1. The electn tempemturet is dirctly related to the ratio of the elecc field
to number density of gas atoms (i.e., i; cx' E./N or eip).' .

· Th spescc notation for nen is paculay confing but widcly us. Pa
~on~ as us in Fig. 10.1 i, was an attmpt to fit tQe ncii spe to a hy~gen-lie dieary.
It diet ~ world Nevcc1ès. the noton is stll with \l. As far'aS we ar còii. the numbers
ID ic ar ii of the st. nothg moI. . - .

tTh word "tmperatu" implie lI'Maxwelli ditribution of elec velocties. In fac
it is no!. But it is a riasiiie apxition to us fOr the inti undetadi. .

i
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32 Laser Exciton

TABLE 10.5 DATA ASSOCIATED WITH THE VARIOUS STATES OF NEON

Traition J_ J.. Å(Å) A(ld se-I) Relative Intensity

352 -+ 2pi l 0 730.9 0.48 30

352 -+ 21' 1 1 641.1 0.6 (es) , 1 I;
352 -+ 2Pi 1 0 63~1.9 0.7 100

i (coon352 -+ 2p. 1 2 6328.2 6.St 30 "r" Ia)
352 -+ 2p, 1 1 6293: 1.5 100

352 -+ 2P6 1 2 6118.0
.. 1.2 100

352 -+ 2Pi 1 i 60,1 0.68 SO

3$2 -+ 21' 1 2 5939.3 0.56 SO

352 -+ 2l' I 3 :-5iiŠ2~Š: Forbid AJ = 2 Not Obed
352. -+ 2piO 1 1 -Š433~6 0.59 2S
352 -+ ¡2p I Redge 12.8
352 -+ 3p. I 2 33913 2.87 .
352 -+ ¡3p .1 IR 5.24
2p. -+ 152 :i ,1 6678.3 23.8' SO
2p. -+ Isi 2 0 :=6i~~5=: Forid AJ = 2 Not obSed
2p. -+ Is. 2 I 60.2 16.9 30
2 p... Is, 2 2 594.8 10.5 SO
.2p.-+¡1s Red-(ge 51.2

Oter tritions U\ Å A(X 10'

~pi -+ ¡Is 87.9 2si - 2pl i.~i Jim 0.802
2P2 -+ ¡15 11 6. 21' 1. 767 p.m . 4.089
2pi -+ "£J5 6i.7 2pi I.J.602H-m 0.801

i (fi ga. .2p. -+ ¡Is 51.7 2p. 1.523 ¡.ii 6.537 la)
2p; -+ l:is 53.3 2p, 1.40p.m" 2.301
2 p, .. ¡Is 53.6 2p, 1.08410 in 7.543
2/) -+ ¡Is 49.3 2/) 1.0621 p.m 0.816
2pi -+ ¡Is 41.2 2pi 1.029SJ:m 0.726
2 P9 -+ "£Is 43.3 2P9 Forbid eD

2pio -+ "£is 33.6 2pio 0.8895 p.m 1.708

2. To a. reasonable approximation, E/N is a functon only of ile pressur

ties di;ueter prtxQet. .
3~ The ele.ctron temperatu (or E!N) is eiiler constat or deceaes slightly

with incr;ling curnt.

Thus keeping ile pd pra:uet constat implies a discharge with mor or less ~e
sae 'Voltage drp per unit lengt and same electrn tempera~. Typícal values

for i; ar -SO,oooK and tIp = 28 V /em/torr at pd == 0.36 torr-è.....

The pumping seqiienee of the re lasr is as follows:, tlen1l, being ~ - .
majonty gas present, is excited by the energetic electrns ~ tlê high-ene~~ta .

of the MaXwellan distrbution. This is represente by the fóllòwig che~
equation:

-e(K.E.) + He(i1S) ~ He(21S) + e(K.E. - 20.6 eV)

.:,'£~;
: d*",,F
. ~iJ
'. :1t(.s 10.5 Gaseous-(
- iJ':-~ ..

'.:0_ where the potential c

~~r- 20.6 eV.
.' _~ Now this pare

: _.;'. grund state by emi
. .*,0- J = 0 step. Co:
.'::!f seonds in fact-unIt

t That someilíng else
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.i' they ar deleterious 1

.;~. But a neutr nc
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.:~ colldig atoms,
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i-. where the potential energy of the He(2IS) state 
relative to the grbund state is

20.6 eV.
. Now ths parcular state is metatale; that is, it canot decay back to the

grund state by emittng a photon, as such a trsition would requir J =
. 0 -+ J = 0 step. Consequently, such a state wil 

live for a longtie-ma
SCon~ in fact-unless something else colldes with the excited helium atom.
That somethg else may be another electrn, which could excite it fuer up
the helium ladder, or the electron could revers the arw of (10.5..2), The
excited helium state could also dise to the wall to be deactivated there (and

wa up the unverse). None of these possibiIities help the laser a bit; in fact,
they ar deleterious to its operation~

But a neutr neon ,atom can be that something else that colldes with that

excite helium atom. The potential' energy of the He state is trsferrd to thenen accrding to . .
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He(2tS) + Ne(ground) + 387 cm-t .- He(11S) + Ne(3si) (10,5.3)

wher the excess energy, 387 em-I, is provided by the kinetic energy of thecollding atoms. . .
Thus we have .a selective mechanism for pumping the upper laSer .level.

Furermore, since the lower 2p4 state has a much shorter radiative lifetie than
. the 3s~ level, it contrbutes signifcantly to the creation òf the population in-

version.
Unfortnately, the 2P4 ltvel can also be excited by the discharge indepen-

dently of the 3si ~ 2P4 route, and ths fact ultimately d09ms tht He:Ne l~er .
.~ system t610w power. For instace, the helium 23's state is e~cited at an even
'. grter rate than is 

the 21 S state. This lower heli~ metatable state trsferS its

energy to the 2s manifold in neon, whi.ch, in tu, radiates to 2p leveL. hidee,

~" th is the excitation route for the lasertrsítioii at 1.1523 jLIl (2si :- 2p4)-e
fi gas laser. If the 6328-Å trsition is desired, the 23S -+ ìsi -+ ip4 route

is an unavoidable pumping of the lower lasr lev.el. Alternatively, the
21S -+ 3$2 - 2P4 is bad for the 1.1523-fLnl laser, This.is an example where one
lar trsjtion tends to fill the lower state of another. '
. A classic eXample of the competition for the upper state is provided l;iy the

; 6328-Å and 3.39-p-m trsitions. The latter., ~ing .of lQngerwavel~ngth iUä

-. full hayLllg a sm:il1er Doppler wi~th. has a much higher stiubited. ein~sión
~ crss secton than does the visible trsition. Thus, uress special precautioÌls

~ ar taen to reåuce the feeback at 3.39 ¡iM, the 3sí -- 3p4 trsition wil 
lae

::~. an depiete the population inversion of the' 3si -+ i p.- . .

: There is another route for pumping tl"e 2p levels: elecon. impact ex-

':: cition frm the neon ground state or from the JlenÄ Is'maffòld. Afr al,. th~

". : nen sign depends on the 2p -+ Is trsitioni¡ for its ch;nctristic color, and it
. . do indee wo~! Therefore 'the 2 p states wi be excite"by ad dicharge. As we

A(X uf)

0.802
4.089
0.801
6.531
2.301
1.543
0.816
0.126

1.108

I (fi ga
lla) _

uncton only of the prssu
;0:.

-=onstat or decreases slightly' ,
it".
~lf ;

schae with more or less the,. ..
n remperani. Typical valu~ ,:" .'
at pd =' 0.36 torr-cm. :~i:"
IS follows: helium, being ~ ,:.:
ectns in the high-energy ta,
~d by the following chemicatl:":

'\R~~'
K.E. - 20.6eV) (1P.sr~:.~

"l~~.,,.

ll~~'"
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SENSITIVE LINES OF THE ELEMENTS

Wave- Excitation Intenaitiee Senai- w... Excitation Intenait.. Senai- Wave- Excition Intensitiea So",1-

lengt Potential! Arc Spk~ (Oii.) tiviM leng Potential! Arc Spk., (Dii.) uviM lengt Potenal! Arc Spk~ (OiL) tivii

Gd 64 Gadolinium Kr 36 Krypton Ne 10 Neon

3768405 ).3. 20 20 5870.9158 12.1
~=~

U2 642.246 18.
f~~364.196 :;3.4 20w iso 5570.295 12.1 U3 582.48 18.9

Ge 32 Germanium La 57 uinthanum
54.52 18.9

422 4.9 20 so 6249.92 2. 30 UL
Ni 28 Nickel

329.494 4.7 30 30 U3 5930.64 2.2 ~ U2 3524.51 3. 100 R 100 wh

309.06 4.9 100 100 U2 5455146 2.4 20 1 U3 3515.054 3.6 100 R 50 h

279.626 4;6 30 20 4123.22 8.9 50 50 V4 3492.956 3.6 100 R l00h U2

261,575 4.7 30 20 4077.3 ,8.9 .60 40 V3 3414.765 3.6 100 R 50wh UL

261.178 4.8 40 20 3949.106 9.1 100 80 V2 3OSO.819 - 100 R - 28

H 1 Hydrogen Li 3 Lithium
22.08 14.8 100 50 VI
22,213 14.2 100 40 V2

652.79 12.0 (3O~ U2 677.8 1. 30 R 2Ó UL
2264.57 143 iso 40 ,\1 .

481.3 12.7 (50 U3 6103642 3.9' 20 R 30 U3 22.8 14.4 100 30 V4

He 2 Helium 4600 4.5 80 lJ o 8 Oxygen

585.618 230 (l00~ U3
3261 3. 100 R 50 U2 775.43 10.7 l~~

lJ
4675 75. d~ Lu 71 Lutecium 774.138 10.7 U3

38G4 229 U2 4518.57 ).2.7 30 40
77.m 10.7 (100 U2

Hf 72 Hafnium 35.43 ).6.2 SO iso Os 76 Osmium

72...87 - 50 60 50 3472.48 ).6.3 SO 150 4420.46 2.8 40R 100
~97~07 ::6.3 5! 20r

72.10 - 80 100 80 2911.3 ::6.9 100 30 3267.945 3,8 40 f. 30

1131.\12 70 100 70 2894.&4 ).7.0 60 20 3262.29 4.3 50 R 50

70.82 - 3P 40 20 305866 4.0 50 R 50
6818.94 - 20 30 15 Mg 12 Magnesium 29.061 4.2 50 R 40 UL

679.28 - 100 100 8
4093.161 ::7.8 25 20 5183.618 5.1 SÓ wh 30 P 15 Phosphorus
3134.718 ;:7 80 125 5172.699 s. 20 wh 100 wh 255.93 7.1 60

~ä~
307287 4.0 Il 18 5167.33 5.1 100 wh 50

294.77 4.2 60 12 ;l25 5.9 30 20 U2 255.28 7.1 80 U3

2916.481 4.2 so 15 38~ 5.9 25 20 U3 2565 7.2 100 U2

290.40" ' 4.8 30 6 3829.3 5. l00w iSO lJ 25.01 7.2 50

2898259 4.6 so 12 2852.129 4-' 30R lQOR UL Pb 82 Lead
28224 ).9.2 40 100 280695 12. 150 30 V2

27.37 ::9.3 25 60 :m 12.0 iSO 30 V1 :;.8 16.9
20 R

~)R V2

~1.40 ).9.5 40 125
407.820 4.4 U1

2516,881 . :;9.7 35 100 M n 25 Manganese 36.411 4.3 30 so U2

2513. ::9.7 25 70
~9.5 4.4 30 5Oh.

40.490 3.1 25 r 20 U3 28.06.9 4.4 50 R eoR
Hg 80 Mercury 4033.()73 3.1 40' 20 U2 2614.78 )..4.7 20, sO

54.753 7.7 20 32 4O;lM55 3.1 50r 20 UL 2'3.50 '14.7 ooW 50 R " il
281.0& 60R 60 48

435.3 7.'" 30 w 50 2791211 BOR eo &s 2169.994 5.7 100 R ioo R
-.

~.51 7.7 200 30 265.68 12. 100 R 50 R ~ Pd 46 Palladium.
366276 a: 50 40 U5 2593.729 12.2 20R 100 R V2
3654,83 8.8 (20) U4 2576.104 12.2 30R 2O R V1 363,6~5 4.2 2Of. 100 R U3

36:146 8.8 20 50 \)3 3609,54 '4. 100 R 70 .R

2519 4.9 200 R 100 R U2 Mo 42 Molybdenum 3516.943 4.5 100 R 50R

;0 Ho fi Holmium ~~ 4.6 2o R 100 R U2

;0
3902.96 3.;1 100 R 50 R U3 4.4 20 A 100 R UL

;0 3891.02 :;3.2 20 40 386UI0 3.2 100 R 50 R U2 28,581 16.6 4 SO h

374817 ;:3. 60 40 3798.252 3.3 100 R 100 R UL 26.72 16.9 20 3Q

293677 ).7.4 100 R 2909.11& 11.6 2S 40 h V5 2S05.739 17.5 3 30

I 53 Iodine
28l!.994 11.1 30 sOli V4 249Í 7l 17.2 4 15i h
28?l.5 l1.7 100 100 h V3 248921 16. 10 30

13 54,61 22;7

~æ~

~.232 11.8 125 20 h V2
Pr 59 Praseoymium

12 51&i.88 22.8
2816.154 11.9 2W 30b Vl

202.3 ).l6.4 N 7 Nitrogen
422 ;:2.9 50 40
4189.518 ).2.9 100 50

In 49 Indium 56.5 351 V2 4179.422 :;3,0 20 ' 40

,M' 4511.33 3.0 50 R 40 F. UL 5602 35. I V4 40i:817. .:;3.0 iSO SO

~ 4101.17 3.0 ~!! 100 R U2 56.64' 350 va '.
Pt 78 Platinum

3258~ .;~l 3v~R "" 4109.9 "13.7 (100 U2

iJ ""n
líi iU0337 743

~1
_D ...

U2 32590 4.1 150 R 6C R
- 30.712 4.0 2õ ñ ""n

U1 309.3 4.i 100 R 50R U4 409,94 13.7 U3 2997.9 4.2 100 R 20r

õO Ir 77 Iridium
4097.31 743 2929.79 4.2 80R 20w

vs Na 11 Soium
283.29 4.4 100 R OOr

V4 353.645 3. 100 h 100 U2
269.454 4,6 20 R 50R U2

V3 3437.015. 4.4 2Ô 15 - 5895-923 2.1 50 R 50R U2 Ra 88 Ràdiurn
V2 32.78 4.2 100 30 UL" 589.953 2. 90 R 100 A Ul

VI 2924.792 "4.2 25wh 15 - 56224 43 30 4891 2.6

(E~
ui

289.rn 4.3 '4 h 20h 562;65 4.3 "80 4628 .7.8 V2

261.983 - 6Ó R 60 48 ~988 3.7 30R lSOR lJ 3814.42 8.4 VI

in
332323 3:1 60 A 30 A U3 Rb 37 Rubidium

U2
K 19 Potasium Nd GO Neoymium

U3 7698,97 1.G. 50 A U2 797.60 1.6 50 R ui

lJ 76.907 l.6 90 R UL 430.573 :;2. 100 40 7S.22 1.6 90 R UL

407.201 3.0 40 20 lJ " 417742 ~3. is. 25 4215. 2.9 100 A . 30 lJ
40.140 3.1 80 40 U3 3951.154 ;.3. 40 30 4201.851 2.9 20 R 50 U3 .

fth
t For an lon, lhe ioni~tlon potential of the neutral atom ha ben included in thi excitation poentia 

10 give an aproximate ide of the

.el- ..xcitatiori require to prouc the line . _. .
Ii . , t Fór the niutr;l atom, the mot seitiv line ("!ie ullirnt') ii,indicated by' Ul, and'othlr Ii.. b:t U2, ~3; Oie.,!,! order of d!'~'! "!l-
iei: t 1!Vlty. F;or the singlylonlZed alom, the correppd1ng d~iiin_.tlons are '( V2, e\' In.ca~.ý(~re ui I~ nc giVOl), tl: mot ~nsiti~ Iine

vom- ' he outside th.. sporal ra!Tgil 10,0020 A. Figures given in the 8emitlvity &ilumn arB tal(n from th" NBS Tab1es of sperai-Ul)ln-
t..""itiii~there values for numerouS other Iil" aloo ca bê'lilnd. (Se Moggors, COrliss and SCb..r, NBS MonoraPh 32, 1961; also C. H.Corlis, BS Morrah 32 Supplemt, 196. ..' .:ø
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WAVELENGTH TABLES

Wa_ Excition Intenaitiee Seô- Wa_ Extation InlenaitiM Sena WaY& Excitatioñ , nLeniitiee Sena

len P\entiat Ar S¡k.(Oia.) tivilyt lengt Potent i Ar S¡k. (Oia.) tivily i lengt Potontialt Arc S¡k.. (Oia.) tivity

Re 75 Rhenium Sn 50 Tin U 92 ~ranium .

-4.17 2. 20 w U2 ~524.741 4.8 !i wh 50 ~241.669 :;2.9 40 50.

3'.~7 3.6 100 W UL 326.3 4.8 04 h 30h U3 3657 ::3.4 8 lli

3175.019 ~.3 50h 04 hr 35172 ::3.5 a 12

RIl 45 Rhodium 3034.21 4.3 20 wh iso wh

36927 3. 50 hd iso wd
30.147 ~.3 30h 20 h V 23 Vanadium
2832 4.3 30R 30R U2

36.98 3.6 50W 20W 289.989 4.8 30R 30R UL 439.914 3. eoR 60R

34.89 3.6 100 r 20r UL
43.72 :U 125R 125R

339685 3.6 100 w 50 S¡;38 Strontium
4379.23 3.1 20R 20R U1

33 3.9 100 20 3185396 3.9 50R 04 R U2

496 4.3 40 U4 3183.982 3.9 50R 40R
Rn 86 Radon 4812493 4.3 25 U3 318340 3.9 20R l00R

745.0 lU f::j
U2 482.075 4.3 20 a U2 31252M 11.0 eo 20R

46.31 2.7 100 R 50R UL 3118. 11. 70 20R V4

7055.2 8.4 U3 435.447 11.8 40 3110.10 11. 70 30R V3

Ru 44 Ruthiinium
4215.24 8.8 30r 40W V2 3102299 11.1 -70 3ÒR V2

40.n4 8.7 04 r !J W Vi 30108 11. l00R 04 R Vi

359679 3.7 30 100 U3 ~14.88 12. eo 50 W 74 Tungsten
3498942 3. 50R 20 ui 34.51 12. 20 20
3473 3.7 30R 150 U2 33.7i1 12.2 15 20 430108 3.2 60 60 ui
2976.5 ::10.5 60 20 429.614 3.2 5Q 50 U2

29 ::10.6 60 20 Ta 73 Tantaum 40753 3." 45 45 U3

295.66 ::10;6 60 3Ò 3613.79 ::9.2 10 30

272.10 :: u,.0 eo 30 .~.66 ::3.6 70w ia. 3215.56 li 10 9

26920S ::lUi a 20 3318.84 ::3.7 125 35 258.161 ::10:6 15.d 25

26758 :: 11.0 100 30 3311.162 ::3. 30w 70w ui 2391.i1 ::10.9 ia 30

S 16 Sulphur Tb 65 Te.rbium Xe 54 Xenon

9237.49 7.1

~
U6 ~74.18 ::3.2 20 200 0\.22 10.S"

H~~
U2

9221 7.8 U5 ~.15 ::3.2 100 20 4624.276 10.9 U3

9.2l2.91 .1.8 U4 351.74 ::3.5 2Q 20 450.9n 11.0 (50 Ú4

469625 9.1 lii
U9 359.17 ::3.5 20 20

~5.45 9.1 U8 Yb 70 Ytterbium
4694.13 9. (50 U7 Te 52 Tellurium 398.9 ::3.1 100 R 50R 190

Sb 51 Antimony 219.67 5.

Emi

3694.20 :;3.3 50R 100 R 320

32.5 5.8 15 LSO Wh 25.70 5. 328.3 ::3. 50 Fl 100 R 26

323499 6.1 150 2SO wh - 23876 5.8 50 U2
Yt 39 Yttrium

28.915 li 25W 150 23825 5.8 50 U3

2598.062 5.8 20 100 2142.75 5.8 60 55 464.84 2.7 eo 100 UL~ 6. 3O.R 20 463.695 2.7 50 100 U2

2311.69 li 1.SO fl 50 Th 90 Thorium 378697 9.9. 30 30

2175-90 5.7 30 40 U2 m4.32 9.9 12 100

20 6.0 30R 3 U1 4019;137 ::3.1 8 6 3710.29 10.0 80 150 Vi
3i;l.li :;3.4 8 10 36123 9.9 50 100

Sc 21 $cr'dium
35375 ::3.5 50 36.734 10.1 100 30
32.59 ::7.3 40h 3242.80 10.5 60 100

4023.68 M 100 25 U3
40.3 3.1 50 20 U~ Ti 22 Titanium Zn 30 Zinc
3911.ãl0 3.2 15 30 ui
3907.76 3.2 125 25. U2 .507.213 3. 20 40 6362.7 7.7 100 Wh 50

3642.78 10:Ò 60 50 V3. 4999..510 3.3 2l 80 4810;5 6.6 40w 30 h

36.740 10.1 50 70 V2 4991.ó6 3. 20 100 472159 6.6 40w 30h

3613. 10,1 40 70 Vi 4981.733 3. 30 125 iJl 46,138 6.6 30w 20 h

~.496 3.4 50 20 U2 3¥5;020 H. 80 30 U2

Se 34 Selei;iurn
3642.675 3.4 30 125 332.58 BO 30 U3

363546 3.4 2O 100 3282. 7.8 5QR 30 U4

4742.25 ::2.6
t5O~

U6 im,7Gl 10.4 70 30'" 2557.958 15. 10 30 V3

4~9.3 ::2.6 U5 337Ui 10.5 80 04 R V3 250001 15. 20 40w V4

L

473.7 ::2.6 (1:: U4 331.213 10.5 100 60R V2 2138.56 5.8 BOR 50 UL

2!2.7l 6. (ll U3 339.03 11.1 125 BOÀ Vi 201.91 15-4 100 100 V2

20.81 6. DOO) Ü2

15350.'5 .

295-1 ~ 20 20 Vi

Si 14 Silcon
TI 81 Thallum Zr 40 Zirconium
3. 50 R 20 R UL

390 5.1 20 15W 3n5-72 3. 30 R 100 R U2 47312 3.2 100

281.5 5.1 50 40 Ul is19.24 4.5 20 R 100 R U3 4739.478 3.2 100

252816 4.9 40 50 U2 32,75 4.8 20 BO 4110.075 3. 60

2516,123 4.9 50 50 U3 29ì8.2 5.2 04 R 20R 467.803 3.4 125 U4

25J199 4.9 30 20 U4 2767.8 4.5 04 R 30R 361.193 3.6 40 15 U1

3572473 10.4 60 eo V4

Sm 62 S.amarium Tm ~ Thulium
3547.68 3.5 20 12 U2

35a605 3.5 100 . 10 U3

44.31 U 20 20 V2 3761.917 ::3. 20 120 3496210 10.5 100 100 V3

4424.32 8.9 30 30 Vi 3761.3 ::3.3 250 150 343830 10.6 25 20 V2

4390.86 8.6 150 150 342.21 ::3.6 20 100 .3391.975 10.7 30 04 Vi

t For an ion, the Ionization Øotantial of the neutral alom ha ben included in the exclalio potential to give an approximale idea.of theexcitation reuired 10 prouc the Ii.. - .
,

. t For Ihe n~ùtral at!"!. the ""t sensitive line "(~ittultme) is indicated by UL, al)d other I!nos by U2.l!3. e.tc.,. in orcler of .iecre;s!/! "".nsi- .
l!Vl~. F,or the singly ionized atom, the correspondingde;ignations are Vi. V2, Qtç. In cae. whe.i: I,l IS not3~ven; the most.sensítl~ Itn,!. he ~~.de the sp!"lral range 10,OO2Ç A. Figure. givon in the Sensiiivjlytôiumn are I~ken from the N S Tables of Specral-line In-.
tensilios. where value for numerous otner1ines also can be foúnd. (See Meggers, CorlisS and Scribner, NBS Monotah 32. 1961; aho C..H.
Corl.ss. NBS Monraph 32 Suppement. 1967. . .' .
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~r:~=-~--Ar I and II
ReC. 190, 203.20,219, - E.F.W:

Intaty

Vacum

30
50
30
30
30

200
10
10
10
30
70
30
10
30
30

500
3ll

200
1000
3000

10
30
30

200
200

30ll
500

10
:w
20
20
20

ioli
60
30
40
50

120
10
80

120
120
150
100
ioo
180
150
i80
180
150

100
1000
100
500

r
.r

487.:i27
490.650
490.70t
5t9.327
542.912
543.203
547.461
556.817
513.362
516.736
5sO.2U
583.431
597.7.00
602.858
6i2.372
661.167
664.562.
666.011
670.946
671.IS,
676.2.42
617.95i
679.218
679..40i
1ii.Q9o.
123."1
7ZS.548
130.930
140.269
744.925
745.322
802.859
806.411
8Ò6.869
so7.hl
807.653
109.927
816.232
816.464
820: il4
8is.346
826.36S
.i'.392
8n.002
842:S05
866.tò
869.:;54
8?6.9S8
179.947
194.jl0
;t9.711
932.054

1048.2:i0
. i066.660

r
.r

Air

~
10
1~
lS
25

200
100
5!l
50

8
20
2S
20

1
25

7
25
2S

7
7

70
20
50

100.
10
70
70
70

1
100
100

70
25

2.42Qal~~
isi6.789
is34.-iQ9

.2562..081
Z891.6IZ
2942.193
i979.ll50
303j.503
i(93.402
3200.37
32.43.689
32.93.640
3301.:128
3319.34
3350.924
3373.47
3376.436
3348.531
3393.13
3461.07 .
3476.747
3478.232
3491.244
3491.536
3509.111
3514.381
3545.596
3545.145
3554.30
3559.50
3561.03
3576.616
3581.608

Wi~

II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
II
ir
II
II
iI
II
II
II
if
rt
II
11
II
1I
i
I
I
I
I
I
I
I
1
I
I
I
I
I
I
i
i
I
i

II
II
i
I

50 3582.355 II 300 4735.906 II 25 7435.368
70 3588.441 II 800 4764.865 II 10 7436.297
7 . 3606.522 I 550 4806.020 II 20000 7503.869

25 3622.138 II 150 4847.810 II 15000 7514.652
20 3639.833 II 50 4865.910 II 25000 7635.106
35 3718.206 II 800 4879.864 II LSOOO 1123.761
70 3129.309 II 70 4889.042 II 10000 1124.207
SO 3137.8s9 II 20 4904.152 II 10 7891.075

iso 3765.270 II 35 4933.209 II 20000 7948.176
50 3766.119 lI 200 4965.080 II 20000 8006.LS7
20 3110.369 I 50 5009.334 ii 25000 8014.786
20 3110.520 II 70 .5017.163 II 1 8053.308
25 3780.840 II 70 5062.037 II 2000 8103.693
2S 3803.172 II 20 5090.495 II 35000 8115.311
50 3809.456 II 100 .5141.183 II. tOOOO 8264.522

7 3.834.679 I 10 5145.308 II 20 8392.27
70 3850.581 II S 5t5i.39i 1 15000 8408;210
35 3868.528 II 15 5162.2e5 I 20 8424.648
35 3925.719 q 25 5165.773 II 15000 8521.442
50 3928.623 II 2.0 5187.746 I 7 8605.776
25 39j2.547 II 20 5216.814 II 4500 8667;944
70 3946.097 II 7 5221.271 I 20 8711.860 11-

7 3947.505 I 5 542i.352 I 180 8849.91 I
35 3948.979 I 10 545t.652 I 20 9075.394 i
20 3979.356 II 2S 5495.874 I 35000 9122..967 I
35 i994.792 II 5- 5506.113 1 5S0 9194.638 i
50 4013.857 II 25 555ii.702 i LSOOO 9224.499 I
50 4033.809 II 10 5S72.541 i 400 929I.531 i
20 4035.460. II 35 5606.733 1 1600 9354.2.2Ó t

150 4042.894 II 20 5650.104 1 2S0 9657.786 I
SO 4044.418 I 10 5739.520 I .4500 9784.503 1

100 4052.921 Ii S 5834.263 I lSO 10052.06 i
200 4072.005 II 10 5860.310 I .39 10332. n i

70 4072.385 11 15 5882.624 I .100 10467.177 II
25 4076.628 II is 5888.584 I 1600 U1410.054 I
35 4079.574 II SO 5912.085 i -i i0478.034 1
2:5 4082.387 II 1s' 5928.313 I 180 10506. SO I

150 4i03..912 II 5 5942.669 I 200 i0673.565 1
300 4131.724 II j 5987.302, I 11 10681.773 I
is 4i56.086 Ii 5 5998.999 I 7 10683.034 II

400 4158.590 1 5 602:5. iso i 30 10733.87 1
SO 4164.-i0. i 70 6oj2.1.2 1 30 1"0759.16 1
35 4179.297 II 3S 6043. i-3 I 1 1"0812.896 H
SO 4111.884 1 10 6052. ni. 1 11 non.869 I

100 4190.713 I 20 6059.372 I 30 1110.6.46 i
50 ;'191.029 I 7 6098.803 i 12 1144i.832. J

200 419Íl.317 1 10 6tOS.635 I 400 11488.109
400 4200.674 I 100 6114.92.3 II 200 li66S.710

2S 4211.665 II 10 6l45.44i I 1~ It 719.488
25 4222.637 ri 1 6170.174 I 200 12112.326
25 4ii6.988 n 150 6Li2.278 II 50 12D9.738

tOO U28.158 II 10 6173.096- I 50 12.43.393
100 4237..20 11 10 621~.503 i 200 12.402.827
25 4251.185 I 5 6215.938 r ~oo 1~439' 321

200 4259.362 I 2.S 6243.120 II 100 12456.1i
uio 426.6; 286 I 7 6296.812 I 200 12487.663
70 4.266.527 Il lS 6307.657 I 150 i2702.2S1

i$ll 427:i.I69 I j 6369.5.75 I ~. Ì2n3.418
550 427..528 II 20 6384.7-1i 1 q 12146.232

20 4282.898 11 7ll 64i6.30j. i 2011 1280.2.739
100 4300.101 I 25 648.'1'.082 II 5Ò 12933.195

25 4300.6S0 1.1' 15 6538.112 I 500 12956. ~59
70 4309.239 11 is "6604.&53 i ioo 1308.264

200 433t.200 II 25- 6638,221 Il 200 13213.99
50 ;332.030 II 20 '6639.740 II 200 i3228.t01

100 4333.561 i 50 66.43.698 11 iQ( 13230.90
50 i,jS.338 1 S 6660.676 I 500 i3212.64
is 4345.168 1 5 6664.051 I 1000 13313.210

100 4348.064 II 25 6666.359 li 1000 ij367.11t
SO 4352.205 11 100 6677.2.2 1 30 1349.9.41
2~ ~:!~2i:ae6 !I :!~ 6684..293 TT

1000 ¡3SÛ4. ¡j~
50 4361.832". II 150 6152.834 I 11 13573.617

200 4370. 753 II 5 6756.163 1 30 13599.333
70 4371.329 11 15 6766.6t2 1 400 13622.659
SO 4315.954 11 2Ó 6861.269 ii 20 13618..550

150 4319.667 11 150 6871.289 i 1000 137-8.S17
50 438.5.057 II 5- 6879.582 -1 io i3825.715
10 4400.Q9.7 11 10 6888..174 I 10 13901.478

200 4400.986 11 SO 6937.664 I 200 14093.640
400 4426.001 II 7 6951.478 I 100 15046.50
150 4430.189 11 1 6960.250 1 25 lSl12.59

50 4430.996 II 1000 6965.431 i 10 15329. j4
5Ó 4433.838 11 150 7030.251 I 30 t5989.49
20 4439.461 11 lÕOO 7067.218 I 30 H519.86
:i 4448.819 II 100 7068.736 I 500 16940.58

100 4414.15.9 11 25 7107.478 I 12. 1842..16
200 4481.111 II - 2S 7125.820 1 . 50 2.0616.23
100 4510.733 I 1000 7147.042 I 30 20986.11
2.0 ;522.323 I . IS 7158.839 1 20 2.3133.2.0
20 4530.552 II 70 7206.980 I 20 23966.52

400 4545.052 II 15 126:5.172 I
20 4564.405 II 1 1270.664 I

40 4519.350 II 200 1272.936 I Ar 11
400 4589.898 . II 35 7311.116 i RcC. 367. 372.373. J75-

15 4596.097 I 2.5 7316.005 I
E.F.W.

550 4609.567 II 5 7350.114 I
1 4628.441 I 70 7353.293 i

35 4637.233 II 200 7312.118 i Intnsty Wavdøi
400 4657.901 II .20 7380.426 II
is 4702.316 I 1~~ 7383.980 I Vacuum
20 4121.591 II 20 7392.980 i

550 4126.868 II 15 -712.337 i ii:
50 4732.053 II 10 7425..294 I 12 769.15
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.1/ Hafnium (Cont.) IV
15 1305.24 500 1760.89 V 2 8361.69 1. 160 2871,.43 11

12 1351,40 iv 370 1765.62 v 2 9063.21 1 360 2880.26 11

40 1390.39 iv .210 1114.02 V 2 92 10. 34 i 460 2880. ge II

~o 1491.67 IV 13S 1192.39 v to 9463.61 i 340 2894.99 II

3~ IS28.82 iv 4 9516.60 i 160 289S.62 li
I~ IS60.18 iv HELIUM (He) 3 9S26.17 i 170 2900.84 11

2~ IS72.03 iv
Z == 2

1 9S29.21 i 570 2909.41 11

100 1111.21 iv 1 9603.42 i 170 291S.82 II

20. IH8.S1 iv 3 9702.60 1 300 2919.62 II
Hc I and II 6 10027 .13 i 110 292S.3S II

Air Ref. 16.94.173.183.317 2 10031.16 i 160 2926.09 II
W.C.M. 15 10123.6 II 30 2928.30 II

100 20S4.46 iV t 10138.50 i 220 2942.05 II

7 2014.06 iv Inlcnlty Wavelei 10 t0311.23 i 300 2944.49 II

20 7751.29 IV Vacuum
2 10311.54 i 250 29B.11 II

10 7261.58 iv 3 10667.65 i 390 . 2913.00 II

15 231.454 II 300 10829.09 i 410 2979.63 II

20 232.584 II 1000 10830.25 .1 180 2981.46 II

Hf.V 30 234.147 II 200 10830.34 i 140 2985.48 II

Rcf.410- R.L.K. 50 237.331 II 9 i0913.05 i 410 2987.64 n
100 24i.02- II 3 10917,(0 i 250 2990.21 Ii

Iii=iiy Wayclei 300 256.311 II 4 11626.4 II 110 2995.86 II

1000 303.180 II 30 11969.12 i 320 3008.10 II
Vacuum 500 303.18~ ii 20 12521.52 i 220 3014.60 II

10 320.293 i 50 i2184.99 1 270 3038:69 II

220 5U.41 V 2 505.500 i 20 12190.51 i 480 c 3049.38 II

180 600.00 V 3 SOS.684 i 1 12845.96 1 410 e 3054.00 .II

100 816.81 V 4 505.912 1
ltl 12968.45 1 soo c 30S7.U II

100 830.69 V S 506.200 1
2 12984.89 1 230 3014.30 .Il

100 836.14 V 7 S06. S70 1
12 15083.64 i 500 3082.34 U

100 846.81 V 10 507.058 1
200 17002.47 1 910 3084.36 II

160 856.32 V
1.\ S07'71S' 1

1 18555.55 1 430 3086.54 11

100 861.80 V 20 S08.643 i 6 L8636.8 11 iO 3108.31 Ii
135 865..16 V 25 509.998 1

500 1868.\.34 i 200 3109.91 11

270 867.25 V
35 512.098 1

200 t8691.23 1 760 3118.50 II

180 875.88 .'1 So 515.616 1
100 19089.38 i 3Ò e 3130.99 II

135 877.87 V 100 522.213 i 20 19543.08 i 200 . 3134.39 II
135 880.31 V 400 537.030 1

1000 2058i.iO i io e :i144.:iil lt
ioo 880.85 V tooò 5~4. )34 1

80 21120.01 1 200 3is6.18 11

180 88S.58 V 10 i112i.4: i 270 31S6.97 11

LLS 885.80 V
50 59.,,l2 1 20 iil32.03' I 200 31S9.67 11

5 95-.70 II
e

il5 894.24 V 6 972.11 II 3 30908;5 11 580 e 3166.62 11

lOa. 894.41 v
R 992.36 II 4 40478.9Oc 1. 390 D1 317i.72 11

180 a?6.14 V IS 10.25.27 II sio 3173.78 II
100 896.41 V 30 i084.94 II HOLMIUM (Ho) 390. 3174.81' 11

135 899.10 V
35 12i.\.O' ii Z == 67

210 e 3l16.97 II
180 901.54 V 5ii titS. 11 U

8to " 3181.50 11

1LS 901.92 V iio 1640.34 II Hu I and II
3-90 3183.84 ii

135 904.95 V 180 1640.U ii 210 Cv 3184.48 II

Ü5 909.70 V
ReC. 1 -C.H.C. 200 3186.,37 1

135 913.68 Y Ai.. Inteniity. Wavdengt 390 3U7.83 11

13.\ 918.48 V
390 3201.16 IÍ

180 919.10 V 7 2365.40 11 A.ir
200 3206.86 II

270 921.67 V 9 25i¡.20 it 210 C 3210.41 ii
135 928.01 V so 2577 ;6 I

100 c 3221.42 II

135 931.50 V 1 2723.19 i 110 2502.91 11 320 3233.34 II

lis 947.12 V 12 2133.30 II 80 2508.53 II 200 3236.90 XL

N5 951.62 V i 276i.80 1 110 25n.55 II 200 3231,40 II

i
180 960. ti V 10 21118.2 i 9$ 2518.73 Ii 200 32H,45 Il
180 964.74 V 4 2829.08 1 170 2533.80 i 390 3278.i5 II
160 91i.51 V 10 i9~5.ii i 130 2536.á6 II 270 iiiv.25 ii
135 914,~2 V 40 3d 1).. 7 i 80 2SS6.U I 980 3281.97 II
120 984.. 64 V 2t! 3.t87.74 1 80 2567.73 It 390 3288.46 Ii
13S 991.50 V 3 3Z02.96 II 80 2586.52 i 270 c 3290.96 II
IØO 1018.42 V is 3203.10 xi 60 2591.05 11 200 " 330.5.16 II
100 1079.92 V I 3354.55 i 95 1592.99 1 200. :iJ19.87 Il
160 1.092.76 V i i441.59 i 190 260S.86 II ijó 3320. is tl
ii. 1097.1e V t 3587.21 1 tiO 2610.jl tt 200 333i.93 Ii
US 1137.49 V 3 3613.6~ 1 95 2613.99 ii 6,30 3337.23 II
i60 1201.76 V 1 3634:23 i 60 2625.20 xi 390 3338.86 II
135 t208.88 V 3 3705.00 I 80 2640.09. i 980 3343.58 II

135 1224.62 V t 3731.86 1 80 2640.30 II 200 3344.~ 7 11

135 1227.98 V 10 381.9.607 i 60 2649.68. n 360 3350.49 U

13S t230.21 V 1 3819.76 i 80 266õ.i,. Ii 32ij ~3~Z. ~G ...

270 1232.03 V sOo 3888.65 i 70 2689.03 II 320 Cv 3353.55 U
200 tZ33..59 V 20 3964.729 1 210 2713; 65 It 320 3354.S8 II
160 t237.42 V 1 4009.21 t i30 1733.95- II iio 3357.9L II
100 tZ38.85 V SO 4026.t91 1 270 1150.35 II 320 3364.27 11

t60 tZ39.53 V S 4016.36 1 I1Ò c 2759,35 Ii 290 3370.87 II

160 1244.46 V 12 4120.82 I 110 2766.85 11 230 3374.16 II

100 1259.25 V 2 4120.99 i 210 2769.8.9 iI 290 e i390.15 ii

I

440 1396.66 V i 4143.76 1 iio 2772.83 Il 320 e 3394.60 11

210 1400.09 V 10 4381.929 i 140 2777.10 II noo "- 3398.98 II

160 1401.70 V 3 4~37.5S i 140 2794.Ü 11 810 e 3410.26 iI

135 1405.77 V 200 4471.479 i 100 2799.99 ii 1200 3421.63 11

370. 1407.17 V 25 4471.68 i toO 2806. 12 II 3200 31,3.14 'i

310 1408.38 V 6 4685.4 II t60 c: 2809.99 II 390 c 3410.65 II

270 1412.28 V 30 4685.7 II 220 2811.36 II 1400 c 34i4.90 II

270 1413.5t V 30 4713.146. 1 180 2812.00 II 5400 3416.46 II

t60 1421.96 V 4 4713.38 i 190 lB14.74 11 200 342S.34 Il

220 t~22.53 V 20 492i.931 1 300 2824.20 II' 2000 3428. 13 II

370 1433.43 V 100 5015.618 I Up 2826.64 11 630 c 3429.111 II

370 1437.21 y 10 5041.74 I 210 2831.69 11 320 e 3432.10 II

: 500 1437.13 V 5 5411.52 II 210 2834.99 11 390 3449.3-5 i
370 1445.40 V 500 5875.62 i tlO. 2835.8S II 810 c 31,5.10 II

270 145.7.91 V 100 5815-.91 1 110 2844.t8 ii 16000 c 3456.00 II

270 1719.32 .y 8 6560.10 II tOO 2844..68 II 1600 3461.97 Ii
550 1729.08 V 100 6618.15 i 21C 2849.10 II 360 c 3461.01 ll
7)0 1731.83 V 3 6867.48 1 . 100. 2861.23 II 810 e 3413.91 Il
150 1133.96 V 200 7065.19 1 2)D 2861.49 II 5400 c 3474.26 Il
440 1741.14 V 30 7065.71 i 150 2862.72 II 6306 3484.84 II

1000 1149.11 V 50 7281.35 i 210 2871.99 II 490 3489.58. II

1000 1750.19 V 1 7816.15. 1 230 281.4.06 II 580 3493.O' II

j
¡:
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Holmium (Cont.)
J2 7602.31 II 30 2255. 79 II 160 c 3718.72 rr 210 7740.7 II

16 7605.35 I 10 2259.99 I 160 0 3723.40 11 1(; 7776.9' II
12 7617.05 I 5 2278.20 I 170 v 3795.21 II t6il 0 7789.0 II
i4 7627.98 I 40 2281.64 II 230 3799.21 II 7' c 780..8 II
40 e 7628.42 I 2 2283;7S I 250 3834.65 II 70 e 7814.5 n

9 e 7641.14 I 2 2298.33 1 200 3842.18 II 90 e 7840.9 II
4 7648.16 I 2 2298.70 I 100 3889.78 11 20 h 80S0.78 I

14 e 7653.80 I 2 2302.49 I 100 3902.07 lt 240 e 8227.0 II
12 e 7667.30 I 100 2306.05 II 60 3922.12 11 30 h 8238.66 I

20 7690.43 I 2S 2306.86 I 65 e 3934.40 11 15 h 8314.92 1

50 e 7693.15 I 3 2309.32 1 250 v 3962.35 II SO 8434.55 II
40 Cv 771S.06 I 2 2309.75 I 120 e 4004.66 II 30 8678.95 I

16 7719.05 I 90 2)13.21 II 140 d 4013.92 II 20 8682.63 I

16 h 7738.98 I 2 2315.09 I 410 40H.94 II 50 8700.25 I

8 7752.01 I 30 2323.40 11 17000 4101.76 I tOO 8813.5 II
60 Cv 781S.48 I 5 2324.41 I t40 c 4205.14 II eo 8832.6 II
40 tv 7823.63 1 3 2324.92 I 100 d 4213.04 II 40 8894.47 I

8 h 7879.22 I 70 2327.9S 11 110 d 4219.66 II 10 9170.08 L

60 7894.64 I 3 2332.76 I iso d 4372.87 11 120 0 9197.7 II
10 h 8464.66 I 80 .2334.57 II 150 4500.78 II 120 0 9202..0 II
10 h 8482.67 I 10 2340.19 I 18000 4511.31 I 220 9213.0 II
so 8512.94 I 8 2345.90 I 110 0 4549.01 II t60 d 9241.1 ii
20 8545.61 II 5 2346.56 I i40 0 4570.85 II 40 h 9349.83 I

18 860i.84 II 50 2350.7S II 180 4578.02 II 60 h 9370.27 I

40 8670.19 I 5 2358.70 I 180 4578.40 II 20 9427. 9~ I

8 h 8697.32 15 2'78.14 I 140 c 4616.08 ii 100 9977.8~ I
16 h U05.48 II 10 2379.00 I 170 c 4617.17 II 200 10257.03 I

20 8834.49 I 110 d 2382.63 II 250 c 4620.14 lt 60 h 10717.42 I

90 !I 5.98 lt 40 2389.54 1 150 v 4620.70 II 100 h 10744.31 I
40 2393.18 II iio c 4621.30 II 20 11334.72 I
10 2399..8 I 140 0 4631.04 II 20 11731.48 I
SO 2406.47 II 380 0 4638.16 II 10 t2912.S9 I
so 240il.76 II 220 0 .4644.58 II 9 ij429.96 I

HI
so 2419.06 II 360 c 4655.62 II S 13824.48 I
50 2419.20 ii 320 4656.14 II 6 14316.25 i

Rcf.214-W.C.M. 10 h 2427.20 II 190 0 4¿8t.ii II 3 i4419.20 i

liitensity Wavclci 20 24i9.86 I 450 " 4684.8. II 6 14668.66 i
10 2430.99 I 3 4878.37 I 7 14719.08 I

Vacuum
SO 2432.7i II 90 d 4907.06 II 2 16504.31 I
60 244.2.63 It 70 h 4924.93 U 6 2ï291.06 I

15 926.226 I 100 2441.90 ii 150 497..77 xi 2 23879.13 i

20 930.74a I 60 2453.23 II 80 5t09.36 II

30 937.803 i 60 2460.08 I 100 5115.14 iI tn II
50 949.743 I 30 2468.02 I 140 c 5117.40 II Ref.3SI-C.H.e.

100 972.531 i 70 2486.15 II 270 0 5i20.80 Ii
300 t02S.722 i 110 2488.6i 11 200 " 5121.75 II Intenity Wivclcngth

1000 lZI5.66ij- i 90 248s.9S ii 80 5Ù9.85 lt
500 1215.614 i 80 2498. S9 II 240 5ilS.42 II Vacuum

100 2499.60 II 14Ò 5184.44 ii
Air 90 2500.99 II 30 5254.32 i

7 685.3t III
60 2508.16 1: 12 5262.74 i 5 691.62 III

S 3835.384 i 110 25i2.31 II iso 5309.45 II 1 782.11 III
6 3889.049 1

100 2521.)7 I 80 54ii.41 ~I 10 882.24 III
3970.072

10 2522.98 i t-40 c 5418.45 11
A i ;0 2553.56 no " . 5436.70 11

10 890.84 ILL

15 4101.74 i II 10 915.87 iI::
30 4340.41 i 160 d. 2554.44 U 130 0 5497.50 II 2 917.45 III

I

80 486i.i3 i 1100 256o.Ü i 140 c 5507.08 II 5 926.83 III
120 6~62.. 72 i 70 2565.13 II n.o c 5513.00 ii

3D 1403.08 ni
70 2598.75 II 250 " 5523.211 iI

180 6562.852 i 200 260i.76 I t)O 5536. so ii 30 1434.85 III
, 5 9545.9-1 i 50 2604.04 190 5555.45 U 20 1487.70 III

j 1óa49.4 I
Ii 20 ' 1494.14 III

90 d 2654.7!) II 24.0 n-16.9Ó Ii m 15i4.78 IU
12 log38.¡ I tOO .l 2662.63 200 ~636. 70 II
20

II ZO 1:53!).ï! UI
12818.1 I 1~0 2668.65 t60 ~708. 50 I.
1875I.0

d II 1532.9~ III

I

40 i 2674.56 ~O 5709..91 I 30'
140 d. II 100 1625.42 III

5 2165~.3 I 80 2683.12 11 100 c 5721.80 II
8 26251.5 I 1600 2210.26 I 50 57n.68 r 20' 164i.28 ILL

15 405.11.6 i 5a53.i. 20 1702.53 III
4 465Z5. I i 300 2n3.94 I 210. 0 II to( 1748.83 ill

¡'4~78
130 274? 75 II 490 " 590'3.4 Ii

2 1767.88 ILL
6 i 260

i 700 2753.88 I 5915.4 U 1 i81li.ii iIi
3 123685 120 59i8.78 U

40 Z115.37 I c 3D 1842.41 HI
60 2798.76 ii 130 o' 6062.9 II

.40' 1850.30 III.
INDIUM (In) 90 d 28t8.97 II 250 ~ 6095.95 II n 1862.98 iiI

Z,; 49 180 2836.92. 1
211) e 6108.66 U
. Oft ~!!S.., II

3D 285Ìl.t4 I 230 v 6128.7 II Air
In I and" 80 2865.68 ll 240 " 6i29.4. U

Rcf. 1. 132. :HÌl-3S0- C.H.e. 120 d 2890.18 II 3io v 6132.t !I 30 :U54.a8 III
noo 2932.63 I 150' 6140.0 -I 2 2154.42 III

liilaty Wiivclci 100 ì941.0~ II 90 6143.23 II 10 2i99.52 ILL

20 c 2957.01 I I4a 6148.10 II 5 2232.18 III
Vacuum 60 d 2966.17 II 0 20' 226I.26 III

t90 " 6¡49.5 ii
110 2999.40 II 80 6161.I5 II ~ 2266.26 IIi

2 1648.00 i 800 3039.36 i 5 2212.41 III
1 h 16-16.16 I 8 3.051.15 I UIO v 6162.45 II 5 2272.84 III
5 h 17l1.S4 I 110 30?9.80 II 100 ' 0 6224.28 II

10 2300.90 III
2 h 1741.23 I 180 c 3101.i1 II 280 v 6228.3 II

tOO 2527.41 III
I h 1758.49 i 130 e 3138.60. Ii 140 " 6231.1 II 2725.52 III

U4Ì.15 270 6304.8 It SO
80 c II 8Ó 2726.15 III

290 " 636i.3 II
Air 130 d 3t46.70 II 300 6469.0 II 100 2982.80 ILL

150 3155.-7 II " 3008.08 III
31S8.40

ilo c 6S4I.20 ii 100
10 2103.89 II tOO. II 190 6751.88 30 3008.82 III
10 2166.88 II 90 ~ 3176.30 ii c U

30 3293.55 III
2 2179.90 i 90 . d 3198.11 n 180 e 6165.9 II

8 335Q.9I III. 100 c 6783.72 II
2 2182.40 I 1300 3256.0-9 i 8 h 6847.44 I 5 3S6i.32 II(
2 2181.40 i 300 3258.56 i 320 6891.5 ii 100 3852.82 III
2 2190.84 I 90 0 3338.50 II 4 h 6900 .13 I 100 40'23.-7 ILL

15 2195.6.7 II 75 e 33'76.59 ii 380 " -782.9 II iso 4032.32 III
2 2197.41 I 100 e 3404.28 II 180 " 7255.0 II 50 4062.30 III.
2 2202.24 I 110 d 3438.40 II 210 e 7276.5 II 100 40--7.57 III

50 2205.28 II 180 c 3693.91 U 180 e 7303.4 II 100 4072. n ill
3 2211.14 i 95 c 370il.13 II 320 e 7350.6 II 100 4252.68 ,III
5 2230.70 i 380 37l6.14 ii 100 0 7632.1 II 40 450;.58 ILL

3 2241.66 i 120 3718.30 II 100 0 7682.9 II 200 5248. -7 III
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Manganese (ConL)
71 1187.04 iv JOO 36~~. 839 i 10 2400.49 i 40 7346.37 II

71 1787.38 iv 80 3662.883 i 60 2407.35 II 100 748~.87 II

7S 1788.64 iv 240 3663.281 i so 241'.13 II 20 7716.82 i

71 1190.44 iv 30 3701.432 L 5 2441.06 i tOO 7944.66 II

80 1795. 6~ iv 35 3704.170 i 20 2446.90 i 2:000 10139.75 i

80 1195.19 iv 30 3801.660 i 15 2464.06 I 240 tl287.40 i

60 1901.03 iv 20 3901.867 i 40 2482.00 i 120 13209.95 i

7S 1910.25 iv 60 3906.312 i 30 2..82.. 72 i 140 13U6.57 i

65 1997.54 IV 200 3983.839 II 40 2483.62 1 60 13468.38 I

1800 4046.572 i 90 2534.17 I 80 13505.58 i

MnV I~O 4077.638 i 15000 2536.52 i 500 lJ5 70. Z1 i

Ref. 405 - C_H .C. 40 4108.057 i 2~ 2563.66 i 450 13673.~1 i
250 4339.224 i 2~ 2576.29 I 200 13950.55 i

JDtCfity Wavdength 400 4347.496 i ~ 2518.91 i 500 15295.82 i
400 4358.337 i 15 2625.19 i toO 16881.48 i

Vacuum 80 4916.068 i 5 2639.78 i 400 16920.16 i
tlOO 5460.753 i 250 2652.04 I JOO 16942.00 1

404.36 V
160 5615.922 i 400 2653.69 i SQO -l012;79 i

:i 240 5169.598 I 100 2655.13 i 400 11109.93 i
380 406.02 V 280 5790.663 i 5 2674.91 I 20 i7116.71 i
300 . 406..40 v 20 6012.113 I SO 2698.83 i 20 17196.61 i
600 410.30 v 30 6ii4.402 1 20 11213.20 i
600 410.60 V

50 2699.38 I

480 410.98 v
160 6716.429 I .80 2105.36 II 70 11329.41 I

40Q 411.32 v
250 6907.461 I 80 2752.78 i 30 11436.18 I
240 112 .407 i 20 2159.11 i 50 18130.38 I

460 412.74 v 40 2803.46 I 40 19700.17 1

460 413.75 V 30 2804.43 I 22493.28 i
600 415.62 V

6SO 415.98 V
2 28.05.34 i 250 23253.07 I

350 419. 80 V
2 2806.77 I 3Z148.06 i

600 426.59 V
iso ie14.93 II 36303.03 i

500 479.05 V
150 2841.68 II

SO 2856.~ I Hg II

400 03.54 V Ref. 343 _ C.H.Ç.
600 435.61 V

150 2893.60 I

3511 .436.16 V
i.i 2916.27 Ii

IntClity60 29Ü.41 i Wavdcuith
SOÒ 436.18 V Intenity Wavelen t50 2935.94 II
450 438.74 V 400 2947.08 II Vacuum
35G 439.35 V V ~cuum 1Z00 2967.28 I
100 441.12 V
850 442.49 V

300 3021.50 i 3 621.44 III
400 893.08 II 120 3023.47 i 2 679.68 iII

40Q 467.32 v JOO 9i5.83 II
300 iso 923.39 II 30 3025.61 . i 2 878.59 ILL

414.82 V 50 30Z1; ;'9 i I 886.48 iII
200 940.80 II 400 iI25.67 I 1 988.89 ILL
100 962.74 II 320 3131..55 I .2 1009.29 III

MERCURY (198) (Hg) so 969.13 II
320 i131.84 I 5 i068.03 III

Z=80 800 1099.26 II 400 3208.20 II 2 1161.95 III
80 1250.58 I

8 1159.24 400 3264.06 II 9 t681.40 ILL

Hi I and II (198)
I 80 3341.48 I is 1159.15 III

Rd. 43, SO, 69, 145, 229. 242 - 100 1268.82 I 100 3385.25 II I t694.77 III
R.W.S. 5 t30.7.1S I 400 3451.69 II

300 1301.93 II 200 3549.42 II Air

Iniaiity Wavdcn¡ 400 1321.71 Ù 2800 3650. is i
;'00 1331.14 II 300 3654.84 i 1 2314.15 ILL

Vacuum ao 1350,07 II 80 3662.88 I 4 2380.55 lIt
200 1361.27 ii

2411 3663.28 I 8 2431.65 iu
80 1250.564 I 20 1402.62 I 30 .J1oj.44 1 5 2480. S6 III

ø: t259.2,'2 I 200 t414.1,3 11 35 3704.17 i 1 2484.50 III
100 12.68.825. i 10 1435.51 i 30 3801.66 i: 2 2612.92 ILL

5 1301.7Si i: 15 ìii19.46 11 100 3806.38 ii 4 2611.97 lIt
2ii ¡402.619 I 120 ¡623.95 II 20 3901.1f1 I 3 2670.49. LII
10 1435.503 i 20 1628.25 II 60 3906.31 i 10 2124..43 lIi

100. 1849.492 I t50 1649.94 II 100 3918.92 II 6 2169.22 III
50 1653.64 11 200 3983.96 Ii 3 2844. -16 III

Air 200 1612.41 n
1800 ¡,046.56 I t5' 3090. os III

100 1702.73 11 iso 40n.83 i. 5 3283.02 III
60 2262.210 II .100 1101.~0 II

40 Ü08.05 I 12 33l2.28 iiI
20 2302.065 i Ì20 1127.18 II

250 4339.22 I 8 3389.0t III .

20 ri4S.~40 i 2$0 1132.14 ri 400 4347-.9 I 5 3450..71 III
100 i'18.325 i 20 1115.68 I 4000 4358.33 i 3 3$OQ.35 III
20 bSO.004 I 40 1183.70 11

10Q 4398.62 II 4 3538.88. ILL

~n i39;..~9 r 30 i196.22 11 ~ 4HO.~8 II. 5 3557.24 IIi
20 2399.129 i 200 1196.90 11

80 4855.7.2 II 1$ 3803.51 iH
ZO '2446.900 i: 60 1798.14 II 5 4883.00. i -10 4122.01 III
15 2464.064 I.

30 1803.89. 11
5 4889.91 I 10 4140.34 ILL

40 2481.999 I 40 1808.29 II ao 4916.07 I 100 4216.14 III
30 248h 713 i 400 1820.34 II 5 497Q'.31 I 1~ 4470.58 III
40 2483.82I i 5 1832.14 I 5 4980.64 I 12 4552.84 III
90 2Š34. 169 I 1000 1849.50 I 20 5102.10 i . SO 4197.01 LII

1500 2536.506 I 160 lB6,.23 II 40 5120.64 I to 4869. 85 III
.2S 2563.861 I 300 1810.55 II

100 5128.45 II 80 4913. $7 III
2S 2576.290 I 200 1815.54 . II

20 30 5210.82 III51n.94 I
250 2652.043 i 20 1900.28 II

20 5290.14 I 6 56'5.11 III
400 2653.683 I 30 1921.60 II 5 5316.78 I 25 62iO.35 III
100 26,5.130 I 300 t942.21 II 60 5354.0S i 35 6418.98 ILL

SO 2698.831 I .100 1912.94 II )ll 5384.63 I 40 6501.38 III
80 2152.783 I 200 1913.89 II noo 5460.14 i 10 6584.26 . iii
20 2759.710 I 150 1981.98 ii 30 5549.63 , i 6. 6610.12 III
40 2803.4n I 160 .5615.86 I JO 6109.29 III

,," 30 2804.438 I Air 240 5169.60 I 12 1511.46 III
1. 7SO 2847.615 II 100 5189.66 i 1 1808.10 III

.i 28S6.939 i 90 2026.91 II 280 . 3190.66 I 25 1946.15 UI
iso 2893.598 I 90 2052.93 II 140 5803. 78 i SO 1984.51 IIi
iSO 29i6.227 II 10 2148.00 11 60 5859.25 I 5 8151.64 ILL

" 5 2241.55 I60 2925.413 i 60 5811.13 II
1200 2961.283 I 60 .2262.23 II 20 5871.98 i

, 30 3021.50 20 2302.06 i
,

i 20 6012.12 I
120 3023.4-6 . I 15 2323.20 i 100 6149'-50 II
30 3025.608 I 5 2.0.51 i 30 6234.40. i
So 3027.490 i 20 2345.43 I 80 6521.13 II

.400 3125.610 i 20 2352.48 i 160 6116.43 i
320 3131.551 i 100 2318.32 I 250 6901.52 I
)20 3131.842 I 20 2380.00 I 250 7081.90 i

" 80 334Ì.481 I 40 2399.38 i 200 1091.86 I

~
2800 3650.157 I 20 2399.1) i
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, Iron (COni.)
12 1602.08 iv 300 .375.98 V 300 1365.57 V 150 3875.44 It
13. 1603.18 iv 300 379.59 V 700 1373.59 V 150 3906.177

II

. .
13 1603.7J iv 300 380,J 1 V 600 1373.67 V 200 3920.081 It
13 1604.88 iv 300 .381.27 v 300 1374.12 v 100 3994.840 II

-. ! 13 1605.68 IV 300. 384. 96 V 500 1376.34 V 100 3997.793 It
is 1605.97 iv 300 384.97 V 300 1376.46 v JOQ 4057.037 It

.'
13 1606.98 iv 300 385.03 v 500 1378.56 v 300 4065.128

1:
17 1609.10 iv 300 385.ll v 300 1385.68 v 500 4088.337 It
14 1609~83 iv 300 385.25 v 800 1387.94 V 250 4098. 729

;¡

13 1610.47 iV 300 38S.26 v 400 1397.97 v too 4109.248 :1
13 1611.20 iV 300 385.30 V 600 1400.24 V 250 4145.t22 It
13 1613.64 iv 300 385.75 V 800 1402.39 V isO 4250.580 II
t5 1614.02 . iv 300 385; 88 v . 400 1406.67 v 1000 4273.969

1

.13 1614.64 iv 350 386.16 v 500 1406.82 V 100 4282.967
1

13 1615.00 iv JOO 386.74 v 400 1407.25 V 600 4292.923 It

J

.12 1615.61 iv JOO 386.78 v 300 1409.03 v 200 4300.49 II
16 1616.68 iV 300 386.85 V 300 1409.22 V 500 b 4317.81 It
14 1617.68 iV JOO 386.88 v 600 1409.45 V 400 4318.551

1

14 1&19.02 IV 350 386.88 V 400 1415.20 V 1000 4319.579
1

I

12 1620.91 iv 400 387.20 V 300 1418.12 V iso b 4322.98 II
13 1621.16 iV 400 387. SO v 600 1420.46 v 100 4351.359 1

14 1621.57 iv JOO 387.62 v 800 1430.57 V 390 4355.477 II
13 1623.38 iV 400 387.76 v 800 1440.53 V 500 4362.641 1

13 162i.53 IV 400 387.78 v 300 1440.79 Y 200 4369.69 It
is 1626.47 iV 300 387.98 V 400 144i.22 V 800 4376.1Z1 1

ì4 1626.90 iV JOO 388.61 V 800 1446.62 V JOÖ b 4386.54 U
13 1628.54 iv 30 388.82 V 700 1448.85 V 200 4399.96Š I
13 1630.18 iV 300 390. ii V 400 14H.93 V 10Q 4425.189 1
17 1631.08 tv 300 390.19 V 300 1455.56 V 500. 4431.685 ii
12 163i.08 iV 300 390.78 V 700 14.56.16 V 60 4436.812 Ù
14 163.2.40 1'1 300 391.94 V 500 1459.83 V 600 4453.917 i
13 1634.01 iV JOo 392.06 V 400 H60. 73 V 800 4463.-689- i
ii 1638.07 iV ioo 392.38 V 50Ó 1462. 6j V 800 4475.0t4 1l
12 1638.30 tv 300 392.50 V 700 1464.68 V 400 b ~89.88 ii
l4 1639.40 iV :i 392.$1 V 500 1465.38 V 600 45Ói.353 I
16 1640.04 iV JOO 392.70 V 400. 1466.65 V .400' b 452i .14 u
14 1640.16 tv ioo 392.91. v 500 1469.lÓ V 200 b 4556.61 11
IS 1641.87 iv io 393.27 V 30 1475.60 V 800 4577.20, 11
12 1642.88 iV JOO 393..1Z V 50ll 4!H! 'I 300 4582.978 II
IS 1647.09 iV 30. 393.73. v V ISO b 4~9i. 89 n-
is 165 i .58 IV 300 393.91 V

sOo 4U5.292 II
IS 1652.90 IV JOO 393.97. . V.

1OÓ 4619.166 U
13 1653.41 iV 300 394.04 V

aoo 4633.885 II
-l

ii " 1656- 11 iV 30 394.64 V
200 4658'.876 II

15 1656.65- iV 300 395.15 V
Krlandll 500 4680.406 Ii

12 . 1657.82 iV 30 39S.79 V
Ref. 61,121.123.147,208.232 100 469.1.301 II

12 1658. 43 iV 400 395.90 V
200 4694.360 11

14 1660.10 IV JOO 399. 8~ V -E.F.W,
3ÖOO 4i39.oi2 !t

12 16~i'57 iV 300 . 400.11. V. Inlciiiy Wavcr_ih 300 476i.435 II
13 1662. 32 iV 300 400.51 V

tooa 4765.744 11
1~ 1.662;52 .IV .300 .400.52 V

Vacuum 300. 4811~ 76 11
1) 166i.54 IV 30 400.63 V

300 482S.18 II
'13 1668.0, IV 300 40i.'00 V

iioa 4832. on li
Ii 1669.61 Iv 300 4111.64 ~ 60 72.9.40 II 700 4846.U2 II
i4 t6!1.!i4 iV 30 401.66 V 200 761.18 II 150 4857'. 20 ii
12 1672. 86 iv 30a 402.87 V 100 763.98 II 300 4945.59 II
13 1673.66 i:V ioó 403.06 V 60 766.20 ii 200 5022.40 U
14 167.5.66 iV 400 404~62 V .200 771.03 ii 250 5086..52 Ii
12 167.6.78 z. 400 405.5.0 V 60 77i.69 II 40Q . b 5i25. .7.j II
12 1677.tz iV '800 407.42 V 200 7B2.ÏO. II 50a 5208.32 II
U 1681.36 Iv 600 401.44 V 100 783.72 II 200 SJ08.66 II
U 1681.9~ iV 4QO . ~7.49 V 60 818.15 II

SOO 53)3.41 U
15 i687.69 Iv .50 407.15 V 60 830.38 II 200 5461. i7 11
is ii¡98.SS iV 400 409.11 y. Ion 844.06 II

50Q. 5562.22' i
12 1)00.40 h 400 410.20- V 60 864.82 II 2090 5570.288 i
12 U04.93 ~v 600 4U.55 V . 60 868.87 II 80 5$80.386 1
13 1709' 81 tv JOo 415.01 .V 200 884. i4 II 100 5649.56i i
15 1711.41 iV 300 416.66 V 1006 886.io' n

400- 5681.89 II
14 1712.76 IY Jò 416.84 V 400 891..01 II 200 b 5690.35 ii
12 17.1. Ii iV 700 4Ú.39 v 200 9Ü.39 II 100 5832.85S i
14 11;1.'7ü iv 700 418.04 V 2000 'hZ.43 II Ji 5870.914 i
14 17i8.1-6 iv SOO 418..47 V SO 945.44 i 200 5992.22 II
12 1718.42 IV 30. 420.56 V so 946.54 '1 60 5993.849 i
14 i719.46 iV ioo 421006 V 20 951.06 i 60 6056.125 I
14 1722.71 .u SOÓ 421.78 1/ so 953..40 i 300 6420.li Il
14 1724.06 IV JOo 422. 28 V so . 963.37 i 100 642i .026 1
12 1724. 26 iV sO 422.31 'I 2000 964.97 II 200 6456.288 i
16 1725.63 iV 30 423.23- V 100 1001.06 i 150 6570.07 II
13 1761.08 iV 500 426.06 V 100 1003.55 i 60 6699.228 I
12 i764.92 IV 500 426.U V 100 1030.02 i 100 6904.678 1
12 1767.36 iV JOO 426.83 V 200 1164.87 I iso 7213.13 II
13 1792.10 IV 350 426. " V 650 1235.84 i ioo 7224.104 I
13 1196. 93 iV 3ÕO 434.42 V

60 :167.258 i
12 1805.l2 iV 30D 439.22 .V Air

4QO 1289.78 II
lz 1820.4i n 30 444.70 V

400 7401.02 II
13 1827. 98 iV ao ~S.44 V 100 2464. 77 II 60 7425.5.1 1
12 1840.24 IV . 30 446.04 V 60 2492.48 II 200 743S.78 II12 1660.42 IV 30 .458.16 V 80 b 2712.40 II 100 7466.862 I

'Ii

12 1869.4 IV JOO 486.17 V 100 2833.00 II 300 7524.46100 b 3607.88 II 100 7587.411 i

12 1874.;i iV 400 1317.86 V

7601.544 i
JOO 13i8.35 V 200 3631.889 II 200

1Š0 7641.16 II
30 l320.41 V 250 3653.928 IIFcV

80 3665.324 i 1000 7685.244 I
Rcr. 38i - J.R. JOO llZl.)4 V

3669.01 II 12ÓO 7694.538 i30 1321.49 isoV
3679.559 i 250 7735.69 U40 1323.27 V 100

i

Intcn Wavd-i
40 13JØ.40 80 3686.182 II ISO 7146.827

i
V

3718.02 II 800 7654.821
30 . 1345.61 V JO

i
Vacum

40 1359.01 200 3718.595 II 200 7913.423V
3721.35D U 180 7928.597 I

30 1361.28 V iso
II

JOO 361.28 V 30 1361.4-5 V 200 3741.638 II 20 7933.22
II

300 365.43 V
'150 3744.80 II 120 7973.62

30 365.66 V 600 1361.82 V
3754.245 II 100 7982.40t i8.0JOO 374.24 V 30 1363.08 V

500 3778.089 II 150 8059.S03 1
300 374.87 V 30 1363.64 V 50 3783.095 II 400 8104.3~ i
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-,r~ '.I!
i 1400 39588.4 30 328S.89 III Ref. 1 - C.H.C.

, )
6000 8112.899

30. 3304.75 ILL ,.60 8132.967 I 1100 39589.6
3311.47 III Intenity W a vccngtli ".I 500 39954.8 SO300 8190.054

200 3325.75 III .'200 8202.72 ii 300 39966.6
Air I;.60 3330.76 ILL . ..80 8218.365 i 1300. 4030.6.t

! !)
8263.240 I 250. 40.685.16 So. 3342.48 ILL30.0.0

10.0. 3351.93 iii 240 2187.87 U .~8272.353 I100
40. 3374.96 UL 770. 2l56.76 n8298.10.7 I5000. Krill 100 3439.46 ill 20.0. 2319.44 II8281.050. I ..:,lso.o Ref. 208, 366. 390, 421 - E.F. W. 70 3474.65 III 40.0. 2610.34 ii8412.430. I10.0

lOa 3488.59 I!I 420. 280.8.39 II8508.870. I3000. (ntensity Wavclcngth 200 350.7.42 I~I 130. 2885.14 II . .iso. 8764.110 I
1.00 3564.23 lIT 160 2893.07 II8716.748 I6000
30 3641.34 III 110 2950.50 I!

j

2000 8928.692 I Vacuum 30 .3690.65 III 180 3104.59 II

:....:

500 9238.48 I!
40 h 3868.70 iii 130 3142.76 II500 hL 9293.82 ii 30 467.35 III SO. 4067.37 III 510 3245.13 I!200 h 9320.99 I! 30 540.86 III 40 4131.33 III 260 3249.35 I!300 9361.95 II 30 565.64 III 40 4154.46 III 550 3265.67 II f ':.100 9362.082 I 30 569.16 ILL 20 h 5016.45 III 800 3303.11 II

! d~200 h 9402.82 U 30 571.98 HI 10 550t.43 II! 1500 3337.49 II
~ ' .¡.

200 h 9470.93 II 30 579.83 Iii 10 h 6037.17 iii 870 3344.56 II500 9571.52 II 30 585.14 ill to h 6078.38 ill 200 3376.33 ii500 9605.80 II 30 585.96 Iii .10 6310.22 III 1500 33S0. 9 i ii
! .Ai~ 400 9619.61 . II 30 593.70 III

130 J452.18 II
!;'200 9663.34 II 30 594.10 III

180 3453.17 II ..io 9711.60 II 30 596.41 III KrlV 200 3574.43 I ; ,~2000 9751.758 I 40 600.17 Iii Ref. 366, 40. 417 - E.F.W. 320 3628.83 II , :j500 980.3.14 II 30 603.67 III
120 36J7.15 II . i.500 9856.314 I SO 605.86 III Intenity Wavclcnh 170 3641.S) I

. "f
1000 10221.46 II 35 606.47 lIt 3641.66 II ......100 11 187.108 I SO 611.12 ILL Vacuum 1000 . 3645.42 II ; if200 112n.711 I 35 616.72 III

390 )650.18 II
! 1:iISO 11259.126 I 40 621.45 III 793.44 IV 170 3662.08 II
t ~.

500 I! 457.481 I 45 622.80 IIi 794.11 IV 120 3704.54 IISO 11 79i;425 I SO 615.02 III 1 805.76 IV 320 3705.82 II ¡I 625.76 iii 816.82 IV ;.'1500 11819.377 30 18 559 3713.'4 II600 11997.105 I 45 628.59 III 22 842.04 IV 140 3714.87 II i.,i60 12077.2i4 I SO 630.04 III
270 3715.S3 II , '.'100 12861.89i i n .6.3.09 III Air 2400 3759.08 II1100 11177.412 I 50 639.98c III
120 3780.67 ii . .tOOO 13622.4lS I 60 646.U iÜ 3 2237.34 IV 3700 3790.83 II2400 U634.220 I 50 6Si.20 tIi 6 2291.26 IV 3900. 3794.78 II ) :;i 600 11658.394 I SO 659.72 iii .3 2329.3 IV
190 '3835.08 ii . -1\.' 200 11711.036 I 30 . ~64.86 III 4 2:i36.75 IV 600 3840.12 ii ...~i.

, 600 13738.851 I 40 672.34 III 4 2348.27 IV 120 3846.00 IX-i ISO t39i4.027 i 35 672.85 . IIi 3 2358.5 IV t600. 3849.02 it ,S50 14045.657 I 3,5 676-57 ill 3 2388.05 IV 38S4.9ì II !. .rl.
130

ll.i""
-- 140 14104.298 I 35 680; 13 ILL 4 2416.9 iv 3400 3811.64 IIj 180 14402.22 I is 68).68 III 3 :i428.Ò4 IV 1700 3886.37 II ,Ii,..'

ô",. 2000 14426.793 I 45 666.25 III 5 2442.68 IV 1300 3916.05 II1
1451i.84 I 687.98 III iv 1100. II.; 100 45 4 2451.7 3921.S4i 1600 14 734.436 1 45 691.9) ILL 6 2459,74 IV 160 3927.36 IJ 550 14762.672 I SO 695.61 iÚ 5 2474.06 iv 2200- 3929.22 IIt 450 14765.472 I 30 698.05 Iii 4 2,517.0 IV 180 3936.22 II

f
400 i496ì.894 I 5Ò 708..36 III 5 2518.02 IV 900 3949.10 II120 15005.307 I 50. 714.00 IIt 6 2519.38 IV' 4400 3988.52 U140 IS209.526 i 100 p 722.04 III ,5 2S~4.' iv 3600 3995.75 II1700 iS239.6i5 I 30 74i1.7~ III 5 2S46.0 IV 180 ~015.39 Ij
130 153i6.480 i 60 .785;97 III 6 2547.0 iv. 250 4025. SS ii

f

1500 . 15334.958 I 50 837.66 iIi 4. 2.58.08- I'l 2800 403i . 69 II700 15372.037 I SO 8S..7i III i 2586.9. iv 14Q 4037.ii I.200 t5474.026 ~ 60 862.,58: lIt S ~606.17 IV 3000 4042.~l II
tSo. 15681.02 I 40 870.84 lID 10 2609.5 IV 320 4050.08 II

I
120 tS820.09 I '0 876.01i Iii ii 26l5.:J iV 220 4060.33 I200 167~6.5q I 75 897.ii III 1 2621. ii IV. 160 4064. 79 I

I

200 . 16785.128 i 50 9a7.2'i iÚ î 2730. ss tv 850 4067.39 II1000 16853.488 I 30 115.8,i4 .III Ii 2748.18 IV lIÒ 4076.71 ii2400 16890.~41 I 6 1638.82' III 6 2774.70 IV 2800 40n.35 IIt600 1689~. 75) i 6 19i4.09 III . 3 2829.60 IV ~20 . 4079.18 I1800 16935.806 I 3 2836.08 IV . ..ssoil 4086.72 II

I

600 17098.771 I Air 5 2853.0' Iv -10 4089.61 i700. 1136 7.606 I 3 2859.3 iv 280 4099.54 n120 17404.443 i 40 2393.94 III 3 jl42.01 iv ItO 4104.81 I1'0 i7H6.SS4 i 'ß 2~'~.!!! I!!: 6 .i22~.. 99 !~ 4~OO 412:1.23 II650 17842.731 I 30 256i.2S ILL 3 :J26ì.70 iv 110 4131.04 I
700 18002.229 i 69 2639.76 lIt 3 3809.30 tv '50 414t..74 II2600 18167.315 I 30 2680.32 HI 5 :J860.58 IV 1100 4Üi.97 it
100 t8399.186 I 40 26S1.19 III 5 :J934.29 IV 220 415Z.71 II
150 18580.896 i 30 2~41.00 Iii 100 4160.26 I
300 18696.294 I 30 2851.16 III

.KrV 280 4187.32 i170 18785.460 i 50 2870.61 III Rd.40.421-E.F.W. 280 4192.~ II200 un)..703 i 100 2892.18 ILL 1500 4196." II140 20209.878 i 30 2909. i7 III lDiety Wavcl~ 240 4204.04 II.300 20423.964 I 50 2952.'6 III 30 4217.36 II140 20446.971 i 60 2992.22 ILL Vacuum 200 4230.9' 1,160 :iU6S.471 I SO 3022.30 III 1600 4238. J8 II
1800 21902.313 I 60 3024.4' ILL

472.16 .V 140 4249.99 III SO 3046.93 III 00
320 4263.59 II120 22485.775

100 484.39 V180 23340.416 I 30 3056.72 III
ZSO 496.23 V 480 4269.50 II120 24260.506 I 60 306:J.13 IÏI
12t¡ 300.77 V 240 4273.64 II180 24292.221 I 40 3097.16 III 20 507.20 V 30 4280.27 I600 ~ 25233.820 I 60 :n 12. 2S III
.60 548.04 V 600 4286.97 II

180 286ta." I 30 3ltO.6t III 60 4296.05 II ,120 637.67 Vtooo 2865S.72 I 100 3124.39 III
690.66 V 120 4300.44 II150 28769.71 I 60 3141.35 ILL
691.75 , 440 4322.51 11

140. 28822.49 I 100 3169.n III 460 4333.74 II600 708.'" VJO 29236.ti9 i 80 J¡91.21 III 610.70 V SSO 4354.40 IIJO 30663. 54 i 40 3Ú9.52 III lio 4364.67 . 11JO 30979.16 i 40 n40.44 ILL LANTHANUM (La) 110 bt 4371.91 L500 39300.6 i 30 3245.69 III 110 . bI 4315.84 L1100 39486.52 i 150 3264.81 Ill Z = 57 110 4378.10 II220 39557.23 i 100 3268.48 in 280 4383.44 11
100 39572.60 i 30 3271.65 III La laDd 11 100 4385.20 II
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II 110 4H1.U I LTO 5485.10 II 14 6941.39 LI 10 8120.93 II
10 II 4541.21 II 35 5501.47 t L1 7010.80 II 12 8122.07 II
io \,0

II \,0 4542.61 It 45 5575.12 t 8 7018.85 II 12 8141.7S n
;9 II 4S56'¡i. It 90 5SJ3. 82 t L1 1020.92 II 12 8143.21 It,0015 II 4559.61 i 55 5SJ5.27 It 17 1024.58 II 8164.91 I:10 1

..9 II 4563. Z2 It 55 5543.24 I 10 7033.21 8112.56 II\,0 8
16 II 4578.89 II 55 5548.47 II 35 7031.30 n100 9 8119.83 It
:: II 4579.32 It 55 5561.11 I 7 1052.14 II
0 ¡O 9 8:82.41 !t

II ,00 4S86.62 I 27 5575.50. I 7 7054.74 II 4 8185.58 II
.4 II 100 4597.02 It 21 5576.10 t . 1 7061.47 It 1 8205.38 II
8 II 4603.82 I 27 5577 .10 t 40 706j.89 II100 10 8231.52 II
0 11 4609.81 I 27 S587.6i I 8 7082.93
2 100 1I 4 8248.76 It

II io 4621.94 I 240 5594.43 . II 12 b 1089.71 II 5 b 8249.68 II
3
S

II 100 4627.98 i 5S 3601.43 t 12 b 7092.09 4 b 8262.80 II
II llO 4634.24 I 4S 5601.92 t 12 b 7092.14 It 1 b 8266.72 It

J II 140 4641.10 I 220 3620.34 t 12 b 7092.94 4 8272.79 It
1 : II iso 4643. 77 It 65 3633.76 t 17 b 7093.98 i 4 8302.74 II
7 '.. II 100 4646.40 I 4S 3639.54 t. 20 b 7095.42 i 10 8301.12 II
I II 4649.61 I 33 3633. S7 I 29 7129.35 It
I io 6 8324.SO II

II io 4634.73 I 70 5668.87 II .12 b 7142.04 II 4 8332.01 II
I 11 lJ 4670.56 It 65 5669.77 t 10 7143.72 12 8346.36 II
J II 110 4680.74 II 140 3675.97 I 8 7151.03 4 8375.16 .IIII

II 310 4683.43 I 35 3676.33 I 6 7153.09 I 4 8375.33 II
II 110 4684.04 I 220 3688.33 II 6 b 7183.01 4 8394.71 II
1.1 110 4690.33 I 2i 5689.51 1 to 7189.09 II 7 8400.85 II
II 190 4696.44 I' 30 3701.37 1 24 7189.42 .11 5 b 8456.8.7 II
II IlG 4703.57 It 130 3702.24 II 20 7192.01 .II 4 8330.53 II
II 470 4706.34 It 80 3706.21 it to 7199.00 II 5 8382.~3 II
II 140 4706.96 I 160 3708..2~ II 8 7227.01 I 3 8391.33 II

.11 iio 4709.71 It 80 S718.12 II 15 7236.54 It 7 8394.87 II
II 190 471S.39 II 65 5726.83 II 7 b 1261.64 II 8 c 8643.43 II
tI 240 4719.02. I 100 3729.29 I 9 .7283.29 II 5 8667.07 II
II 190 4724.33 II 23 37i4S3 . 9 7288.56 II 5 8677.48n 140 4731.77 I 70 5740.86 II .6 7291.38 II 6 8691.29 1I
II

120 10779.46 I 55 5749.19 I 1 7298.72 II 6 8695.01 II
II

110 4789.4- II 27 5749.66 1 12 7316.81 II 6 8712.82 II
II

¡20 4797.15 II 23 5767.33 1 7 7321.43 I 6 8715.03 1
II 140 4811.34 II 45 5776.12 1 7 7323.12 II 17 8839.10 II
If 1"0. 4820.34 II 45 5784.96 1 6 7334.54 III

iso 4825.48 II 45 5788.22 1 6 735;.10 1 NEÖN (Ne)II Üo 48i2.28 45 5800.09 1 7l14.04 IiIi lI 6 Z = 10
110 4849.06 II 160 5804.02 11 7 7381.79 II

LI 80 5811.57 II
11 2ao 4859.02 II

45 S813.89
9 7401.31 1 Nc l.nd 11

190 4866.74 I 1 10 7406.62 IIII iso 4883.8i I 27 5820.32 1 6 741i .20 li Ref. 56. 58.118. t50. 230~
11

140 4889.10 II 70 5825.87 II 10 7418.18 II S.P.D.
n

120 4890.70 II 30 5826.74 I 9 74ii.41II II Intenty Wavcei&t
240 4891.07 I liO 5842.39. II 9 7448.71 IIII i80 4896. 9J t 3Q 5844.66 1 5 7481.28II II Vacuum
120 4901..53 1 23 5845.95 I 12 7511.16 IIn

U 210- 4901.84 I 55 5858.9i I 17 7513.73 II II
HO 4902.03 II 35 5867.08 1 7 h 7514.44 II !I 352.956

II
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'U 7 n :i61.U3
110 4914.37 II 2.7 san .04 i 7526.4S 90 II

II 9 II 362.455no 4920.68 II 30 58l~.29 1 7528.99 60 II
II 12 II 130..410 4924.5i 1 23 5886.24 1 10 7538.26 II 405.854 U

. II 120 407.138
2ôD 4944.83 i 30 5887.91 1 S 7540.97 II II

II. 290 4954.78 I 27. S921.22 ¡ 7547.QO 200: 445.040 II
7 IIII

290 . 4959.13 2i 5-955.87 1 300 446,256 U.
. II II

5.;94.76 i 5 7S77.54 ii uo 446.390 it
150 4961.39 II 30 7 7587.. 65- irII. .2- 5996.47 : 1 180 447.815 II

Ir 150 4989.94. II ~ 7590. n II
150: ~(i3j'5:i it 45 6007.67 i 150 454.654 i:

II 6031 :27 ii 6 7693.1) II 455.274 lI
110 ' 5063.7.3 35 200

II 11 5 760S.9Z ii 456.27S)60 5076.59 Ii 27 6033.29 1 S 7614.72 1
10 It

II
LSÖ. S089.84 45 6034'- 2' Ii 12l 456.348 II

II h II 9 7639.79 II
)60 55 6066. oj 1 8 7646.00 it 90 456.896 II

II S092.80 11
180- 5102.i9 i: 27 6071.70 I 6 7663.52 II too 460.728 11

iso 5105.21 II )( ~0.73. 97 i 12 7696.36 11 SOO 462.39t 1:
II

S105. is I . 23. ot U33.47 II 6 7718.20 II 35 S87.21.3 I
II 589. Ú9

)60 '5io;.S9 II 27 6ii.9.28 1 4 7743.90 II 35 1
:1 58;.911:10 5123.79 ì: 27 6155.06 1 4 774K.92 II 35 I
II

680 35 6157..83 70 591.830 I
II 5130.60. n 'U- 10 7750.95 .II
II ... 5.¡3~.33 ¡¡ 23 6166.'1 Ii ~ i112: D6 II 100 S9S.920 1

II 170 5165.14 II 35 6170.49 1'1 7 7792.22 iI 75 5.98.706 t
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II 130 5228.43 II i7 62S8.73 II 7 7886.60 II 100 735.896 I
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720 5249.59 11 23 .6292.84 II 5 .. 7906.03 I 70 1068.65 ((
II zo S250.82 II 23 6297.07 1 12 7917.01 U 90 1131.72 II
II 1QO
iI 360. 5255.51 II 5S 6310.49 1 10 7925.03 II 1131.85 II
II 120 5269.48 ii .27 6341.5t II 5 7947.93 iI 90 12i;.83 tl
tI 5~0 5273.43 II 23 6382.07 II 10 794;.68 Il 90 1418.38 II
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mæum has a brod fit top; in other words, at the
origi, wluch is the center of the peak, the secOnd

deri~uve of the irrdiance functon is zero; there is no
chge in slope (Fg. 10.40). .

UnIie the Rayleigh rue, wluch rather taåtly asmes
incohereii-ce, the Sparrw condition ca readiy be gen-
er. to coherent source. In addition, asronòmica

stdies of equa-brightnes strs have 
shown ui

Spaw's crterion is by far the more realic.

ti 10.2 The Difraction Gratl"9
, ;
-~ !

A repetive arry of diractg elementS, either aper-

ture or obstapes, tht ha the effect of prod\lång peri-
odic alterations in- the pha, aIplitude, or both of an
emergent wave is sad to be a diracton gr~.Öne -

of the simplest such arrngements is the m\llti~le-slit
configuration of Seon 10.2.3. It s.eems to have been
invented by the America asonomer David Ritten-'
hous in about 1785. Some years later Joseph von
Fraunhofer independently rediscovered the prinåple
and 'went- on to make a number of importnt contrbu-
tions to both the theory and technology of grtings.
The earliest devices were ìndeed multiple-slit asem-
blies, usualy consisting of a grd of fine wire or tlread
wound about and extending between two paralel
scws, which served as spacers. A wavefront, in paing
through such a system, is confronteçl by altematé
opaque and traparent regions, so that it y.ndergoes a
modulation in amplite. Accordingly, a multipIe-slìt
confirauøn is sad to be a troi'ison amplitU# gn
ing. Another, more common fOIm of transmission. grt-.'
ing 4 made by ruling or scrtching parallel notches into
the sUrfce of a fii, clear gia plate iríg. 10.34(a)).

Each of the: sctces serves as à source of scttered

light, apd together they form a regular arry of parael

lie sources~ When the grtig is totay tr.Iispareiit,sO
tht there is negligible amplitude modulauon, the regu- -
Ja variuöns in the opuc; thckess acrss the gíung .
yield a modulauon in phae, and we have whatis 1mÓwn
as a tTansisum phae grating (Fig. 10.35). In the
HuygensFresnel reptentauon yoú ca envlonthe
wavelets as radiated with dierent phaes over the grt-

ing surfce.. An emergg wavefront therefore Cootas

r~ .;.

: 1:~~.:

.¡; --

/c'!". ''\ ' "-
\ : Q B
\ '~ -y\ A

/~~," ~! AB-c,-~';,'.-,."
.¡~

?;¡
(bl ::"~

Fig 10-' A. uasmison grtig. ,:;~::~

peñodic'variuons in its shape rather tlan its amplitude. 

3
Tiis in turn is ~quiva~nt to a.I) angular distribution of ~
ronstt-..ent pl::nie waves..

. On reflecton from this kind of grtig, light scattçred ~
by the various penodic surface features' wil arrve at :~
SOlDC: ppint P with a defite phase relationship. ~e . ':

conseuent intei-ereriC; panero generated after ié~e( =.
tiòa: is' (¡\lite SÏr to tht aisiig from tiån~ipiSsI~~'
GraungS designed spedficaly to funèton intfis '£abion
are lqown as' Tefctum' p~gratings (Fig~ 10.36). Con- -
tempOrary grungS of th 5.rt ái- gèíierØy' fued ii
th films pf alumium tlt have bten evapòrated o~10 .'

opucay fit gIa blaks. The aluminum, being fair11 '.
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.:r Fi¡ 10.35 light paing through a .gruog. The reon ~ the
:t id is th!= viible spearm. tht, on the right, the ulviiilet (phot
~ ai~ Klinger Sòenùlic Apparatu Corp.)

~:; soft, results in less wear on the diamond ruling tool and
;~ is al a better reflector in the ultrviolet region.
..- The manufaaureof rukd grtiQgs is extremely
:~.- dicult, and relatively few are made. In actality most
". grtigs are exceedingly good platic catings or replicas
;. of fie, master ruled grtings.
~. If you were to look perpndicularly though a trs-

.-.:mission grtig at a distant pànlel lie soùrce, your
a- eye would serve as a focsing lens for the dlfractan

": pattern. Reca the an¡ilysí of Secton 10.2.3 and the
expression

a si 8.. :a mÅ, (iO~2J
which is known as the grtig equaon for .norm

inådence. The vaues of m spe tle or óf the
various pnnåpal maa. For a source havig a brod
continuoms spectrum, such as a tungSten fient; the

ii = 0, or zeroth-order, imge corrsponds to the uiule-
. fleeted, eo = 0, white-light view of the .SOtlrc. The gtt- .

. ~ing equation is dependent on A, and so fQr any vaiie
~ of~m ;' 0 the various colored imges of the sourc 'corr-

.; SPndig to slightly diferent angles (8..) spred out

. 60.2 Fraunlwft; Diffradì.on 425

into a contiuous spectrum. The .regions occupied by

the fait subsidiary ma wi show up as bands sem-
ingly devoid of any light. The firs-order s~ctm
m "':1 appears on either side of (J = 0 and is followed,
along with alternte interv of darkness, by the higher-

order spect, m = :2, :3, . . . . Notice tht the smaer
a becomes in Eq. (10.32). the fewer wi be the number
of viible orders.

_..i.1.~.-- '"
:;q-=-~

¡"!~~~

it
.~tc;
'.~i.
~..",':"

It
-if~:

'~f:
~~:i.. :'.

(a)

¡ /
A.~L'/

(b)AS - CD - G(si 8. - sin 9;)

Hp 10.3 A rdeaon gig.
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It should be no surprise that the grtig equation is
in fact Eq. (9.29), which descbes thè loction of the
mama in Young's double-slit setup. The -Iterference
ma, al locted at the same angles, are nOw simply

sharp (jst as ui¿ multiple bea operauon of the

. Fabry-Perot eton made its friges sharpr). In the

double-slit cae when the point of observtion is some-
what off the ~ct center of an ir¡clnce maum
the two waves, one from each slit, wi st be more or
les in phae, and the irrdiance, though reduced, will

still be appreåable. Thus the bright regions are fairly
broad: By contrst, with multipJe-bem systems though
al the waves interfere constructvely at the cenrers of .
the maima, even a small displacement will cause certn

ones to arrve out of phase by!). with respect to other. .
For example~ suppOse P is slighùyoff from 81 sO th

a sin 6 = 1.010). insteaø of 1.ÔOOÀ. Each ~f the Wav~
from successive slits wi arrve at P shifted by O.OU
with respect to the previous one. Then 50 slits down'
from the firs, the path lengt wil have shifted by i).,
and. the light from slit 1 and slit 51 wil essentiy Cancel.
The same would be true for slit~pairs 2 ~nd 52, ! and
53, and so fort. The result is a rapid faii off in irrdì-

. ance beyond the centers of the ma.
Consider ne~t the somewhat more genera situation

of oblique incidence, as depicted in Figs. 10.34 and '
10.36. The grting equation, for both transmisson and
rcßeaion, becomes

a(sin 6", - sin 6i) = m. (10.1)

This expression applies equally wtll, regardless of the
refractve index of the transmission grting itieH (prob-

lem 10.37). One of the main disadvantages of the devices
exained thus far, and in fact the reason foi' thciï
obsolescence, is tht iley spread the a.vailble light

energ out over a number of low-irrdiçe spectra

orders. For a grtig lik,e tht shown in Fig. 10.36, mos
of the incident light undergoes spicular refaio ~ if

from a pIae mirror. It follows' from the grtig
equation tht e. = 8i corrsponds to the zeroth order,
m = O. All of ths light is esentiy wàed, at lea~
for spectroscpic purpses, since the cònsutuent wayè-

lengts overlap.

In an artcle jn the Encycloaøia Briw.nnica of 1888
Lord Raylëigh suggested that it wa at lea theoreticay

. possible to shi energ out of the useless zeroth order f~
into one of the higher-order spect So motivatèd;t~

~obei: Wil1D W~d (1868-1955) su~eded in 1910 .~~
m rung grooveswitb a coni:ned shape':ls showii in g
Fig. 10.37. Most modern grongs are of this shaped or :'-l
blazetÏvariety. The angur positions of the nonze~ J
orders, 8,; -vaues. are detennined by a; Å, and, of more ,~
immedte interest 6j. But 8; and 8. are JIearcd :'~
from the norm to the grtig plae. and nat wilÌ '~~

re~pect to the individual grve surfces. On the other '1
hand, the loction of the pek in the .singl,e-face dilrac- i.i
tion pattern corrponds to speculGTrtfection off tht "Xi
face, for each grve. It is governed by the bwe anglç '$.

'Y and ca be varied independently of 8"'. Th is romeo j." . . ~~..:~
-~.~

..
¡

jl
'~l~
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iO.:Z Fraunhofer Diffraction P7

ground. The need for larger and better grtings became
apparent. Grating spectrometers, used over the range
from soft x-rays to the far infrared, have enjoyed con-
tiued interet. In the hands of the astrophysiåst or

;-et-borne, they yield information concerning the

very origi of the univers, information as varied as

the temperature of a str, the rotation of a ga, and
the red shift in the spectrum of a quasr. In the mid-
1900s George R. Harrn and Gerge W. Stroke
remarIcbly improved the quaty of high-reslution

grtings. They used a ruling engine. whose operation
was controlled by an interferometrcally guided ser-
vomechanism.

Le us now examine in ,some detail a few of the major _'
features of the grting spectm. Assume an
infinitesimally narrow incoherent. source. The effectve
width of an emergent spectra line may be defied as
the angular distance between the zeros on either side
of a prinåpal maximum; in other words, Aa = 2Tt/N,
which follows, from Eq. (10.33). At oblique inådence
we can redefine a as (ka/2) (sin 8 - sin 8j), and so a
smaÌl chnge in a is given by

------
. .i --

I

i

-~ Oih order

F'ii 10.38 Blaed grUDg.

what analogous to the antenna arry of Secton 10.1.3,
where we were, able tocontroi the spatil position of

the interference pattern (10.6) by adjusting the relative
phase shif between sources without actually Changing

théir orientations.
Consìder the situation depicted in Fig. 10.38 when

. the inådent wave is norial to the plae of a blazed

reflecton grtig; that is, 8j = 0, so for m = 0, 8~ = O.

For specular refeCtion 8j - 8, = 2') (Fig. iO.37), most of

the difracted radition is concentrati:d about 8., = -2".

(9, is negative because the inådent and reflected rays
;ire on the 5ae side of the grting nomi.) Th wi
Qìrrspönd. to :¡ parte-ülaí' ïionzei'o Õí'deí', õñ one side
of the centra imge, when 8.. = -2'); mother words,
4 sin (-2,,) == mÀ for the desired Å and m.

Aa = (ka/2) cos 8(M) = 2Tt/N, (10.62) ;

'lwhere the angle of inådence is constant, that is, A 8¡ = O.
Thus even when the incident light is monocromatic

t

.î

.i
,l
'-1_.

.', ¿

A8 = 2A/(Na cos 8",) (10.6J)

is the angular 'widih of a line, due to instrumental1m
ing. Interestngly enough, the angular linewidth varid
inversely with the width of the grting itself, Na.
Another importnt quantity is the.difference in angUr
pÓsition corresponding to a diIerence in wavelengt.
The an~ dispesion, as in the case of a prism, is
defined. as

;~
;

¡.

~ - d81tA

Diferentiting the grtig equauon yields

~ = m/a cos 8.. (10.65)

(10.64)

Grating Spectoscopy

'Quantum mechnics, ~hich evolved in the early 1920s,
had its initi thrust in the area of atomic physics. Predic-

tions were made concerning the detailed structre of
the hydrogen atom as manifested by its emitted radio'
atiõn,- and speroscopy provided the. vital provig

Th means that the angular separation between tWO

· For more dje abot thes marvlou maches ie A. R. Inga
Sc A~ 186, 45 (1952). or the ar~e by E. W. Paer and J. F.
Verr, CaP. Ph:p 9,257 (196).
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and again 8¡ and 8", are on the same side of the nonn.
for one of Harron's 260-mm-wide blaed grtigs at
about 75° in ,a Littrow mount, with Å = 500 nm, the
relving power just exceeds 106.

We now need to consider the problem of overlapping
orders. The grung equation makes it quite dea tht

a lie of 600 nm in the first order. wil have prely
the sae position, 8... as a 300-nm lie in the second
order or a 200-nm line when m = 3. If two lies of .
wavelengt A and (A + ll) in- succesive orden (m + 1)
andm jUst coincide, the~, .

a(sin8","-sin 9¡) = (m+ 1).\,= nl¡\+AÅ).. . ",I

Cly réve

~~

~
.:
-=~~ Tht preás wavelengt dierence is known as the fr -

spct rage:
(åA)rsr = À/m, (10.70) Rarlep;

as it was for the Fabry-Perot. interferometer. In com-
parison with tht device, whose resolvig power wa

92= 8F (9.76)

we might take N to be the finesSe of a diffracton grting

(problem 10.38). ' . ,
A high-resoluuon grting blaed for the first order,

so as to have the greatest free spectraJ!'nge, wil require
, a high groove density (up to about 120~,Iines pe m~-

,~' Iieter) in ordeTto maintain 9i. Equation (10~68) shows
:~ tht 9ï ça be kept constant by rulig fewer li~ with
.., increasing spaång" such that the grmg. widthNa is
;' constant. But th requiresaI increae in m and a
~-:' subsequent decrease in free spectIë Ì-ge, chracier-

. izd by overlapping ordel'. If-thiS tie.. N is. he.ld con-
:~ stnt whie a alone is made lar.er, ~ Increas as daes

m. so that (åÀ)rsr agan. decreases. The an~lar width
",. of a line is reduced (Le., the spect nnes Peine
_;- shrpr), the coar$er tle gratig is, but the, diperson
. :~ ~ a given order dimiishes, with the effect ili ile Il-'es
.:~ in tht spectruii approatb eadi other.

.:i Thus far we have considered a partcular ty of
': periodic arry, namely, the.liii grating. Agoo de3
~ Dlore informauon is avaple iI theiiteÌature*-concem"; .
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NOt räh-~. - - ."
. Se F. Kneubii "DÎi-Cl!)n Gi-tig Spepy", App Op 8,

.:_ 50s (1969); R. S. Lóngqurs G~in a"" l'¡siç Opíø; ånd the
~ ~~ive artcle by G. W; Stke in the E~' Df Pí¡s Vol.
~-29. edted by S. F1ugge. p. 426. .

õ? .

T'ip 10.40 Ovpping point imge



430 Chapter 10 Diffraction

ing their shapes, mounungs, uses, and so fort

There. are a few unlikely household items tht ca

be used as erde grtings, along with a smaD light
source. The grooved surface of a phonogrph reçord
works nicely near grg inådence. And surpriingly
enough, undi;r the same' condiuons ar ordin fie-

toothed comb wil sepaiate out the conslttuent
wavelengt of white light. Th ocrs in exacty -the
sae fashion as it would with a more ortodox reßecton
grUDg. In à letter to a frend dated May 12, -1673,

James Gregory pointed out tht sulight paing
through a feather would produce a. colored pattern,
and he asked that his observùons be conveyed to Mr.
Newton. If you've got one, a feather maes a nice
tr.smIssion grUDg.

Two- andlhree-Dimenslonal GKrs
Suppose tht the difraçug scn 1: contatns a large
number, N, öf idenuca difraáing objeas(¡ipertures
or obstcles). These are to be envisioned as distributed
over Ù1e surface of 1: in a completely random maimer.
We also require that ea.c: and every one be similarly
oriented. imagie the diractg scen to be ilumi-
nated by ,plane waves tht are fOcsed by a perfeá lens

L:, aft.er emergng from 1: (se Fig. lO.15). The
individual apertureS generate idenucal Fraunhofer'

diracton patterns, all ot which overlap on the image

plane u. If there is no ri:gular periodíåty in the location
of the apertures, we cannot anuåpate anyting but a
randQm ditribuaon in the relauve phaes of ile waves
arrvig at an a.bitraty pointP on u; We have to be

rather Careful, however, because there.~ one excepuon;
which occurs when P is on the èentrl axis, tht is,
P = Po. Aü rays, f.om al ¡¡pe~ü¡-i;, ~raé! to the

centr axs wi traverse equa opuca path lengt'

before reaching Po. They wi lterefore arrve in pha
and interfere constructvely.

Now consider a group of arbitrriy direct~d parallel ,
rays (not in ,the di.ectoii of the centra ax), eac: Qne
eiptted from a difIerent aperture.1òese wil be fodsd
at some point on u, such tht each,corrponding wavè
wi have an equa probabilty of arrvig wídi any pha
between 0 and 2ir. Wht mus be determed is the
resultat field ariing from the superpsiuon of N

equal-amplitude phars al having random relativ~
phas. The soluuon to ths problem requir:s an elahor~
ate anaysi in terms of probabilty theory, which is ¡ ~:.-
lit. de too far afield to do here.'" The importnt P9intis.I~:~
tht the sum of a number of phasors taken at radom, ..

angles is not simply zero, as might be thought. The;.~
gener analysis begis, for stusuca reasons, by asun~!

. ing tht there are a large number of indi~duå apeniireD
- . sceens, each containing N radom difractpg ape. '1\ .~

tures and each iluminated, in tu~, 'by.a mon~roritÎc~ :;
wave. We shouldn't be surpnsd if there is, some.~' . .'
diference, however sma, betw,een the difracton pa~ ~
terns of two diferent random distributions of, say, ~
N = 100 holes-after al, they aie diferent, and 

1 th~, ;

smaller N is, th. e ~o~e ?b~~US. tht become~. I.n~ee ~:.;
we ca expeá their slmilnnes to show up statiticay~ 'j
on considering a large number of such maskSrgo~' ..'
the genera approck . . ,J. .:'

If the many individua resulung irrdiance diiìl;I.' _:
ùons are all ~veraged for a partcular' off-a poiIt on:. .~
u, it wil be found tht the ~vetage irrmance(I..) tPer; - ~
equals N umes th~ ird~nce ,(Io~ due to a ~i?gie~~r~~. i
ture: I".. = NIo. Suil, the in:dlance at liny point ansg '_ '.,
from any one apenuresc~~n ca differ fròm th'lí
average \'alu~ by a fairl~ large. a~ount, re~niless Of¡:ii.;
how great N 15. Thes point-to-point fluáuauons abo!lt. ~
the average manifest themselves in each part~t pát.~_ "
tern as a grnularity that tends to show a tadial fiberlie~-i
siruaure. If this fine-grined mottling is averaged ove(~
a small règion of the pattetn. which nOnethêiess'C()ßtainll
may ßUáuaùons, it wil average out to Nlo. "-;-

Of course, in any rea experient fue sltuation wi. ' .:
not quite match the idea,.nere is no such thing. as~

monocromatic light or a truly randòm an:y of (!l0n- =s
overlapping)di:rctng objec;. ~Qne~heless, with ~ ~

screen containing N "random" apenures il~m~têd:,~
by quzsmonochromauc. nearly plane-wave ilumi.t:~',
ùon, we can 'antiåpate setíng a motùed ßux-densitf1t
disbution dost:y resembling tht of an indiViauai~

aperture but N tìes as strong. -Morever, a bngli~:1\. . -i
. For a sttl treent, consult J. M. Stne. R~ /Int ~Jt~
p. 146. and Somment!d, dpïa p. 194, Al alta look at "Dir.di iN

Plato for cbrom DemQnstió~," by 1t B. Hoover. Aii j. Pi E
57. il7 (1%9), and t. A. Wigg. "Hole GDÜngs for opics Eipeff
ments" Am. J. Ph"J 53. 227 (1985). ' l'"
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