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OPTICS EXPERIMENT AP E4018 Applied Physics Laboratory

In this laboratory you will investigate laser beam propagation, interference and
diffraction, and optical spectroscopy. Textbooks with background information for this lab
are Optics by Klein, Optics by Hecht, Laser Electronics by Verdeyen, Fundamentals of -

. Photonics by Saleh and Teich, and Quantum Electronics and Opfical Electronics by Yariv.
Week 1 covers light detection by photodiodes and the propagation of lasers. Week 2

. covers-optical spectroscopy measurements and the use of a photomulﬁplier. Week 3

~ covers the properties of diffraction gratings and how to_ouil;d.‘g grating spectrometer. ...

Y

Week 1
“The goals in the first week are to acquaint yourself with optical hardware, to make
measurements of laser power and the beam proﬁles, and to mvestlgate the propagation of a

laser in free space and after a positive lens.

The He-Ne laser source you will use has a wavelength of 63'28 A and is rated to
‘have & power of 0.5 milliwatts. See the aftached week 1 notes for some information about
this Iaser. It is linearly polarized and has a'stated beam dLVergence of 1.7 mrad. Though as
lasezs go this one 18 falrly innocuous (Class II) you | shisuld always remember the

followmg

Al'ways keep the Iasexr beam and all of its reflections on the table.

- Use bedm blocks to‘iprevent it from leaving the table.

. “Always keep the height of the laser below eye.level, and closer to
“waist level. Never bend down to level of the laser.

Never. look' directly i'nto.the laser or any of its reflections. Make

sure- that everybody else (mcludmg your lab partner) is also

. protected

Note that a]l of the opucal components are attached to posts that are mountable on
the optical rail. These mounts are meant to be loosened from the rail, shd to.the proper
position, and then Ughtened again. After loosening the posts, the height and rotation angle
of the mhounted element can be adjusted. The post should then be tightened. Itis good



practice to keep all beams along the axis of the rail (when possible) and parallel to the table

top.

Examine the'dllfferént sets of optical components. Note that the laser mount has an
additional angular degree of freedom to allow you make the output beam horizontal.
There is a beam block in front of the Iaser for temporary block?ing Whén you want to
insert an optical element in the path of the laser, it is good practice to first ,
block the laser, insert the element, ‘unblock the laser, and then make miner
read_]ustments (That is, don't just stick the element i in the beam path. Sometimes you

can get stray reflections that way )

Another assembly has a linear translation stage with a micrometer drive attached to
it. On top of this stage are an adjustable slit and a photodiode assembly. Initially, when
you measure lasér power you will want to remove the slit, and dlrect the laser into the
center of the photodmde (by adjusting the photodiode and/or the laser position). When you
re-insert the skit, first, momiéntarily block the laser and then center the slit.

The two other rail ihounts have 4 lens and a diffraction grating mounted on them.
Make sure that your' fingérprints never appear on these or any other optical
components. The diffracfion grating is held in place by the two horizontal brass screws,
which are t6 be left alone. The grating is mounted on a mirror mount with two angular
degrees of freedom, adjustablé by the two screws in the back. Make sure that you never
change the vertical adjustment so much that it directs the reflected beam too hlgh.

1) Laser Power Measurement

Properly mount the laser on the optical bench so that the beam is para]lel to the o
bench. Make sure that the beam s blocked at the end of the table. Measure the laser power
with the photodiode. (The slit must be totally open. or, preferably, removed.) To make this
. measurement you need to éxaniine how the photodiode is beihg used and read relevant
" parts of the photodiode descnpuon (Wthh is attached) inchiding the calibration data. Do

 this for the ~1.1 K load resistor and for the ~500 Q resistor. Is there a relamonsmp
between voltage and resistance? Why? From now on use the resistor that glves you the
| largest s1gnals Now esumate the light intensity nnpmgmg on the top of the laboratory



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 estimate?

2) Laser Polarization, Profile Measurement and Sin;gle Slit- Diffraction

You should review the theory about laser profiles and propagation, which is in the

appendix (and in the texts listed above)

(a) Place the laser at one extreme on the rail so that it propagates along the rail at
constant height, and keep it there for the rest of today. There should be nothing else on the
rail. Place a white screen where the laser hits the wall. Inspect the polaroid polarizer. You
will see two tick marks at the edges that define the absorption 4xis.” When the (ﬁneaﬂy
polarized) electric field of the laser is along the axis, there is nearly total absorption. By
placing the polarizer right after the liser and 16oking at the screen, show that the laser is
horizontally polarized.

(b)' Examine the slit. One full tarn (= 50 gradations) opens the slit by 1mm. (20

: pmlgradauon) The "zero" position needs to bé determined by closmg the slit and slowing
opening it. Call the zero the point when you start feehng resistance. Alternately, you can
loek throught the slit and deterrmne the zero visually. You may use as your refereénce the.

pointer at the side of the shit assembly or the home—rnade pointer on top. (As you will see,

the one on top may be more convement)

Now place the slit r1ght after the laser, with the slit centered and totally open. Make ~
sure that you are able to determine the width of the slit from the dial. Observe lhv single-
slit diffraction pattern on the white screen as you close the slit. Take enough measurements
of the width of the central lobe vs. slit width (for the fixed slit/screen’ séparation, which you .

also need to measure) to prove the far field (Fraunhofer) dlffracuon result.

" (c) Now re-install the photodiode after the slit, as described earlier. Place the
"sht/translauon stage assembly as close to the laser as poss1ble "The slit assembly should be
. centered, with the slit OpeIL Closé the slit so-that the transmitted power isi~ 10-20% of
that with the slit open. (Make sure that the slit is still centered when it is partially closed.)
Determine the slit width. (It may be difficult to do this accuratély because it will be barely

open and the zero is somewhat uncertam ) Measure the transmitted power for different -
lateral positions of the slit by scanmng across the entlre beam from zero uansmltted power :



on one side to the other. The step size in this scan should be about the slit width. (It the
beam symmetrical?) Do you have to account for a background due to room Lights? (Notice
that the scale on the stationary part of the micrometer (in the translation stage) is in mm.
Two tumns (=100 gradatmns) correspond to 1 mm of travel (10 pm/ gradauon) )

Repeat the scan with the slit open t0 0.5 mm and the same step size as in the first
scan.
Determine the beam radius for both choices of slit width. Does the beam look

gaussian? Is the measured beam radius w different for the different slit w1dths"

Quantitatively, account for these deferent observations.

3) Divergence of the Laser

Repeat the laser profiling in step 3, which was done with the slit-a distance z' ~0
from the output mirrer of the laser, for ' ~ 25, 50, and 75 cm. Use the same small slit
width and scan step size that you used in yout first scan in (2c). Determine w(z) and
compare it to Eq. 2-(Appendix) and with the divergernce angle given by the manufacturer.

4) Focusing Lasers

Repeat step 3 for the laser focused by a lens with £ = 10 cm. Place the lens right
after the laser. Measure w(z) fora di_sta.nee z=1, 4,8, 12, 20, 40, and 70 cm past the
lens, and compare thesé results with Eq. 5 (Appendix). For z <~ 20 cm you should use

~ theslit width from parts 2¢ and 3, while for larger z you may have to open to sht a little -

‘ further to get a large enough signal. Where is the focus? How does it compare with the ;
expected value? (Try not to put the slit nght at the focus because you can bum p1ts into the
* - slit) What is the peak laser mtensny near the output of the laser" What 1s the peak

 intensity at the focus?



Week & 5

Inb,this week you will perform optical spectroscopy on & discharge by using a small
grating spectrometer (monochrometer), your own personal photon detectors (your eyes),
and a photomultiplier. Since the details of the operation of gratings and spectrometers will

be covered in week 3, you should read ahead.
5) Using a Grating Spectrdmeter

(a) The spectrometer has a grating with 675 grooves/mm and the distance between
its slit and focusing mirror is ~ 18 cm. (As you will see later, it Has very limited spectral
dlspersmn and resolution, but will be fine for the purposes here.) It has adJustable entrance
and exit §lits. The wavelength is tuned with the dial on top: Keep the dial within the range
of nurhbers, which is in units of micrometers (microns) (1 pm-= 10,000 A = 1000 ni).

Direct a flashlight into the entrance slit (the one without the lens). Place a-white
scieen after the exit slit, and now tune the spectrometer. (W: ith this flashlight incident you
can also fook into exit slit, but never do this when using lasers. ) How do the
. wavelengths at the exit slit compare with the dial s¢iting. Does it make sense? I does if
you have read on into week 3 and Jearned that diffraction grating can have several orders,
so that at a.wavelength setting of ?bspectrorneter = m Mhat you sée; YOU can see.the mth order
{m = integer) of light) Explain what you see in terms of the diffraction order. (Can orders
overlap?) What happens if you répeat this with diffe'rent slit widths?

(b) Now send the He—Ne laser throu gh the spectrometer so that the output is

mcident onto a white screen.. (Do not lock into the slit how.) Keep the slits as small ag

possible for best spectral resolution. At what setting do you see the laser? If
i\/spec(rometer =m Kthat you see + Sermr, determine m and Serror (Which you will use later).

. _ (c) Now examiné the Ne discharge lamp. Direct the light from the lamp into the

‘ spectrometer and scan it while looking at the white screen after the exit slit. Make sure that
- the room is dark, and try t keep the slits as small as poss1b1e (Always keep the-entrance
and exit slits thie same width, and scan the spectrometer from the same direction, say from -
shorter to longer A. Because there may be weak lines; initially keep the shts .open. Then

scan again with smaller slits.) At what Xacmal are there speciral lines? -



@ After learning how to use the photomultiplier you will repeat these

rheasurement_s k& X
the photodiode you used in week 1.

Care must be used in using the photomultiplier (PMT) because high voltages are
used in its operation (sée handout). Do not rearrange the PMT wiring. You are
using an RCA C31000A, which has a maximum operating voltage of —3000 V. The
maximum voltage that you will use is — 1500 V. Since the PMT is a sensitive detector of
light and a high gain amplifier, extraneous sources of light must always be prevented from
reaching it. The light levels incident on to the PMT must always be képt low so that the
output current is never above the threshold for damaging it (< 0.01 mA). The PMT output
cutrent is sent thfough a 160 k2 resistor to ground and you will be measuring the voltage
- drop across that résistor. (What is the maximum voltage you should ever measure to
prevent damage to the PMT?) The PMT voltage should still be off.

, You will be directing the light from the exit slit of the spectrometer. to the PMT with
a fiber optic bundle. ‘This particular bundle is fairly stiff because of the type-of cable itis -
housed in. Examine how the flashlight propagates through the fiber optic bundle. Then
send the light from the spectrometer to the PMT. [Note: Since we have relatively high
Tight levels in this experiment, we are not imaging the light into the spectrometer (with 2
lens as we will in week 3), nor are we trying to collect and detect all of the light after the

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

_ With the slits fairly wide open, tune the spectrometer to the setting of the strongest

. peaks you saw with the Ne lamp. Measure the signal vs. PMT voltage. Are they lineatly
 related? - e ' .
(e) Now take a scan of the Ne discharge with the slits quite narrow, say 1 mm.

Set the voltage at ~— 1300 V. Scan the dial slowly towards increasing A. Take a careful
spectrum by starting at.0.700 pm on the dial and ending at 1:600 pm, taking data in
: _ingrémeﬁtsﬁf 0.0CS [, i.e:, at and halfway between the gradations. Comapared-to part -
- {c), do you see additional hnes‘7 Are they sharp? Do they liave structure? (You may be
- able to see more structure if you were to close the slits further. However, you would be
limited by the ultimate spectral dispersion and resolution of this instrument.) Does the
sp_ebtrun:‘_x compare well with that expected from Ne? Does the color of the discharge make -
sense on the basis of your measured spectruin? (In this part and in part (f) remember that



you may see lines either in first- or secioﬁd—o‘rder.) Does the Ne line that lases in the He-Ne

Jaser dominate the emission spectrum of this Ne lamp? Should it?

() Repeat part () for the two supplied, and unidentified, discharge lamps. Does
the color of each discharge agree with its spectrum? Identify the gas in each lamp on the
basis of the emission spectra you measured. Hint: You need to consider only atomic (not

molecular or ionic) transitions.



‘Week § o
‘In the third week ybu will examine the properties of a diffraction grating and will

use it to build a spectrometer.
6) Properties of a Diffraction Grating

Diffraction gratings are commonly used as dispersive elements in spectrometers, as
we will soon see. The diffraction orders of a grating arise from multiple beam interference,
while the relative intensity of each order depends on how the grooves are blazed.

With the laser mounted at one end of the opthal table, mount the dlffractlon grating
assembly at the other end. Initially mount it so that the laser hits it normally, and pear the
center. This diffraction grating has 1200 grooves/mm etched into the aluminum thin film,
which is atop the glass substrate. (We know these grooves are vertical now because-the
grating has been mounted with the arrow on top.) Don't touch the grating surface
" because it cannot be cleaned. (As all pebple working with- opties know:

~your fingerprints can be identified easily.)- Put the cover on it when you are
fihished. Refer to the week 3 notes for more infdnhaﬁon about gratings.

_ In these measurements you will need to measure angles of incidence and refiection.
This can be accomplished by using a protractor or in thé following, more clever way.
Make sure that the grating surface is'above a hole in thé opt1cal breadboard. Now you can
| nieasire angle usmg this board and simple trigonoinetry. The angle of mc1dence can be
detennmed with reference to m = 0 (reflection) mode (be careful about a factor of two) and

— sl e Py

useé this iiiformation 1or the other oiders.

_ (a) Place the graung nearly (but not exactly) normal to the laser beam. How many
beams do you see bouncing off this graimg" "Reﬂecﬁon" from a grating can be ascribed to
different orders m (all integers, positive.and negauve) With an angle of incidence of 6;,

the angles of reﬂgcuonlof O for the d;ffcrent orders are given by:

mA = d{sin 0; — sin G;)

where d is the spacing of the grooves. (See the attached notes.) For this gr‘atjhg, and with .
_ the angle of incidence nearly zero, how many orders are possible? Does this ‘agree with
- . your observation? Note that m = 0 corresponds to ordinary reflection, as from a mIIror. )



(b) Now rotate the grating mount post rod and notice how the the different orders
track with each other. For-a range of angles of incidence, for instance 6; ~ -40°, -20°, 0°,
200, and 40°, measure 6, and check the grating equation.

(c) For what angle of incidence will the first order (m = 1) be retroreflected back to
the laser? Retroreflection of any order (othér than m = 0) is called the Littrow
configuration. Use the measured angles and the grating parameters to determine the laser
wavelength? How precise is this wavelength measurement? Do you expect this value of 6; -
to be the same for other wavelengths, as is it for 6328 A? A grating can be used to provide
(retroreflection) feedback in a laser at different wavelengths by properly rotating the
grating. This is often used in carbon dioxide lasers to select which spectral wavelength is
going to lase (because optical cavity losses are minimized for this chcse_n wavelfangth)

(d) Measure the laser power before the grating.. Rotate the grating so that no beam
i§ ~ 5- 100 away from retroreflection to the laser, with the gfaﬁng arrow pointing
(somewhat) towards the laser, as opposed to away: Now measure the pOWcr of each
réflected beam, while trying to minimize the amount of room lighting incident on the
photodiode. Why should you take- this précaution? Is the power iito each order the same?
{The grating equauon is a consequence of multi-slit wave interference. The grooves in the
grating are niled in precise shapes to form a diffraction pattemn to give the desired
distribution of reflected power into the differént orders. This procedure leads to a blaze
" angle (of mc1,dence) and a blaze wavelength for which diffraction is most efficient.)” Does
their surh add up to the incident power? Does your result violate the conservation of
energy? Why o why not? ‘ '

7) Building a Graﬁng Spectrometer

The goal here is to build a simple spectrometer using a diffraction grating. Fora
given diffraction order, measurement of the angles of incidence and reflection will
determine the wavelength The wavelength resolution that can be obtained in a

: spectrometer improves as the light covers more grooves, just as the peaks in a muluple slit

_interference experiment narrow as the number of slits increases. Therefore in a
spectrometer it is important to send onto the grating a parallel beam (why‘7) that covers most
,of the grating, and high resolution spectrometem must have large gratings.

See the figures on the next page for a layout of a typical Czerny-Turmer
spectrometer (like the one you used in week 2)-and for the version that you will build here.



(Do you see any relative disadvantages in our approach?) Build the spectometer using the
two optical rails to mount the optics on either side, with the grating mounted on the
‘breadboard in between. Leave room for the laser to be mounted befpre 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 grating. ‘Note that the input lens (f.1. ~ 1") and-
the second lens (f1. ~ 4 ") are both positioned a focal length away from the (right) sht, just
dsina telescope (Why?) Place thé ﬁrst slit at the focus in the telescope, and place the
mirror a few inches away. Make sure that the grating is positioned exactly halfway in -
between the two rails, laterally hmng up roughly near the slit, and that itis operatmg in first
order. The posmons of the mirror, lens 4nd slit on the second rail should be at the same

Jocations as on the first rail. Align the spectrometer by using the He-Ne laser. Make use of -

the mirror mount screws to tune the grating. (Note that the screw has 60 threads per inch,
it pivots 1 inch away from the screw, and that there is a black dot on the screw for -
reference.) Over what range of gratmg angle do you see the red light at the output?
Explain this in terms of the spectrometer resolution and dispersion. (see calculations in
week 3 notes) Is the entire grating filled with light?

Now use the white light pro;ector source as an input. The spectrometer can now be
used as 2 monochromator. Compare the m.=0, 1 and 2 orders leaving the grating. Vary
the grating angle to see the range of wavelengths after the output slit; using the 6328 A

wavelength of the He-Ne laser as a reference. Is this wavelength/angle variation expected"

Why? (see notes) Now calculate the spectral resolution of your spectrometer. (see notes)
What was the resolution of the spectrometer that you used in week 27

10
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Appendix:
Some theory for part 2 (also see the texts listed at the beginning):

The magnitude of the electric field of a laser travelling in the z direction varies as:

E(r,z) = Eo cxpf —12/w(z)?] @

where wis the beam radius or spot size and varies as:

W) = w1 7 (T2 | - @

where zq = Two2/A. ThlS assumes that the laser is in a TEMo() mode which is commonly
*the case for many cw (continuous wave) lasers, including this He-Ne laser. In Eg. 2, Ais
the laser wavelength and w = w, at z =0, the beam waist, where the spotsizeisa
minimum and where the radius of ciirvature of the wavefront is infinite. If one of the laser
mirrors is flat; as it probably is here, z is the distance from that mirror. (This is why the
distance from the output mirror is called z' in part 3.) zo is known-as the Rayleigh range,
and deﬁnes how far the laser must propagate beyond z=0 for the peak intensity to
decreasa by two. For z << zg, i.e. in the near field, the spot $ize increases very slowly
{quadratically) with z. For z >> zp, i.e. in the far field, w increases linearly with z, as w =
(Wolzo) z = (AMmwip) z. Then full divergence angle in the far field would then be about

From Poynting's vector, the Jaser intensity is:

o)y =l exp{ —252hw(z)2] ' (3)

- where o= cE0218n It the laser has power P then conservation of energy glVCS L=
- 2P/mw(z)? by integrating X(i,z) over r and 0 (or X ‘and y) at any z: Also, Eo = 16P/cw:

' To measure W, one could place an opaque screen with a pinhole (with radins rp <<
w) in the beam path and measure the transmitted power (by directing the transmitied beam
. into a laser power metcr) as the hole is translated across the laser beam proﬁle The
 transmitted power would be i 21(r,z). Since Eq. 31 is radially symmetnc one can do the

same thing by scanning a slit of width a << w across the beam. Assummg the slitis inthe . .

y direction, the transmitted power would be:

12



13 -

x-al2 o | .
Px2)= | 16 expl-2(x2+y2)iw?] dy dx
’ x+al2 oo

= \/ g aw I, exp[~2x2/w?] : @)

*Equations 1-3 are valid for a beam propagatlng in free space. If the laser is focused

by a lens then the spot size becomes:
w@=w [(1-5"+ | 5)

vhere wi is the spot size at the'lens, zj = nw,zﬁ\, and z is the distance past the lens: This
expression is valid when the Rayleigh range of the beam hitting the lens z; >> the lens focal -

length £.
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CHAPTER 1: AN INTRODUCTION TO LASERS
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Elliptical pump cavity used in
many optically pumped solid-
state lasers.
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lasets. The round-trip gains in ruby and other solid-state lasers are often miuch

~ highier than in gas lasers—up to round-trip power gains of 10X and higher—so
that iirrors with much Jower reflectivity or higher transmission output ¢an be
employed: .

: Pulsed solid-state lasers are used for a variety of smaller-scale laser cutting,
“drilling, apd marking applications; a5 military rangefinders and target designa-
tors; and in an enormous variety of scientific and technological experiments. By
taking advantage of improved lamp efficiencies and laser materials, as well 25 the
fact that most other materials are four-level lasefs, we can also operate several
solid-state lasers contimiously at éw power outputs in the 1-100 W range with
efficiencies of ~ 1% or slightly higher, using eléctrical inputs of 100 W to 10
kW into xenion or krypton-filled arc lamps: (Both laser rod and lamps must, of
course, .})é carefully water-cooled.) Even ruby can, with some difficulty, be made
t6 oseillate on 2 cw Basis, We will discuss the very useful Na®% laser system in

detail in later chapters.

The Helium-Neon Laser

Another of the most common and familiar types of laser is the helium-
neon gas laser developed at the Bell Telephone Laboratories in 1960 ‘and 1961.
The laser tube in a He:Ne laser consists of a few Torr of helium combined with
_approximately one-tenth that pressure of neon insidé a quartz plasma discharge
tube, which is usually provided with an aluminum cold cathode and ah snode,

as in Figure 1.53. This discharge tube may be 10 to 50,cm long ahd a few mm in -

diameter in & typical small laser. To avoid broadening of the laser transition by

isotope shifts (and for other rhore complex reasons), a mixture of single-isotope

" He® and Ne?® is usuaily employed; and it is found empirically that the optimum

" pressure-diameter product pd in such a laser is a few Torr-mm and that the
" optimum gain per unit length varies inversely with tube diameter d. -

This tube js then excited with a-dc discharge voltage typically of order 1,000

" to 1,500 vdc, producing a dc current typically of order ~10 mA from a special
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high—pufity sluminum-cold cathode. (Rzidio-freque'ncy‘ excitl‘atiozf through exter-
nal electrodés was also employed in many éarly lasers, but has been found to
be generally Jess convenient:) Because a dc glow discharge in this pressure range -

. has.a hegative-resistance I-V curve (Figure 1.54), a ballast Tesistance in series

with the dc voltage supply is necessary to stabilize the discharge; and an imitial

higher-voltage spike must be supplied to ionize the gas and break down the gas™ ;
* discharge each tire the tube is turned on. E o

The discharge tubes in many gas lasers (especia.llqy wi.f._h.iopg'er la_é»ers', or lasers

' for research purposes) may be provided with Brewster-angle end windows which .

" transmit light of the proper linear polarization with essentially zero ‘refléction

Joss 4t either face. (Because of the very low gain in the He-Ne system, reflection

"losses of several percent at each of the air-dielectric interfaces would be totally
intolerable.) In many small inexpensive internal-mirror Hé:Ne lasers, however,

Elementary design for a helium-
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FIGURE 155
An internal-mirror He-Ne laser design.

the end mirrors are sealed directly onto the discharge tube, as phrt of the laser
structure (Figure 1.55). Extreme cleanliness and purity of the laser gas fill is vital
in the inherently low-gain Hé-Ne system; thé tube envelope must be very carefully

outgassed during fabrication, and a special aluminum cathode employed, at least

in Jong-lived sealed-off lasers. The end mirrors themseives are carefully polished
flat or curved mirrots with multilayer evaporated dieléctri¢ coatings, having as

" many as 21 caréfully designed and evaporated layers to give power reflectivities

in excess of 99.5% in some caseés.

The pumping mechanism in the He-Ne laser is slightly more compiex than
those we have discussed so far. The heliurh £3$, as the majority component,
dominates the discharge properties of the He-Ne laser tube. Helium atonis hLave
in fact two very long-lived or metastable energy levels, generally réferred to as
the 215 ( “2-singlet-S”) and 235 (“2-triplet-S”) metastable levels, located ~20
€V above the helium ground level, Fre¢ eléctrons thit are accelerated by the
axial véltage in the laser tube and that c¢ollide with ground-state neutral helium
atoms in the jaser tube then can excite helium atoms up into these metastable

levels, whete they remain for long times.

There is then 4 fortuitous—and very fortunatt,—near coincidence in energy
between each of these helium metastable levels and certain sublevels within the
so-calléd 25 and 35 groups of excited levels of the nevtral neon atoms, as shown in
Figure 1.56. (The atomic eénergy levels in neon, as in other gases, are commonly
labeled by means of several different forms of spectroscop1c notation of vanous
degrees of obséurity.).

When an excited He atomi in one of the metastable levels collides with a.

ground-state Ne atom, the excited He atom may drop down and give up its

- energy, while the Ne atom simultaneously takes up almost exactly the same
- amount of enérgy and is thus excited upward to its near-¢oincident energy level. ’
This important type of collision and energy-excharnge process between the He

and Ne atoins is commonly referred to as a “collision of the second kind.” Axy
small energy defect in the process is taken up by small chang& in the kinetie
energy of motién of one or the other atom.

This process thus amounts to a selective pumping process, carried out via the

helium atoms, which efficiently pumps neon atoms into certain specified excited
energy levels. As Flgure 1.56 shows, laser action is then potentially possxble from
these levels into various lower energy levels in the so-called 2p and 3p groups.
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1.8 A FEW PRACTICAL EXAMPLES

. 2% :
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. pumping
. . Co wall
T F collisions
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'FIGURE 1.56
Energy levels in the Hé-Ne laser.
He ) P{o

The first successful laser action in any gas laser was in fact accomplished by
A. Javan and c¢o-workers at Bell Labs in late 1960 on-the 233 — 2174 transition
of hehumaneon at 1.1523 microris in the near infrared. Shortly théreafter A. b.
White and J. D. R_tgden discovered that the same systeri would lasé on the
familiar and very useful 3s, —> 2p, visible red transition at 633 nm (or 63284),
as well as on a much stronger and quite high-gain set of 35 — 3p transitions near
3.39 microns. (A half-dozen or so different nearby transitions within each of these
groups éan actually be mads to lasé, with the sit ongest transition ia éach group
being determmed in part by the relative pumping efficiencies into each siiblevel
and in part by the relative transition strengths of the differéent transitions.)

. Chafacteristics of Gas Lasérs

The laser gain in the He-Ne 633 nm system 1s quite low, with perhaps
2a,, 2 0.02 to 0.1 ca™! (often expressed as “2% to 10% gain pet meter”);
-and the typical power output from a small He-N¢ laser may be 0.5 to 2.0 mW. °
“With a de powet input .of ~10 W, this corresponds to an efficiency of ~0.01%.

Seveéral ‘manufacturers supply inexpensive self-contamed laser tubes of this type
for about $100 retail and considerably Jess in volumé productlon. Such lasers are

- very iseful as a.hgnment tools in surveying, for industrial and scientific ahgnment

purposes, supermarket scanners, video disk players, laser printers; and the like.

(The doniinance of the He-Ne laser in snch applications may soon be ended by -
even cheaper and simipler semiconductor injection lasers.) Larger He-Ne lasers

laser
transitions
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CHAPTER 1: AN INTRODUCTION TO LASERS

with lengths of 1 to 2 meters that can yield up to 100 mW output at comparable

efficiencies are also available. v
There are also scores of other gas lasers that are excited by using electrical

" glow discharges, higher-current arc discharges, hollow-cathode discharges, and

transverse arc discharges. One notable family of such lasers are the rare-gas ion

~ lasers, including argon, krypton, and xenon jon lasers, in which much larger

electron discharge currents passing through, for example, a He-Ar mixture can
directly excite very high-lying argon Jevels to produce laser action in both singly
jonized Ar* and doubly sonized Ar++ jons. Such fon lasers are generally larger
than the He-Ne lasers; and even less efficient, but when heavily driven can pro-
duice from hundreds of milliwatts to watts of cw oscillation at various wavelengths

iz the pear infrared, visible, and near ultraviolet. Longer-wavelength molecular

Jasers, such as the CO; laser, and shorter-wavelength excimer lasers are other
examples of important gas laser systems.

REFERENCES

For a recent summary of practical laser systems and many of their zpplications, see,
for example W. W. Duley, Laser Processing and Analysis of Materials (Plenum Press,
1983).

16 OTHER PROPERTIES OF REAL LASERS

Practical lasers in fact come in a great variety of forms and types; using many
different kinds of atoms, moleculés, and ioxs, in the form of gases, lquids, crys-
tals, glasses, plastics;-and semiconductors. Thiese systems oscillate at a great
many different wavelengths, using many different pumping mechanisms. Nearly
all real lasers liave, however, certain useful properties in common.

Temporal and Spatial ‘Coherence

As we have discussed in some detail in earlier sections, nearly all lasers can
be: : .. . - :

(a) Very monochromatic: Real laser oscillators can in certain near-ideal
situations oscillate In 2 single, essentially discrete oscillation frequency, exactly
like a coherent single-frequency electronic oscillator. in moré-familiar frequency
ranges. This osc;i]lation will, as with any othér real o_s'c’illat.o’t, still have some very
small residual frequency or phase modulation and drift, because of mechanical
vibrations and thermal expansion of the laser st acture and other noisé effects,
as well as small amplitude fluctuations due to power supply fipplé and the like.

. Such a high-quality laser can still be, howevet, oxne of the most spgctrally pure

oscililators available in any frequency rangeé.

_ More typically, a real laser device will oscillate in some number of discrete -
frequencies, ranging ffom perhaps 5 or 10 simultaneous discréte axial modes inr. .
narrower-line lasers up to a few thousand discrete and closely spaced frequencies

in less well-behaved lasers with wider atomic linewidths.
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. @/\o‘hﬁ diodes '
UV Series _—
Features
» Planar Diffused Structure * Linearity Over Wide _ * UV Responsivity: ‘3
» Oxide Passivated Dynamic Range . _ 0.14 A/W at 254 Nanometers
.« Wide Spectral Range- - e Peak Responsivity:- * Low Noise ~
¢ Flat Noise Spectrum to DC 062 A/W at 900 Nanometers

| Operating Data ahd ‘Specifications at 23°C: Typic;a_l Perfprman‘ce, at 0 V Bias

UV:2508G | UV-360BG |

UV-100BG | UV-215BG
UV:2508G UV-3508Q

| Uv-1008Q | Uv-2158Q

UV-040BG UV444B0 Units

Noise Cunent o

7 NEP (900,10,1) = 1 2 a0 . :
NEP (200,10,1) _ ' : ' Tas | 0 | wwwmz%.
idpanse Lineatty T €T Tl T gy o e Lt 5 e 7 decades -
Surface Uniformity . -« — 0y — — —> With 0.13 mm Spol 633 nm
-* Tamperature Coefficient of: I FORUE I T
. Response (900 nm) e ' “. 4003 o i G/ °C
" Resporise (350 nm) — -ao1, > %/°C
" " Response (200 nm) - L et 013 > %I°C
~. Shunt Resistance S s Smmm ——) > o/C
Operatlng Tempemtum —L . ~55 to +125 (BG) > °C
) . fe——————=—— 5510 +70 (BQ) > °C _
* package Style . ‘o6 ‘| T8 TOB | TO5 TO8 036 ;
Notes .
1. Spectral range 185-1150 nm applies to units with BQ suffix, 250-1150 nm
for units with BG suffix. . T ‘

2. Applicable only to units with BQ sutfix.

Typical Spectral Respense
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UV Enhanced

Mechanical Data and Pin Configurations

UV-040, 100, 215, 250, 360, 444

E ) blmonsion {min)

: A (Active Area)

"IMOOU

Pin n Circle Radlus : rh
. 5 - S Window Thlcknnl 1.
PHOTODIODE REFERENGE -Window Dismeter [ 780 }--60 | 10,

Notes :
1. Only UV-100 and Uv444 packages.
have aperttires.
2. Only UV-040, UV-100 and UV-250
packages have tabs. .
3 YV- and UV-360 active areas

i _ are square.
L UV-100,444
9
A . Y . e ®
‘," Tynical Qe.sat!e. gf r spensw!ty Tvpical shunt

RSHUNT at T/RSHUNT at.25°C
. .
o

o
-t

0.5 101520253035404550
TEMPERATURE (*C)

SEECTHAL RESPONSE DEVIATION (%)

200 300 400 500 600 700 8OO 90010001100
WAVELENGTH (NANOMETERS) ’
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Glossary of Terms

.1, Breakdown Voltage (Vg) — The voltage at which a
semiconductor fails to withstand the voltage and ceases to act |
as an insulator. This point is generally defined as that voltage

at which a predefined dark current is exceeded.

2. Channel Impedance — Photodiodes of guard ring construc-
tion have an impedance which appears between the active area
and guard ring cathodes. The importance of the channél ini-
pedarice is that it shunts the load resistor.in the AC equivalént -

* circuit, théreby restricting the maximum value of the load im- -
pedance that the designer may se in the operating circuit. The
channel impedance is also & noise source which must be

" considered.

‘3. Daik Current — Photodiodes opefating in the photoconduc-

- five or reverse biased mode will have some current flowing
. through the biasing circuit when no light is incident upon the
photodiode. This dark cuirent is a combination of surface and

“bulk leakage cutrents. :

-.4. Frequéncy Response — The frequency at which the
photocurrent is rediced fo 0.707 (- 3 dB) of the mid-band value
“is consideted to be the frequency response limit. This defini-
tion may be used to describe both the upper frequency limit and,
in the case of an AC coupled ciréuit, the Iower frequency limit.
. 5. Giiard Ring — Silicon photodiodes manufactured from P-
type material utilize an additiona] ¢athode diffusion fo reduce
* dark current induced noise caused by surfacé ieakage. The sur-

. face leakage current is intercepted by the guard.fing and shunted
to ground, thius preventing this current from reaching the signal

- processing circuit. »

6. Junction Capacitance — The junction capacitance of a
silicon photodiode is analogous to the capacitarice of a_'paralle"l
. plate capacitor having a voltage cofitrolled plate separation. As
" such, the junction capacitance increases with an increase in dc-
tive area and decreases with increasing bias voltage:
- 7. Nolse Current - Photodiodes operating in the photovoltaic
_mode generate a thermal noise (Johnson rioisé) current that'ex:
hibits a flat noise vs. freqiiency spectrurh fromi DG to approx-"
imately the photodiode cut-off frequénty. The RMS value of the
nioise ¢uiténit is inversely proportional fo the square root of the
shunt resistance. Thermal noise is calculated by the formiula:

. (4def)"2
= -
= Boltzmann's constant (1.38 x 10~
joules/degree K)
T = temperature (K) )
R = resistance (series, shunt, channel, or
- load)(ohms) _ S
- df = noise equivalent bandwidth (Hertz)

where: k

. Photodiodes operating in the photoconductive mode gen_érate

“a noise current'which is a combination of shot figise, excess

“noise (1/f), and thermial noise currénits. Shot noise is caiculated
by the formuila:™- ' _ :

| g = (2qlgd*2 -

= electronic charge (1.6 x 10-'®

) coulombs}

- . Iy = dark current (amps)
: df = noise equivalent bandwidth (Hertz).

. where: .q

~ . hiaséd p-n dévica is designed to detect high speed light ggls‘e’$

8. Nolse Equivalent Power (NEP) — A figure of merit which
defines the minimum incident power fequired to generate a

- photocurrenit equal to the total photodiode RMS noise current.

NEP is calculated by the formula:
~ Noise currents (amps) (RMS)
Responsivity (amps/watt)

9. Photoconductive (PC) — The photoconductive or revarse

'NEP =

or the high frequency modulafion of a continuous fight beari.
The phofoconductive mode produces a high respdnsivity at the
longer wavelengths,
and & photocurient that is finear with irradiance over an extended
irfadiance power range. : ‘

10. Photovoltaic (PV) — When a silicon p-n junction is operated

with rio extemal applied voltage, it is considered 1o be opérating

i ‘the photovoltaic mode. Under this zero applied voltage con-

dition and low levels of incident light, the p-n junction will generate

& cuiferit proportiohal'to the light powe incident on the active

surface. The. photovoltdic ope

_wavelengths, and lower frequernicy résponse dug to'highérjine-

tion capacitance and series re'sis:ténéé,.
11. Quantum Efficlency (QE) — The number of electronic

.charges tollected for each photon absorbed by the photodiode,
expressed as a percentage; is the quantum efficiency. The quan-

turn efficiency can be ¢alculated by the formula:
R

QE = 124%

wherée: R = responsi'vity (amperesfwatt)
) = wavelength (microns).

12, Responsé Linearity — The change iri detector output ver-
sus the change in incident light power describes the response
firiearity. The low power limit is set By the detector noise wiiere,

thé noise current exceeds a predefined percentige of the sxg'nal L
The high power lifnit is set by the sélf forward biasihg contditions . .

of the pholodiode which limit the total gmount of photocurrent

that can be produced under the operafing conditibns.
13. Responsivity — The photocurrent produced per unit of in-

_ cident light power at a specified wavelength is the photbdiodé

responsivity. Responsivity is genérally specified in amperesiwatt
14. Rise Time {T)— The amount of time to respond to'an in-
put step waveform is the rise time. The time is medsured at the

" points which are 10% and 90% of the peak signal value.
15. Series Resistance — Photodiodes bave an intemal

résistance through which the photocurrent fiows. The photodiods
series résistanice is affected by the phofodiode active area; silicon
thickness, operating voltage, and the “quality of electrode
contacts. o ‘ )

16. Shunt Resistance — The dyramic resistance of &

* photovotaic junction is defined by the siope of the dark IV

characteristic as it passes thiough zero volts. This resistance

shunts the load resistance and the phofocurrént sourcé in the.

equivalent electrical tircuit and is commonly referred to as the
shunt resistance. .

) an extended frequericy response due to -
lower junction capacitance, énd series résistance time constant

rating mode fesulfs in low.
" photdiode-generatéd shot noise; lower resporisivity 4t the lopger.
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Application Notes (cdnt.)
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-~ Application Notes

1. Photo-Effect

"When the junction of a semiconductor is illuminated and
a connection is made to both sides of the junction, a cur-

rent will flow during the period of illumination. This .

phenomenon is known as the photovoltaic effect, which
is ‘the oOperating mechanism for photovoltaic (PV)
photodiodes and solar cells. In this case, there is no ex-
ternal bias applied and the cell generates an e.m.f. when
ifluminated. :

_ It an external bias is applied in the reverse direction at
the p-n junction, current will also flow under illumination.
The current generated is composed of both the photo-
induced current and the reverse leakage (dark) current.

The reverse leakage current will remain constant for fixed

.bias and fixed temperature conditions. This is called th

photoconductive (PC) mode. :

. In both modes of operatior, PV and PC, the photocur-
- rent will vary linearly with the intensity of the incident light.

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

The photovoltaic detector is designed for low noise, low
‘frequency applications. The PV frequency response, shunt
resistance, and junction capacity are active area depen-
. dent: The equivalent noise current generated by the device
- at zéro voltage is a virtyally flat Johnson noise spactrum
from DC to the cutoff frequency.
The photoconductive detector is designed to detect high
speed light pulses or the high frequency modulation of a

continuous light beam. The reverse voltage increaées the

jiinction field strength, which accelerates the electron/holé

~ transit times. Reverse bias also reduces the junction

Lcapacity, thereby minimizing the capacitive loading effects
on the frequency response. PC photodicides may operate

. over frequencies from DC to over 1 GHz with rise times

‘ranging from hundreds of picoseconds to tens of

nanoseconds depending on operating conditions. The

noise current generated by the PC photodiode is a éom-
bination of shot noise, excess noise, and, in the case of
a guard ring structure device, Johnson noise. Shot noise
is‘produced by the reverse bias current and éxhibits'a 1/f
extess noise characteristic below 1 KH3. The Johnsor
-noise is generated by the channél resistance between ac-
- tive ared and guard ring diodes. .

~ The design decision to use a PV or PG photodiode is
-predicated primarily on the frequency response re-

~ guirements of the given application. Below 100 KHz, the

PV photodiode provides better signakto-noise petformance

- than that obtained from an equivalent active area PG

~ photodicde. Below 1 KHz, the PV photodiode is far
superior in signal-to-noise performance. ‘

3. Devicé Construction ' L

All of the silicon photodiodes manufactured by EG&G

Electro—(‘)ptiés,a're of PIN conistruction. The P région is a
layer which has been doped to a P+ level during 4 fur-

. nace diffusion process. The | region is the intrinsic bulk
~ silicon which may be of either P or'N type silicon. The N
- -region is a layer which had been doped to a N+ levei in .

-.ahother furnate diffusion process.

. Figure 1 shows a cutaway view of a typical guard ring

" photodiode. The photodiode is fabricated from a P type’

- silicon wafer of controlled thickness. A P+. ditfusion is per-
formed on the back surface to facilitate rear contacting,
A N+ diffusion is performed on the front surface, using
Pphoto masking techniques, which accurately diffuses the
"active area and guard ring. Metal contacts aré sputtered
on the front and rear contact areas and the N+ diffusion
is passivated. '

N ) ACTIVE DIODE ANNULUS
GUARD RING ~
ANNULUS

\ACTIVE AREA

-J LCHANNEL

METALIZED
CONTAGTS

OXIDE
PASSIVATION

P-TYPE SILICON BULK
[ F7oiFfFusion

- Figure 1. Guand ring planar diffused silicon photodiode.

" - Fhe photodiode dark currént is the sum of the reverse

leakage through the bulk silicon and across - the

Ca . e AR
‘photodiode siiriace. The dark clifrent ieakage incréases

with increasing area. The surface leakage currént increase

- Is proportional to the square root of the active area while _

the bulk leakage cutrent is directly proportional to the ac-"
tive area. Figure 2 shows the total dark current as a funé: -
tion'of the area with and without the guard ring. Note that
large area photodiodes do not have as significant a dark
Current reduction with the' guard ring sifice_ a_highet
percentage of the dark current is due to bulk léakége.
Unider operating conditions where the active afea and the
quard ring aré biased at the same potential, the surface
leakage is shunted around the load résistor and flows
through the guard ring to grouind. In this mannef, the maeh
‘Tower bulk leakage becomes the limiting spurcé of shét
noise cuirent through the load résistor. Sincé the shot

noise current of the detector variés directly as the square -

root of the leakage current, the tofal neisé performance
of the detector is greafly imiproved by the addition of &
qguard ring to detectors manufactured from P type miaterial.

3
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DARK CURRENT- 4A

Application Notes (cont.)
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(1)
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0.001 0.01 8.1 1.0 10
ACTIVE AREA -cm?

Figure 2. Phoiodiode dark current vs. activé area.

Generally only detectors made of P type material are_
manufacturéd with guard rings due to the differerice in the.

basic properties of the two materials. N type material does
nét have nearly as high a suifacé leakage as P type

matenal therefore guard nngs typically are not used.

4. Photodiode Equivalent Circuits
The electrical equivalent circuits for N type and P type

" detectors are shown in Figures 3and 4, respectlvely The

flow of photocurrent is in a direction so as 1Q develop a
load voltage which will forward bias the ideal. diode. It is
the development of this forward voltage across the idedl
dlode which determlnes the hlgh power limit for llnear
response. Application of 4 voltage in the reverse direction
across the ideal diodé will extend the high power limiit for

iinear response.

B
Vs s
> >
> Rsh Rioap
A
O
Symbols | .
I, = Photocurrent generator ‘Rgp = Shunt resistance
g "= Junction capacitance Ay = Series resistance
I, = Noiss current génerator Vg .= Signal voltage

- Figuré 3. N type material.

Rroap

ANA-
&
AAA-

' I =Vaias GUADTODDFEING

Symbols

f = Photocurrent generator Re T Channel resrstance

g] = Junction capacitance Ry = Senes resistance

I, = Noise currént generator Vg = Signal voitage
Figure 4. P type material.

5. Silicon Photodiode Charactenstlcs

Planar diffused photodrodes are usually fabncated from
matenal having a range of resistivity from 1010 10 ,000 ohm-
m. The resistivity of the silicon and the bias voitagsé déter-
mme the junction deplenon depth, junchon capacxtance,
responsivity profile; series resistance, response firig, and

* dark current. A nomOQraph has been prepared that per-

fits’ rapid- determination of photodlode depletlon dePth
and junction eapacitance for a given resistivity, active ared,
and operating bias. Figure 5 is the nomograph that shows
these parameters and theif interdependénce.

SILICON

RESISTIVITY .
N-TYPE[P-TYPE
ohm-crjohvircm
15K
10K
- BXE 20K
6K T.isk
ARy
3K
2K+
1.5K~
WK
800N2k
€003 5x
4004
300%
200-%
1503
100
80
60

. 20
113
1]

Figure 5. - Resrstivnyldepletlon depthkapautancelbnas
_ voltage nomograph.
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‘IA.ppIication Notes (cont.)

6. Detector Biasing

Photodiodes are designed to be operated at specific bias

voltages which are dictated by the operatmg conditions.

Whenever possible, the user should follow thé recommen-

dations of the device data sheet in ordér to achieve op-
timum performance. Circuit designers should bé aware
that, if 8 device is not operated at the recommended bias
voltage, many of the operating charcteristics listed i in the
data sheet will thange. The nomograph of Fgure 5 shows

_ some of the changes which are bias voltage dependent.
The following is a list of parameters and the effect that an
increase of bias voltage has on them:

A. Dark current Increases
B. Noise current Increases
'C. Junction capacitance Decreases
D. Series resistance Decreases
E. Channel resistance Increases
F. Depletion depth Increases
~ @G. Infra-red responsivity Increases
H. Rise and fall time Decreases

7 Capacitance

Junction ccapacitancs, in conjunction with load rmpedance
and series resistance; can produce a systern RC time con-

stant that will be in excess of the photodlode charge col-
Iectron time. It is for this reason that the syster’ desrgner,

" should determine the value of the juriction  capacitante
and its relative importance 10 the particular appllcatlon.

The junc:tlon capacitahce of a photodrode can be deter-.
‘fnined for various bias voltages using the nomograph of

. Pgure 5 if the acfive area and the silicon resrstrvrty are
. knowi A straight line drawn from the proper valué on the
- Hesxstwrty scalé to the operating voltage onthe Detector

Bras scalé will intersect the Capacitaiice Scale at some -

point. This .capacitance constant mulnplred by ‘the

photodiode active area, in square mllhmeters, will bé the ,

- value of the photodiode junction capacitance in plcofarads.

The voltage at whrch the Junctron capacrtance becomes .

tha fill depletion voltage, The full depletron voltage can
be determined from the Figure 5 nomograph A strarght
line drawn from the proper value on the Res'stlwty scale
~ through a value on the Depletion Depth scale equal to the
" detector thickness will intersect the Detector Bias scale
. at the voltagé at which full depletion occurs. The example
* shown on the nomographi illustrates a "detector manufac-

tured of 8 Kohm-cm, P type material, 300 microns thick.

-8. Series Resistance

 Series resistance is an important parameter to oonsrder ‘
in high frequency applications. When the junction transit . ~

time is minimized, the limiting factor for high frequency
" operation is the RC time constant. This is the product of
the junction capacitance and the sum of the series plus
~ -load resistances. ‘

~ Inan equrvalent electrical dragram the series resistance

appears in the senes with the photodrode junction im-

pedance: The resistance of the undepleted bulk silicon can e
be calculated from the following formula:

R=—2
L

‘where: @ = Resistivity of the silicon (ohm-cm)

L = Photodiode thickness less the
depletion depth (cm)
A = Active area (sq cm)

In addition to_the resistance of the undepleted bulk .
silicon, the resistance of electrode contacts must also be

" considered. Contact resistance may vary from 10'to 100

olims, depending on the geometry of the contact. When
choosing detectors for high speed apphcatrons proper
contact désign is essential.

One res:stance to the photocurrent which is often
overlooked is the spreading resistance. This resistance ajs- \
pears between thé point where the cairiers are generaled '
and the eléctrode contact where the photocurrent is col-
lected. This resistance is difficult to quantlfy as each case
is_ different; however, this resistance is ‘relatéd to the
distance the carriers must travel across the surface of the
sificon. For optimum high spéed performance the actrve

* area should be as close to the illuminating spot size as

possible:
9 Response Time

The photodiode fesponse time is the root-mean-square '
sumi of the charge collection fime in the deplétion region
and the RC time produced by the series plus load;

sesistance and junctron plus stray capacitanice. The charge

collectnon time is bias voltage dependent and is equal to ..

'approxrmately oneé half the depletlon depth divided 1 by the.

carrier drift velocity. Photon energy absorbéd outside the
depletlon region will produce carriers that are coliected”

by diffusion and the response time of these ‘carriers will -.

be much siower than the carviers swept from the deple-

tion région. Under cértain bxasrng conditions, & pholodrode
can havea fast resporise time fof short wavelengths and 6
a slower response, time for long wavelengths

In the majority of applications, the designer wiii find, that .

- the limiting factor in photodiode response t time will be the

RC time. In a RC limited situation, the photddiods

-opeiating bandwidth will be equal to 2= nb) or 0.159/RC,

and the rise tithe (10% to 90%) to a step wavaforin of radra- -

" tion will be gqual to 2.2 RC, The fall time from & step

waveform will be equal to the RC time plus the carrier life’ .

“The full depletlon bias voltage fot this device is 120 volts: - - ..time. Cairier life time produces & delay in the start of fall

time due to the fact that photon generated carriers are still .
being swept otit of the deplétion region. The rise and fall’
times are generally equal for fully depletea photodlodes

_but are dissimilar when the photodiode is operated in the

phéfovollalc mode or at low bias voltages.

10. Spectral Response ’ : e
The photodiode responsivity profile is dlrectly related to
the depletion depth obtained for a giveri operatmg bids
voltage and silicon resistivity. The following equatron is
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Application Notes (cont.)

given to illustrate the dependence of the relahve respon-
sivity on the silicon reS|st|vnty

Photocurrent ‘(amps)

‘Maximum photocurrent for total photon
absorption (amps)

Wavelength (microns)

Absorption coefficient of sshcon at A
(cm-Y)

Planck’s constant (6.624 x 10-27
ergs/second)

Velocity of light (2.998 x 108

. meters/second)

t = Depletion depth (cm)

where:

I
0
A
8
h

c

At 1.06 microns, the absorption coefficient of silicon is
* approximately 35 cm™%. The depletlon depth obtamed w:th
10 ohm-cm silicon with 90 volts bias is 1 x 103 cm as'comi-”
pared 1015 x 10-2 e for 2500 ohm-cr silicon. Substititing
these values inito the efficiency equation indicates that the
- 10 ohm-cm phigtodiode will respond to 35% of the total

1.06 micron radiation but the 2500 bhm-cm’ photodlode will”~
respond to 4i% of the total 1.06 micron radiation. In both,,

cases, surface reflection losses are assumed to be iden- .

tical and are not jncluded in the eﬁ' iciency values. In order
to compleie the spectral respohse profile, it i neces’s -

to consider the short wavelength response for_the two -

_ photodnodes. At 045 niicron, the absorption coefficient of
silicon is approximately 3.4 x 104 em-t Computing’ the

valys of | will show that both detectors will respond, fo -

160% of the 0:45 micron radiation. Beflection losses havé
_been ignored in this case also.

Figure 6 presents typical relatlve spectral responses for,
the twg cases previously described. The two responsnwty
' ‘curves have been norimalized to the peak of the 2500 ohm-
cm curve.

100

75

RELATIVE RESPONSE.— %

] 08- 09 1.1
WAVELENGTH (um) _

"~ Figure 8. Relative spectral response.

The dashed portion of the responsivity curve for ~
wavelengths below 0.50 micron is an approximation due
to the difficulty in accurately determining the effects of the .
reflection losses énd the front window absorp’non Iosses
in this wavelength region. The front window is a term -
used to describe the front surface of the silicon in which
the photons are absorbed but do not contribute tg the
photocurrent. The front window thickness for photodlodes
without antireflective coatmgs is typlcally 0.20 micron. The
absolute responsivity peak for the 2500 ohm-cm curve is. |
052 A/W. Manufacturers, of planar diffused photodnodes )

* have demonstrated the ability to improve monochromatic’

responsivity by 10% to 309% by the apphcatlon of annreﬂec-
tive coatings to the detector active area.

Photodiodes of very high efficiency at long wavelengths
¢an be produced using thick, very high resistivity silicon.

"Consider the case of a photodiode manufactured from,

40,000 ohm-cm, P type silicori. Operating thig device at .

'300 volis bias will result in a depletlon depth 6f 0.1 cm,

Calculating the value of I for 1.06 micron radiation will show ’
that this photodiode will respond to 7% of the total 106"

‘micfon radiation. Reﬂecﬂon losses agaxn have been

1gnored

. 11. Quantum Eﬂlciency

- Fi igure 7 shows a typical spectral response curve for a UV
.enhanced photodlode operating at'0 volts bias. The spec-

tral range ts from-0.19 to 1.1 -miicrons. The respons:v:ty
curve, for this device, typlcally peaks at 0.9 micron with
a responsivity of approximately 062 AW,

150

100 }

8

ABSOLUTE RESPONSIVITY {MILLIAMPERES/WATT).
o

WAVELENGTH (NANGMETERS)

Figure 7. Typical spectral response - UV series.
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. Application Notes (cont.)

Figure 8 is the quantum efficiency curve for the respon-
sivity given in Figure 7. The quantum efficiency is
calculated from the formula: .

QE. = N x B x100% =-S_x 124%
- B § A .
where: h = Planck’s constant (6.624 x 10-%7
ergsfsecond) ,
¢ = Velocity of light (2.998 x 108
_ meters/second)

= Electronic charge (1.6 x 10-'® coulombs)

q
R = Responsivity (A/W)
A = Wavelength (microns)

QUANTUM EFFICIENGY (%)

03 04 G5 06. 07 08 09 10 11
WAVELENGTH (xm)

Figuré 8. Typical quantum efficiency — UV series.

12. Noise — Photoconductive Mode
The: noise clrrent generated by .a planar ditfused
photodiode operatlng in the reverse bias miode is a com-_
bination of shot noise, excess noise, and thermal (Johnsori)
norse

Shot noise is generated by current flowing through ‘he
. device. This current may be either the dark current ér the
photocurrent however, the predommant shet noise
generator is the dark current. The shot noise produr:ed
by the dark current can be calculated by the formula:

. = (2qlp A%
where q= Electromc charge (16 x 10'-’9 coulombs)
llo = Dark current (amperes) 4

‘Af = Noise equ:valent bandwidth (hériz)

~ Below 1 KHz; the shot noise increases with a 1f
characteristic and is referred to as exc¢ess hoise.

_ Thethermal noise contribution is provided by the series

resistance, foad resistance, and, in the case of a guard"'
- ring device, the channel resistance. The thermal noise cui-
rent is equal to:

4KTAf\®
= (%)

" where: k = Boltzmann’s constant (1.38 x 10—23

joules/°K) )
T = Temperature (K)
Af = Noise equivalent bandwidtn (hertz) -
R = Resistance: series, channel, or load
. (ohms)

The intefrelation of these noise sources can be seen
by referring to Figure 9, whichis a noise model for a guard

1ing structured, planar diffused photodiode operating -

under reverse bias.

The designer is normally interested in the total noise pre-
sent at the input to theé preamplifier or, as shown in Figure
g, the total noise voltage V. present across the load

resnstor -

ig = (2qip aN*
es = (4kT‘_Rc Nl »
= (4KTRg af)” )

eL = (4T “L af*

Figure €. No:se model ‘or reverse btased guard mg structumd‘

photodlode,

To simplify the analysis, it is assumed that Ry <Rg. If
_ In practice Ry_is sighificant with respect to R, ther the .
,desngner can calculate their equuvalent paraliél resnstance. ,

The total noise voltage present across Ry isthe square

root of the sum of the squared nonse voltages as tollows. '

: on total = (617 + €27 + e:sz)"‘i

where:

- egRy .
IRy + R'S)Z_'l? Cjl™

e1-=

PN
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Application Notes (cont.)

e (1+ wzCistz)“,
92 = T4 w2Cp(R + RYA”

| iR
e = — )
| [l + w*Cp(RL + Re¥l

The preceding three equations relate the spot noise
voltage at a specific operating frequency. The operating
bandwidth of the individual noise generators (e, e, &3)
can be computed from the relationship: f._.34g
= 0.159/RC. This operating bandwidth can be converted
o a hoise bandwidth by miultiplying f._34g by the factor
159, assuming a 6 dBloctave rolloff slope.

13. Noise — Photovoltaic Mode
The shunt resistance genérates a thermal noise current

- that exhibits a flat noise vs. frequency spectrum from De

to approximately the photodiode cutoff frequency. The
RMS value of the noise current is inversely proportional
to the square root of the shunt resistance as shown'in thé
following Johnson (thermal) noise formula:

it = (4kT Af)”
n = -
. Reh

where: k = Boltzrnann’s constant (1.38 x 107 %
joules/°K)
T = Temperature (K)
Af = Noise equivalent bandwidth (hertz)
- Bgp = Shunt resistance (ohms) |
14. Noise Equivalent Power (NEP)

In many photediode applications, the 'desi_‘gne_i‘ is con-
cerried with the minimum detectablé power of the
photodiode. The noise equivalent power (NEP) figure of
marit defines the minimum incident power required 6
genetate -a photoctrrent edual to the total photodicde
nioise current. In formutla form, this would appear as:

_ Noise current (Amps) _
Responsivity (Amps/Watt)

It shiould be noted that NEP is an ambiguous figure of

raerit if the test conditions are not specified. Expeérienhced

NEP =

designers will qualify a value of NEP by s?eqifying_ the test
_conditions in parenthetic notation as foll :

ows:
NEP (source wavelength; test frequency,
- noise bandwidth) - o
Example: ‘ :
NEP (900 nm, 10 Hz, 1 H))=3x 10715 Wattslev'

" Photediode manufacturers generally specify NEP for the

photodiode ority, and do not consider the noisé contribu- -
tiori from other sources in the circuit. ’

15. Response Linearity — Photoconductive

Mode L
The reverse biased photodiode signal current is linear
over a wide range of irradiance. itis lirQ‘i,t.ed ‘at high irra-
diance levels by the permissible power dissipation quoted " -

“for the device, providing that the foad plus "series

resistances are not current limiting. At low irradiance |
levels, the signal linearity is limited by the shot noise cur-
rent for the operating bandwidth, neglecting any measure-

"ment system noise.

Some general rules for determining maximum linear

signal are:
esignal (V) = 03 X Vpias

RS + RL

The photodiode will have a linear operating fange of 7
to 9 decades - when followed by a propetly designed cir-
cuit. The range for 1% lineayity is definéd as being from
100 times the noisé, 10031 S/N, to the point at which the

isignal (A) =

" detector response deviatés from the predicted fesponse

curve by '1%. Greater range can be achiéved if larger

devistions can be tolerated.

16. Response Linearity — Photovoltaic Mode
In low light level applications, the linearity limi§ is deter-

mined by the noise current for the operating noise band-

width. At high irradiance levéls, the limit is déterimined by

- the forward voltage which appeafs acfoss fie junction and
. the rate at which the carriers can be swept from the junic-

tiofi. The foliowirig formula for detefmining maximum

linedr photocurrent is based on empirical evaluations of

photovoltdic photodiodes.
| 25 x10~3 ot P x Rgh \
PR \Rs+RLJ R *RL

‘Th_e_acti've area deperidericy of the serigs and shunt

récistances creates a singular linedrity soiution for edch.

 photodicde. Figure 10 is a graphical presentation of 2 1%

hirearily equation for the various photodiode active areas
normally encouritered in instrument applications.

It photodiodes are used in conjunction with a load
resistor, the response to incident light miay become
nonlinear well before the current iévels shown in Figure.

10 are reached. The Tinear range of a photodiode is also -
" limited by the forward voltage generated across the diode

junction by the photocurrent flowing through the séties and
load resistors: For linear response: N )
" Loat voltage = 100 x 10—3V

_Linearity will also be.affected if current densities are 100
high. The low field strength of photovoltaic diode junctions’
fimits the rate at which the carriers can be swept from the’
junction. For linear response: ) :

Current density < 50 x 10 -6 Alsq. mm
of illuminated area

4t
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Figure 10. Maximum photocurrent for <1% linearity.

The maximum radiant power density for linear response
~ ¢an be caiculated from the following formula:
Maximum current density

Responsivity at A

Maximum power density =

17.. Response Uniformity

. The uniformity of response is dependent upon the
qualities of the window, the photodiode front surface, and
the phodiode rear surface. in appiications where the inci-

---dent light is focused on the detector surface, the window

should be clean but minor imperfections can be ignored. -
In applications where the light spot is small and from a

‘collimated source, it is important that the window be of
uniform quality. L

In. apnlff:a’tions where the operating wével_ength‘ isless_

thar approximately 900 nfn, the quality of the diode front
-surface is most important. The front surface must be cleari
and free-of contamination and any antireflective coatirigs

‘must bé uniform and free of holes. This is especially true -
in applications wherg there is no protective window. Thé |

_responsé uniformity is inversely proportional o the ik
luminated area; therefore, suiface condition is critical in

- situations where a small light spot is used. A high quélity.
protodiode should exhibit response uniformity of better -

. thdn £1% with a spot size =013 mm.

RESPONSEDEVIATION — %

At wavelengths ionger than approximately 900 nm,"
photons start to penetrate the silicon, deep_enough to
reach the back surface. The rear surface is partially reflec-
tive and its condition is a factor in long wavelength
applications.

In applications where all of the light energy must be kept
within the photodiode active area, the ideal spot sizé is
the active area diménsion minus the beam movement

dimension. In the case of a photodiode with an active area "

diameter of 2.54 mm and a beam movement of 1 mm, the

. ideal spot size for the most uniform responsée would be

154 mm.

18. Angular Response

The responsivity of a photodiode is quoted for incident
radiation that is normal to the plane surface of the
photodiode active area. When the angle of incidence

varies from the normal angle of incidence, the photodiode

response.will decrease by a factor that appfoximatesthe
cosine of the incident angle. The angular résponse is
wavelength dependent and is greatly affected by the ac-
tive drea reflectivity. Figure 11 shows fhe typical deviation
from a true cosine response for a planar-diffused, oxide,
passivatéd photodiode for two wavelengths of incident
radiation. Reflections from package surfaces will also al-
fect angular response. :

+20 -

+10

)
-10

=20

-~ 30

Figure 11. Typical deviations (36).from true cosine response vs. angle’
of incidence.

19. Responsi‘vltx vs. Temperature

Photodiode responsivity is temperature dependent. The
résponsivity temperature coefficient valus is wavelength
dependent. Typically, the. lémperatute coéfficient for
wavelengths shorter than 700 nmi, is negative; at
wavelengths longer than 700 nim, the fempératiire coeffi-.

. clent is positive. Figure 12 is a table of responsivity

temperature coefficient vs. wavelength data for two
photodiode types. =~ : _
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o . __ Application Notes (cont)

This equation shows that at low frequencies the ap- -

O Temperature Temperature AU ativtl . . > S e
wavelength . Coefficient! ~ Coefficient2 parent photodiode load impedance is very fow but it in-
(Nanometers) (%/°C) - (%/°C) ) creases with increasing frequency. With the availability of

' 200 - : . open-loop amplifier gains that exceed 10° at DG, it is eyi- .
250 - - —018 dent that photodiode signal gain can be accormplished
300 - -0.16 -over a reasonable frequency range without the 10ss of
350 - -0.14 response linearity. A good approximation: ot the
350 o ~0:10 photodiode/operational amplifier response linearity can b,

450 o0t 0 detarmined by the substitution of Z, for Ri_in the Jineart-

heige 0003 +0009 ty equations for both photovoltaic and photoconduictive
: -0 . +0018 modes. S
550 -0.002 +0.027 . . ~
600 -0.001 +0.036 It is important to remember that operational amplifiers
650 -0 +0.045 . do not have the same dynamic range as a silicon
700 .0 +0.055 photodiode and that the linearity range may be limited by

. 750 +0.003 +0064 the amplifier. If an amplifier has an RMS noise voltage of -
800 +0.010 +0072 1 mV at thé output and a maximum output of BV (15

850 +0015 +0090 V supply), then this is a maximum range of just over 4

‘ . 900 . +0:030 +022 . - decades. If the output signal voltage is lithited to' 100 mV,,
‘ - 100:1 S/N) at the low end-and 10 V atthe high end, this

950 +0.060 +030 : ‘ 2na
1000 +0.30 +051 is only 2 decades of linear output signal voltage. This linear - -
1060 4101 +151 range limitation makes the proper choice of feedback
1. SGD series at 90 V bias resistor value an important design consideration.
2. .UV series at 0 V bias : : . »
’ ' 21. Operational Amplifier Transimpedance

When used in conjtinction with a silicon photodiods, an -
_ * operational amplifiér is used in the transimpedance mode .
. e as a current-to-voitage converter: In this mode, the
. Figure 12. Typical responsivity temperaturs coefficients. . photocurrent, of dafk current, is converted to a voliage by
‘ an impedance in the feedback loop. When opérating at
DG, the output signal voltage is proportional to'the feed-
back resistor value and can be calculated from the

The equation to calculate the photodiode responsivity formulas

at a different temperature is: - ‘
' . o NTs Ty - Eout = lin x Rf
Responsivity 2 = Responsivity 1 x (1 4+ Yemp. © °‘1’°‘b° (_%’°G)) T :

v This formula does not consider any offset voltages. This.

.- where: Responsivity 1 = Known .,e-sp-dns?my at \ subjéct is covered in Section 23.

Temp. Ceof.. = Pholediode temperiture The term “gain” does not apply to the transimpedance
n coefficient at X .* " modé of operation. Gain is the ratio of the amplifier out-
T2 = New temperaturé . putts the amiplifier input and bott fermis must be the saime: '
T1 = Starting temperature . voltsivolts; ampslamps; wattshvatts. In the transimpedance *

miode, the input and output terms are different; therefore,
the term “gain” does not apply. ’

20. Photodiode/Operational Amplifier It should be noted that the formula for Et does not
~-Combination: Linearity o reflect the closed loop “gain peaking” that can occur
because of the summation of the open loop gain and the

related phase anglé with. the transimpédance and its

The operational amplifier, when used as acurrent 10 associatéd phase angle. If the open loop gain arid feed:
. voltage converter, creates a unique solution to the lineari- back gain are added algebraically ‘and compared to the
-ty limitations imposed on phiotodiodes by the terminating - sum of the réspective phasg angles, it may bBécorme evi-

dent that a sum positive gain will accur at thé frequency -

where the sum phasé angle crosses 180 degrees. This -
situation of positivé gain at 180 degrees phase angle is

. Ry ' generally referied to as “gain péaking” and most de:
2y = iy * signers recognize this situation as being the basis fol
Al + (WRCHT amplifier instability. o _ .

N load impgdanc'e..!r'i this transimpedancé configuration, the
° photodiodé views a load impedance as shown in the
following equation: i ‘

N erers PHOTON DEVICES R
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Application Notes (cont.)

The cause of gain peaking in photodiode/op-amp com-
binations is the total capacity presented at the amplifier
input which must be driven in the closed loop configura-
tion by the output voltage through the feedback im-
pedance. The solution to gain peaking is to add a small

amount of capacitance across the feedback resistor so as i

to modify the closed loop gair/phase anglé relationship.
Figure 13 depicts gain peakingina typical photodiode/op-
amp combination where the detector is a large area,
photovoltaic photodiode. The curves show the results of
adding small amounts of capacitance across the feedback

resistor.

1

NORMALIZED HESPONSIVITY'
2 -

0.1

100 WK

FREQUENCY (HZ)

Figure 13. Gain peaking in photodiode/op-amp circuit.

22, Photodiode/OP-AMP Noisé Characteristics

The various noise generaiors which coniribuie to the
total oufput hoise voltage of a photodiode/op-amp com-
 bination aré showh in Figure 14. For large area photovoltaic .
dstectors, the output noise voltage at frequeficies greater

than 50 Hz is determined by the amplifier noisé voltage

generatof, the photodiode impedance, and the feedback .
impedance. In most cases, gain peaking of the noise .

-vpltage will occur but this can be controlled as previously
- discussed. From 10-50 Hz, the total néise voltage is af-

fected by the combination of photodiode noise_current, .

* amplifier input noise ctirrent, and‘the value of feedback

resistance. Below 10 Hz, the magnitude of the 1/

characteristic of the ampiifier noise current will tend 1o con-

trol the magnitude of the output noise. Figure 15 is a plot - .

of the output noise voltage for a Jarge area photovoltaic
. detector coupled to a typical operational amplifier. Note
in Figure 15 how the noise performance is improved by
“ the addition of a 2 picofarad feedback capacitance.

TOTAL. OUTPUT N.Ol.é E.VOLTAGE

. ]
% » BNA As’ |
} _].ENA o
‘:RNA ‘.A -
e R
IR —
SYMBOLS .
A, = NOISELESS AMPLIFIER WITH FREQUENCY
DEPENDENT GAIN .
iNg = JOHNSON NOISE CURRENT OF FEEDBACK
RESISTOR - o
iNp = JOHNSON  NOISE - CURRENT  OF
PHOTOVOLTAIC PHOTODIODE (DUE TO
" SHUNT RESISTANCE)
iNg = AMPLIFIER INPUT NOISE CURRENT — FRE-
QUENCY DEPENDENT
eNs = AMPLIFIER INPUT NOISE VOLTAGE — FRE-
QUENCY DEPENDENT :
AN, = AMPUFIER INPUT RESISTANCE
CNp = AMPLIFIER INPUT CAPACITY

(MICROVOLTSIHZ Y2).
8

Figure 14. Photodiodelop-amp electrical model.

1 1

-
o -

10 "7 100 1000
FREQUENCY (H2)

A Figure 15. Total output noise vs. frequency.
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Application Notes (co_nt.-)_

Smaller active ‘area photodiodes with ‘larger shunt
resistance and lower junction capacitance will produce a
Jower noise and extend the gain peaking to a higher

frequency.

As‘ gain peaking is determined by the individual
characteristics of feedback impedance, amplifier

gainlpha§é angle, and photodiode source impedance, it
becomes difficult to define an accurate total noise equa-

fion. A reasonable solution is to-neglect gdin peaking, .

which can be compensated, and to define the fotal hoise
by its contributing sources. The following equation is de-
rived from Figure 14, where the various noise generators
are identified. This provides a good approximation of the
total rioise present at the output of the photodiode/op-amp
combination.

. .
y . en . ’ $ .
‘enT. =Z [(Z:) 'H"Az +ing 2+ lnf.‘»,] w

where: Zf = Rf(1+ o CiRp)"”
Zs = Rep/ (1 + a?Cjsthz)w
L o fAKTANN®
o (Cagr)
L [AKT AR
A

In applications involving targe area photodiodes, the
amplifier input noise voltage generator is the major con-
tributor to the total output noise voltage. Therefors, it is

important, in thes¢ applications, to select an opefational -
amiplifier that has a minimum value of input noise voltage.”

Conversely, in. applications involving smail area
photodiodes, the optimum noise performance is obtairied
with an operational amplifier having a véry low value
associated with the input noise current generator.

23. Amplifier Output Offset Voltage

The DC offset voltage present at ihé ou}pﬁt terminal of

a phétodiddelop-amp combination is a function of feed-
Back resistance, shunt resistarice for a PV photodieds, and
dark current for a PC photodicde. Ttie equation for deter-

mining DC output offset voltage is:

eoffset = (Voffset + AVoftset) (1 + %) + [(ig + ip) x Ry}
. e i

where: Vofiset = Amplfﬁer input offset voltage (volts)
AVitset = Amplifier input offset voltage drift
/" |

Rf = Feedback resistor (ohms)
Rgh = Photodiode shunt resistance
- {ohms) ' ' ,
ig -= Amplifier input bias curren
(amperes)
iD = Photodiode dark currerit (amperes)

This equation has three terms, Rs},, ig; and ip, which
have a nonlinéar dependence on temperature. When
caleutating DC offset voltages for temperatures gther than
those given in the data sheet presented earlier in this.
catalog, it is important to consider the temperature effects.

The equation to calculate shunt resistance at a different
temperature is: '

Rgh2 = Rsh,-/ o(Ta - Tq)}/ 6
where: Rgpi = Known shunt resistance at tempera-
' ture Tq (ohms)
Ty = Starting temperature (degrees C)
Ts = New temperature (degrees C)

The equation to calculate eithier photodiode dark cur-
‘tht or amplifier input bias current at differerit temperature
< . . F T b gAY
g2 = 'B’I 20112 — Y1
ipz = ipsf 202 =T1/10
where: igs = Known input bias current at temperature
' T4 (amperes) ’ :
ip1 = Known dark current at temperature: T4
(amperss) , :
T4 = Starting temperature (degrees C)
To = Néw ternperat'ure (degrees C)

140
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- g3.3 Polaroid

'{n 1928 Edwin Herbert Land, thena 19-year-old undcr~
. . aduate at Harvard College, invented the first dichroic
' sheet polarizer, known commerdally as polaroid J-sheet.
It mcorporatcd a synthetic dichroic substance called
- L,mpathllt, or quinine sulfate periodide* Land's own
-~ retrospective account of his early work is rather infor-
" mative and makes fascinating reading. It is. particularly
| mlcrcstmg to follow the sometimes whimsical origins
-+ of what is now, no doubt, the most widely used group
- of polarizers. The following is an excerpt from Land’s
remarks: _

In the literature there are a few pertinent high spots in
the development of polarizers, particularly the work of
William Bird Herapath, a physidan in Bristol, England,
whose pupil, a Mr. Phelps, had found that when he
dropped iodine inito the uriné of a dog that had been
fed quinine, little santillating green crystals formed in
the reaction liquid. Phelps went to his teachier, and
Herapath then did something which I {Land] think was
curious under the drcumstances; he looked at the crys-
tals under @ microscope and noticed that in somie places
they were light where they overlapped and in somé
- places they were dark. He was shrewd enough to recog-
nize that here was a remarkable phcnomcnon, a new
polanzmg material [now kriown 2§ hcrapathnc]. ees
3 Hcrapath s work caught the aitention of Sir David
Brewster, who was working in those happy days on the
kaleidoscope. . . . Bréwster, who invented the kaléido-
scope, wroté a book about it, and in that book he men-
oned that he would like t6 usé herapathité crystals for
the eyepiece. When 1 was. reading this book, back in
5 1926 and 1927, I camne across hiis rcfcrencc to these
remarkable crystals, and thzz started my interest in
hCmpathxtc.

¢-Land’s initial approach -to creating 2 new form of
:?‘?n‘far polarizer was to grind herapathite into millions
ubmlcroscopxc crystals, which were naturally needle-

ire sk
- %“Pﬁd Their small size lessened the problem of the
B Uering of light. In his earliést experiments the crys-
" . o S were ahgned nearly parallel to each other by means

. " H. land “Some Aspeats of the Development of Sheet Polarizers,”
_ Ou Soc. Am. 41, 957 (1951).
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of magnetic or electric ﬁelds Later Land found that
they would be mechanically aligned when a viscous
colloidal suspension of the herapathite needles was
extruded through a long narrow slit. The resulting -
]-shcet was effectively a large flat dichiroic crystal. The
individual submicroscopic crystals still scattered light a
bit, and as a result, J-sheet was somewhat hazy. In 1938
Land invented H-sheet, which is now probably the most
widely used linear polarizer. It does not contain dichroic

* crystals but is instéad a molecular analogue of the wire’

grid. A sheet of dear polyvinyl alcohol is heated and

“streiched in a given direction, its long hydrocarbon

molécules becoming aligned in the process. The sheet .
is then dipped into an ink solution rich in iodine, The
iodine impregnates the plastic and attaches to the
stmxght long-chain polymeric molecules, effectively for-
ming a chain of its own. The conduction electrons
associated with the iodine can move along the chainsas
if they were long thin wires. The component of E in
an incident wave that is parallel to the molecules drives
the electrons, does work on them, and is strongly ab-
sorbed. The transmission axis of the polarizer is there-
fore perpendicular to the direction in which the film
was stretched.

Each separate miniscule dichiroic entity is known as
a dichromophore. In H-sheet the dichromophores are of
molecular dimensions, so scattering répresents no prob- =
lem. H-sheet is a very effective polarizer across the

Figure8.14 A paxr of cmsscd polaronds. Each polarold appan gray
because it absorbs roughly half the incident light. (Photo by E-H.) |
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entire visible spectrum but is somewhat less so at the
blue end: When a bright white light is viewed through
a pair of crossed H-sheet polaroids, as in Fig. 8.14, the
extinction color will be a deep blu€ as a result of this
leakage. HN-50 would be the designation of a
hypothetical, ideal H-sheet having a neutral color (N)
and transmitting 50% of the incident natural light while
absorbing the other 50%, which is the undesired polar-
ization component. In practice, however, about 4% of
the in¢oming light will be reflected back at each surface
(antireflection coatings are not generally used), leaving
92%: Half of this is presumably absorbed, and thus we
might contemplate an HN-46 polaroid. Actually, large
quantities of HN-38, HN-32, and HN-22, each
differing by thé amount of iodine present, are produced
commercially and are readily available (Problem 8.7),
Many other forms of polaroid have been developed.*’
K-sheet, which is humidity- and heéat-resistant, has as jts
dichromophore the straight-chain hydrocarbon poly-
vinylene. A compination of the ingredients of H- and
K-sheéts leads to HR-sheel, a near-infrared polarizer.
Polasoid vectograph is 4 commertial misterial designed
to be incorporated in a procéss for making three-
dimensional photographs. The stuff never was success-

fulatits intended purpose; but it can be used to produce

some rather thought-provoking, if nét miystifying,

* demonstrations. Vectograph film is a water-clear plastic '

laminate of two sheets of polyvinyl aléohol arranged so
that their stretch directions are at right angles to each
other. In this form there are 6iv conduction electrons
aviilable, and the filni is not a polarizer. Using an iodine
solition, imagine that wé draw an X on one side of the
film and'a ¥ ovérlapping it on the othér. Under natural
illumination the light passing through thé X will be in
d P-state perpendicilar to the @P-state light coming
from the Y. In other words, the pdinted. regions form
two crossed polarizers. They will be seen superimposed

on each other. Now, if the vectograph is viewed through

a linear polarizer that can be rotated, either the X; the
Y; or both will be seen: Obviously, more imaginative
drawings can be made (one need only remémber to
- make the one on the far sidé backward).

*See Polanud Light: Production and Use, by Shurdiff, or its more
readable little brother, Polarizzd Light, by Shurcliff and Ballard.

by springs of differing stiffness (i.e:, having different®
spring constants). An electron that is displiced from}

8.4 BIREFRINGENCE

Many crystalline substances (i.e., solids whose atoms arc §
arranged in some sort of regular repetitive array) are
optically anisotropic. In other words, their opticil proper. ¥
ties are not the same in all directions within any give, % 8
sample. The dicliroic crystals of the previous section§ § =
are but one spedial subgroup. We saw there that if the§. g
crystal’s lattice atoms were not completely syminetrically §§-
arrayed, the binding forces on the electrons would be ¥ ;
anisotropic. Earlier, in Fig. 3.25(b) we represented the$ ¥
isotropi¢ oscillitor using the simple mechanical miode] § |
of a spherical charged shell bound by identitcal springs%
to a fixed point. This was a fitting representation for.
optically isotropic substances (amorphous solids, such as §
glass and plastic, are usually, but not always, isptropic), ‘

Figure 8:15 shows another charged shell, this oné bound 3

o

equilibrium along a direction parallel to one set of$§
“springs” will evidently oscillate with a different charac: ;
teristic frequency than it would were it displaced in§ ) '
somme other direction. As we havé pointed out previously¥ §
(Section_3.5.2), light propagates through a tx‘anéparcn% | &4
substarice by exciting the electrons within the mediu'ixi.a: =%
The electrons are driven by the E-field and they rcmdi-f

P08 O I AL MM A e e e o em .

x
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H
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Figure 8.15 Mechanical model depicinig a ncgatively chiarged sbd‘,;
bound io a positive nucleus by pairs of springs having differest;
stiffness.
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102 FRAUNHOFER DIFFRACTION

1021 The Single Siit

Return to Fig. 10.8, where now the point of observation
;s very distant from the coherent line sourceand R » D.
Under these circumstances r(y) never deviates appred-
ably from its midpoint value R, so that the quantity
{EL/R) at P is essentially constant for all elements dy. It
follows from Eq. (10.9) that the field at P due to the
differéntial segment of the source dyis
dE = % sin (wt — kr) dy, (10.10} - A
wheére (E/R) dy is the amplitude of the wave. Notice
that the phase i§ much more sénsitive to variations in
1{(y) than is the amplitude, so that we will have to be
more careful about introducing approximations into it.
We can expand r(y), in predsely the same manner as
was done in Problem (9.13), to make it an éxplicit
function of y; thus .
r=R—ysin 6 + (y*/2R) cos® 8+ -+, (10.1])
where 8 is measured from the xz-plane. The third term
@n be ignored so long as its contribution to the phase
is -insignificant even when y==D/2; that is,
(wD2/4AR) cos® 8 must be negligible. This will be true
for all values of 8§ when R is adequately large. We now
Have the Fraunhofer condition, where the distance r is
linear in y: the distanée to the point of obséfvation and
therefore the phase can be written as a linear function’
of the aperture variables: Substituting into Eq. (10.10)
and integrating leads to '

8,-_ +Dr2 )
E= 7—J. sin ot — k(R — ysin 6)] dy, (10.12)
R Jopp2

and finally '
- EDsm{(kD/2)sinb] . ..o
R ——— (D72) sin 0 sin (wt; k1.2). (10.18)
To simplify the appeararice of things let
B = (kD/2) sin 6, ao.19

*

Mv{d&m - bid)
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10.2 Fraunhofer Diffraction 4or

-so that

g8l (i‘%ﬁ) sin (wt — kR). (10.15)

R
The quahtity most readily measured is the irradiance
(forgetting the constants) I(f) = {E} or

I ¥ A2
I(8)= -;- (%2) (-s-uéﬁ) R (10.16)

whereé (sin? (ot — kR)) = }. When 8 = 0,sin 8/8 = 1 and
 I(8)=1I(0), which corresponds to the principal
" maximum. The imadiance resilting from an idéalized -

cokieremt linie soutce in the Fraunhafer approximation is then
. 2 -
10) = 1(0)(—-5“? 5)
B

or, using thé sinc fiinction (Section 7.9 and Table 1 of
the Appendix),

1{6) = I(0) sinc® B:
There is symmetry about the y-axis, and this expression
holds for 6 measured in any plane containing thait axds,
Notice that_since g = (7D/A) sin 8, when D » A, the
jrradiance diops extremely rapidly as @ deviates from

(10.17)

. zero. This arises fromi the fact that B becomies very large

for large values of length D (a centimeter or so when
using light). The phase of the line souree is €quivalent,
" by way of Eq. (10.15), to that of a point source located

at the center of the array, a distance R from F. Fimally, -

a relatively long coherént line source (D » A) can be
envisioned as a single point emitter radiating pre-
dominantly in the forward, 8 =0, direction; in other
words, its emission resembles a drcular wave in the.
xz-plane. In contrast, notice that if A > D, B is small,
sin 8 =~ B, and 1(8) = I(0). The irradiance is then con*
stant for all 8 and the line source resembles a point
source emittirig spherical waves. '

We can now turn our attention to the problem of

Fraunhofer diffraction by a slit or clongated narrow .

rectangular hole (Fig. 10.9). An apérture of this sort
might typically have a width of several hundred A and
a length of a few centimeters. The usual procédure to
follow in the analysis is to divide the slit into a series of

“fong differential strips (dz by ¢) parallel to the y- is,
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Figure 10:9 (a) Single-slit Fraunhofet diffraction. (b) Diffraction
pattern of a single vertical slit under point-source jllumination.

as shown in Fig. 10:10: We iminediaicly récognize,
however, that each strip is a lorig cohérent line source
and can therefore be replaced by  point émitter on the
z-axis: In effect, each such emitter radiates a drcular

wave iri the (y = 0 or) zz-plane. This is certainly reason-

able, since the slit is Jong and the emerging wavéfronts.
are pradically unobstructed in the slit direction. There
will thus be very little diffraction parallel to the cdges

of the shit. The problem has been rediced to that of

finding the ficld in the xz-planc due to an infinite -
nuinber of point sources extending across the width of

the slit along the z-axis: We then need only évaluate
the 'iiit‘cg-'ral of the contribution dE from each element
&z ifi the Fraunhofer approximation. But once again,

this is equivalent to a cohérent line soiirce, s0 that the’

compléte solition for the slit is, as we hdve seen,

1= 1(0)(5‘%5)-, [1o.17}
provided that '
' B = (kb/2)sin 0 @018

aind 8 is measured from the xy-plané (see Problém 10.3).

Note that here the liné source js short; D = b, B is not

large, and although the ifradiance falls off rapidly,
higher-order subsidiary maxima will b observable. The
extrema of I(6) occur at values of B that cause dI/dB

q

" determined graphiclly, as shown in Fig: 10.1

. the straight line fo(B) = B are common t6 both and ®

to be zero, that is,

dl _ 2sin B(BcosB=sinB) _ 4 :
—=J(0 - = 0.
1O B

0, whereupon
B =m £2m, 37, . ..
It also follows from Eq. (10.19) that when
Bcosp—sinp =0
tan B = B.

The solutions to this wfanscendental équation can bz

25

1Thg~— .
points of intersection of the curves f;(B) =tin B with&%

satisfy Eg. {10.21). Only one such extrerum exist
between adjicent minima (10.20), so that I(6) mudy
have subsidiary maxirha at thesé vilies of B (£1.43037, =8
424590, £3.47077,:..) ' o
There is a particularly easy way to _apprc(::iatc’i_wyi_“ $
happening hére with the aid of Fig. 10.12. We cavisiod -
cvery point i the aperture emitting rays in all diréction &
in the xz-plane; The light that conitinu€s 16 propagat:iy
directly forward in Fig. 10.12(2) is the undiffra
Bearn, all the raysarrive on the viewing screen in P




= 5

Z scréen is not actually at infinity, the rays that converge

40

igire 10.10 (a) Poirit P on o is essentially infinitely far from 2: (b)
Huygens wavelets cmitted across the aperture. (¢ The cquivalent
Tepresentation in terms of rays. Each point ernits faysin all directiohs.

Thic parallel rays in various directions drc seen. (d) These ray bundles

:? and a central bright spot will be formed by them. 1f the

¥ toit are niot quite pasaliel but with it at infinity; or befter

& & %l with a lens in place, the rays afe as drawn. Figure

3 7 10.12(b) shows the specific bundle of rays coming oft
Z atanangle 6, where the path-length difference between

the rays from the very top and botiom, b sin 8;, is made
% = cqualto one wavelength. A ray from the middle of the
& & tlitwill then lag §4 behind 2 ray from the top and exactly
3 Gancel jr. Similarly, a ray from just below cénter will

3> Qncel a ray from just below the top, and so on; all

I TSR

11

ig’- ~

('6)"

" correspond ta plahc waves, whick Gn be thoughit of as the three-

dimensional Foutier components. (¢) A single slit Hluminated by
monochroriatic plane waves.

across the aperture ray-pairs will cancel, yiclding 2 _
iminimu.: The irradiance has dropped from its high
central maximum to the first zero on cither side at
Sin 01 = i’A/b. ’

As the angle increases further, some small fraction
of the rays will again interfere constructively, and the
srradidnce will rise fo forim a subsidiary peak. A furiher

‘inérease ih the angle produces another minimum; as.

shown in Fig: 10.12(c), when b sin 8, = 9. Now imaginé
the apertgxrc'dividcd int6 quarters. Ray by ray, the top

quarter will cancel the one beneath it, and the next, thé




i}

Figure 10.11 Tlie points of intersection of the two curves are the
solutions of Eq. (10.21):

third, will cancel the last quarter. Ray-pairs at the same
locations in adjacent ségments are A/2 out of phase and
destructivély inteiferé. In general then, zeros of irtadi-
ance will occur when ’

bsin 6,, = mA,
where m = 1,2, +8, ..., which is equivalent to Eq:
(16.20), sincé B = mm = (kb/2) sin 6,..

We should inject a note of caution at this point: one
of the frailties of the Huygens-Fresnel principle is that ’
it dogs not -take proper regard of the variations in
amplitude, with angle, over the &rfacé of each secon-:
dary wavelet. We will come back to this when we con-
sider the obliguily foctor in Fresnel diffraction, where
the effect is significant. In Fraunhofer diffraction the
distance from theé perture 16 the pline of observationi
is so large that we need riot be concernéd about it,
provided that 6 remains small. : '

Figure 10.13is a plot of the flux. density, as expressed
by Eq. (10.17). Envision some point on the curve, for
example, the third subsidiary maximum at B =
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aperture is a single shit, a in Fig. 10.10:
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. 44707; since B = (wb{A)sin 6, an increase in the slit
yidth & requires a decrease.in 6, if B is to be constant.
£ ynder these conditions the pattern shrinks in toward

* e principal maximum, as it would if A were decreased.

{f the source emits white light, the highcr—ordcr maxima“

:: show 2 succession of colors trailing off into red with

* increasing 6. Each different colored light component

! pas its minima and subsidiary maxima at anigular posi-

gons characteristic of that wavélength (Problem 10.6).

Indeed, only in the region about =0 will all the

I constituent colors overlap to yield white light.

The point sourcc S in Fig. 10.9 would be imaged at
ia the cériter of the pattern, if the diffracting
ycreen X were removed. Under thiis sort of illumiriation,

" the patterii produced with the slit in place is a series of

i

£ dashes in the yz-plane of the séreen o, much like a

okl ke, Sl o

3
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* Figure 1013 The Fraunhiofer diffraction partern of a single shit.
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spread-out image of S [Fig. 10.9(b)]. An incoherent line
source (in place of S) positioned parallel to the slit, in
the focal plane of the collimator L;; will broaden the
pattern out into a seriés of bands. Any point on the line

' source generates an independent diffraction pattern,
which is displaced, with respect 16 the others, along the

y-direction. With no diffracting screen present, the
image of the line source would be 2 line parallel to the
original slit. With the screen in place the lin¢ is spread
ouit, as was the point image of S (Fig. 10.14). Keep in
mind that it’s the small dimension of the slit that does
the spreading out: '

_ The single:slit paitern is easily observed without the
use of spedal equipment: Any number of sources will
do (e.g., a distant street light at night, a small incandes-
cent lamp, sunlight streaming through a narrow space

1610




_the center of the diffracting aperture; this, howevef, is

Figure 10.14 The single-shit panerni with 2 Iin
photograph of Fig: 10.17.

in 2 window shade); almost anything that rescmbles a
point or line source will serve. Probably the best source
for our purposes is an ordinary dear, straight-filament
display bulb (the kind in which the filament is vertical
and about 3 inchies ong). You can uise your imagination
to gencrate all sorts of sinigle-slit drrangeinents (e-g:; a
comb of fork rotated to decrease the projected space

‘between the tines, or a scratch across a layer of india

ink on a microscopé slide). An ihexpensive vernier
caliper makes a remarkably good variable slit. Hold the
caliper close to your eye with the slit; a few thousandths’
of an inch wide, parallél to the flament of the lamp.
Focus your eye béyond the slit at infinity; so that its lens
serves as L. '

10.22 The Double Siit

Tt might at first seem from Fig. 10.10 that the location

of the principal maxitium is always to be in line with -

hot génerally true. The diffraction pattern is actually
céntered abouit the axis of the lens and has exactly thé
same shapé and location, regardiess of the slit’s position,
as Jong as its orientation is unchanged and the approxi-

parallel to the Jens axis converge on the second focal
point of Ly; this then is the image of S and thé center

mations are valid (Fig. 10.15). All waves ‘traveling |

of the diffraction pattern. Suppose now that we ki
two long slits of width band center-to-Center separatigy
a (Fig. 10:16). Each aperture, by jtself, would Kéntri(,
the same single-slit diffracti s s E

on pattern On the vi 3
screen . At any point on 0, the contributions from G‘E
two slits ovérlap, and even though each miust be CSSCR-:L
tially equal in amplitude, they may well differ n?*
nificantly in phase. Since the same primary wave cxm&’i'
the secondary sources at eachslit, the resulting wavilg
will be coherent, and interference must occur, If ﬁ“i
primary plane wave is incident on Y at some aﬁg;é;z;;
(see Problem 10.3), there will be 2 constant re FoE
phase difference between the secondary sources, ]

normal inddence, o
The interference fringe at a party
tion is determined by the differences in the optical pat
lengths traversed by the overlapping wavelets from thez
two slits. As we will sée, the fux-density distributig’
(Fig. 10.17) is the result of 2 rapidly varying dpum;ég
interference system modulated by 4 single-slit dxﬁneg
tion pattern. ' i
To 6btain an expression for the optical distu anck;
at a point on O, We need only slightly rcfotmu,l_atr;;&;
single-slit analysis. Each of the two apertures is divideds
into difierential strips (dz by &), which in turn bdg;

Jike an infinite number of point soufces aligned keg

™

Figure 10.15 ‘The double-ilit setup.




ek & Nefes



Photomultiplier Ratings and Characteristics (Co’nt’_d)
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Spec- IRCA No. !th. Typical Characteristics at specifisd operating supply voitage, voitage . i
tral Type of [ R_atingb distribution, and 22° C. i
Res- [No: Stages; - ; |
ponse and | Sup- Opera- | Responsivityd {Anode .| Anodeii
Cage jply ting = 1 Dark Pulse
See Stmc—l Voit- | Supply | Radiant® Luminousf Current | Rise
Page Tture3 |age Voit-. - T T— T . @ Anode | Timed |
3 : age 1Anode ‘ Cathode: Anode iCathode {Luminousi
: and - - Responsi- ;
i  Distri- Typ. . Typ. Min. ‘Typ. . Mm. Typ. .vity
i - bution®” i '
L . . iV ‘v AW mAMW [Afim Allm: uA/lm UA/Im nA@Anm <ns
. 2"-Diametsr Head-On Types (Cont'd) .
35CT 8575/V1 121 3000 2000S 1.4x106 97 175 1230 77. 85 12200 2.8 An B575 supplied with an
oak kK 30K . 14Kk AJ2132 adapter making it
23 ) 160% 10 n interchangeable with type
B6AVP. Dynods emitting
_ _ _ mrfacn. BeO.
35CT 8575/v2 21! _.,3000 -2000S 1.4x106 g7 175 1230 77 85 1©200 25 An 8575 supplied with an
;K 150K 2k K . © AJ2144 socket rather
23% 160% 10 n then an AJ2145 typs. Dy-
node ommmg surflcn
: - .. - BeQ.
35CT C€31057 121 3000 2000s 1.4x106 g7 175 1230 77 85 1®@200 25 A ruggedized 8575 with
>3k k 3ok k flying leads. Desigh tested
23 160¢ 10 n for S, V, and A. Dynodé
) o ) ) emitting turchn B8eO.
35CT C€31i057A 121 3000 2000S° 1.4x106 97 175. 1230 77 85 1@®@200 2.5 Variant of C31057 that is
3K 160K amK K ' 100% tested for S and V.
23 160% 10 N n Dynodé emitting surfaces,
-5 : BeO. .
35CT C31057B - 121 3000 20005 1.4x106 g7 175, 1230 717 85 103200 2.5 Variant of 3575 having
Sak 1e0Kk 10K Tak bass attached to flying
23 160% 10 n feads. Dynode emitting
. . surfaces, BeO.
35CT 4507 121 2500 1500 v 1.8x105 97 19 160 73 g5 02®50 2.5 A bialkali photocsthode
S ek =1k o Ek T1K type having o spherical-
2.5 21% 8.5 n ) saction faceplats. Dynode
Ve - 3 emitting surfncn. 0.
35CT 4501/v3 121 2500 2500™ Hps a minimum tritium (HJ) efficiency™ of 58% and 3 tw:ic:l Vlrunf of 4507 designed
s 'E</BP figure of merit of 155 at the tritium end point (TEP) scifically for liquid
volugo scintillation counting IYI-
tsms. Dynode smitting
. . ) sutfaces, BeO,
35CT 8850 121t 3000° 2000 T 1.4x106 97 115 1230 77 85 060 2.5 Premium %UANTACON
- =K oy Tik 200 type for photon counting
. 15 160% 10 nx. apphcnuonm Has high-

- - pin GaP finst dyriode
nmn‘tmq surface followud
by BeO dynodn emitting
mrfaco in ouccndma

354T 4501/ve 12t 2500  1700™ Hasa mmlmum tritium (H3) offucmncv"‘ of 599‘ and & Variant of 4501/V3 havmg
S typical E /BP figure of merit of 205 at the tritium improved liquid scintilla-
end-point (TEP) voltage. tion counting characteristics.
- Dynode smitting surfaces,
) ] . Be0.
35)T C31000M 121 3000 20007 1.4x106 87 115 1230 77 B5 060® 2:5 UV-Vatiant of 8850, Has
5% tgok sok %% 200 : hlgh-uam GeP tirst ¢ynode
sinitting surface foliowed
by BeO dynode eritting
wrfacu in succoedmg
4DAT C31000AJ 121 2500 2000S 4.9x105 71 250 650 60 95 3®250 2.5
: : 3 kK gk T .
25 65 6 9.5 mmmg Op.flﬂoﬂ at ttmpor-
- stures ss high ss 150° C.

- Dynode emitting :urfacn,

' . . Bed: . :
BOAT 4453 10V 2500 2000E 1.1x164 68 12 25 120 10 Varient of 8053 having s
{(s-200 - ) ; . muttistkali photocathode

for red and near IR sys-
tems. Dynods eriitting
B surfaces, BeO. )
50AT 7265 ;141 3000 2200w 3.1x106 64 860 7200 100 150 S50® 3 Variant of 68104 having
(S-20) . . . : 1000 a multialkali photocathode.
Dynods_ eimitting surfaces,
Be0O.
S50AT 7326 10 2400 1BOD E 3.8x10% 64 125 88 120 150 320 2.5 Variant of 7265 hn\nng 10
(S-20) o stages. Dynode emitting
e K SR sutfaces, BeO.
3000 2000S 2.7x105 77 200 700 120 ° 200 58200 2.5 Variant of 8575 hlvmn s
7 multulk.ll photocathode.

Dyndde smitting surfacn,
BlO. .

socT (C31000A) 121




SpectraI'Resp‘onse Cha'racteristics and Data

the photocathode material; the following alpha character
(Goluimn 1}, the window material; and the next alpha character
- {Column 111), the photocathode operating mode, Where re-
quired, the letter “X*" is used as a suffix to the Uesigqatib‘n to.
indicate an extended response in the red or néar infrared.

RCA has changed its pure-numeric notation for specifying
spectral-response characteristics 10 a more orderly system. The
new designations are alphanumeric cornbinations that are based
on (1) the photocathode material, (2) the window material,
[“and (3) the photocathode operating mode. As illustrated be-
low, the first two digits {Column 1) in the designation indicate

35 = KCsSb (Bialksli}

40 = NaKSb (High
Timpoi'ut'ur- Biatk ali)
‘NaKCsSb (Multialkali)

51 = NaKCsSb (ERMA I}

52 = NaKCsSb (ERMA H}

53 = NaK.CsSb (ERMA 111}

60 = GaAs

71 = InGaAs (Type 1)

72 = iInGaAs (Type H)

73~ lnGhAf (Type L11)

Glass)
J = SiOy (Fused Siiica)
M =UV-Grade Sapphire
£ = LiF

G = 9823 (UV-Transmitting

Examples:

Tube type 931A has a spectral response that was previously designated as 102 (S-4). This tube
type has a CsSb photocathode, a 0080 window, and a reflection type photocathiode. its new

designation is 20AR.

Column | Columi i1 _ | Column 11} Column IV o
10 = AgOCs A = 0080 (Limé Glass) or ! D = Dormer-Window Typse X = Extended Response ]
15 = AgBiOCs * 7056 (Borosilicats Glass) ! R = Reflection Type - -
20 = CsSb @- 7740 (Pyrex) : ,@- Fransmission Type

25 = CsBI £ = 9741 (UV-Transmitting | : '

30-= CsTo . Glass) i

Similarly, a tube type having a CsSb photocathode, a 0080 window, and & transmission type
photocathode is designated 20AT. This response was previously designated 107 (S-11).

Selected Spectral Response Curves |
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& Between dynode No.5 and suppressor grid
Agetween suppressor grid and ground

®450 volts '

*660 volts

K, cathodé; Dy, dynode; and P, anode

The voitage dtstrlbutlons specified for the individual tube types
are typical average distributions which are used to measure the
tabulated characteristic values:

Interstage voltages for the tubé electrodes may be supphed by
mdmdual sources but are usually obtained from resistive volt-
age-dwnder networks placed across the hngh—voltage supply. The
power ratings of the individual resistors making up the network
should be approxlmately tw:ce that of the calculated dnsstpanon
values for circuit safety reasons. Resistors having tolerances of

| about 5% are sattsfactory in most systems for circular-cage and

focused in-line photomultipliers. Resistors having 10% tolerances
may be used with venetian-blind tubes.

The voltage-divider arrangement should be located so that it
will not affect tube operating temperature. Head-on type
photomultipliers sometimes use zener diodes between cathode
and dynode No.1 to provide constant voltage when tube sensi-

I tivity is varied by adjustment of supply voltage.

A Typical Voltage-Divider Arrange-,

ibution Considerations

An important consideration is that the voltagé-divider current
should be maintained at a value of at least 10 times that of the
expected average value of anode current. If this consideration
is not observed, deviation from linearity and limitations on _
anode-current response to pulsed light may occur. The latter
effect may be reduced by connecting capacitors between the
tube socket terminals for the last 3 or 4 dynode stages and
anode return. The values of the capacitors will depend upon
the shape and the amplitude of the anode-current pulse, and
the time duration of the pulse, ortrain of pulses. When the
output pulse is assumed to be rectangular in shape, the
following formula applies:

C-=100 —

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 pulse in seconds.

This formula applies for the anode-to-final dynode capacitor.
The factor 100 is used to limit the voltage change across the
capacltor 6 1% maximum during a pulse. Capacitor values for
precedmg stages should take into account the smaller values of
dynade currents in these stages. Conservatlvely, a factor of
approx:mately 2 per stage is used. “Capacitors are hot required
‘across those dynode stages where the dynode cuirent is less
than 1/10 of the current through the voltage-divider hetwork.

Typical Voltage-Divider Arrange-
ment for Scintillation Counting
Systems. Photocathiode at
Ground Potential.

-ment for Fast Pulse Response and
ngh Paak Cuirent Systems. Anode
Return at Ground Potentiat.
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Noté: In modern photomultipliers, the focising efectrode is normally

z;onneciad to dynode No.1. In oider tube types, the focusing electrode
may be connecred to the arm of a potentiometar, betwsen cathode and
dynode No.1, to permit adjustment for maximum anode current.
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INTRODUCTION

The photomultiplier tube (or PMT) is a photosensitive
device consisting of a' photoemissive cathode (photo-
cathode) followed by focusing electrodes, an electron
multiplier and an electron collector (anode) in a
vacuum tube, as shown in Figure 1. S

When light enters the photocathode, the photo-
cathode emits photoelectrons into the vacuum. These
photoelectrons are then directed by the focusing elec-
trode voltages towards the eleéctron multiplier where
electrons are multiplied by the process of secondary
emission. The multiplied electrons are collected by
the anode as an output signal. :

Because of secondary-emission multiplication,
photomultiplier tubes are uniquely sensitive among
photosensitive 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. .

Figure 1: Cross-Section of Head-On Type PMT

FOCUSING ELECTRODES

INCIDENT
LIGHT =

INPUT PHO’lf‘O- = L \ STEM
WINDOW CATHODE MUL:T]P_L[ER ANODE (BASE)
(DYNODES)
CONSTRUCTION

The photornuitiplier tube generally has a photocathode
in either a side-cn or a head-on configuration. The
side-on type receives Incident light through theé side of
thé glass bulb, while, in the head-on type, it is
received through the.end éf the glass bulb, In general,
thga side-on type photomultiplier tube is. relatively low
‘priced and widely used for spectrophotometers and'
general photometric systems. Most of the side-on
types employ an opaque photocathode {reflection-
mode photocathode) and a circuldrcage structure
election multiplier which has good sensitivity and

" high amplification at a relatively low supply voltage.’

- The head-on type (or the end-on type) has a

) sgmiﬁrahs—parent photocathode {transmission-mode
photocathode) deposited upon the innéer surface of the .

entrance window. The head-on type provides b.eiter'

. . uniformity than the side-on type having a refiection-’ )

mode photocathode. Other features of head-on types

) in.clud‘e a choice of photosensitive area from tens of . o

SR

Construction and Operating Characteristics

square milimeters to hundreds of square centimeters.

Variants of the head-on type havin_g a hemispherical
window have been developed for high energy physics
experiments where a large diameter and good angular
light acceptability are important.

Figure 22 External Appearance

a) Side-On Type b) Head-On Type

Figure 3: Types of Photocathode
a) Reflection Mode b) Transmission Mode
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ELECTRON MULTIPLIER

The superior sensitivity (high gain and high S/N ratio)
of photomultipfier tubes is due to the usé of alow-
nolise electrbn mltiplier which arpplifies eleétrons by
a cascade sécondary emission process. The electron
multiplier consists of from several up to 15 stages of
electrodes called dynodes.

There are sevéral principal types in use today.

1) Circular-cage type

The circular cage Is generally used for the side-6n type .
of photemultiplier tube. The prime features of the ¢ir-
cular-cage are its compactnéss and fast response.
2) Box-and-grid type ' E

This type consists of a train of quarter cylindrical -
dynodes and is widely used in head-on typé photo- E
multiplier tubes because of Hs relatively 'ea'§'y dynpde
design and better uniformity, although time response
may be a problem In some applications.
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3) Liner focused type
Since this type features fast response tims, it is wldely»

used in applications where time resolution and pulse
linearity are important.
4) Venetlan blind type
The venetian blind type has a large dynodeé area and
is primarily used for tubes with large photocathode
areas. It offers better uniformity and a larger output
current. This structure Is usually used when time
response is not a prime consnderatlon.
5) Proximity mesh type . :
In addition to good uniformity and high pulse linearlty,
this type provides high immunity to magnetic fields.
Also, It has position-sensitive capablmy when-used
with multiple anodes.
6) Microchannel plate (MCP)
The MCP has much faster time response than the
other discrete dynodes. It also features good immunity
magnetic fields afid two-dimensional detection ability
when muitiple anodes aré used.

Recently hybrid dynodes combining two-of the
above dynodes have been developed. These hybrid
dynodes are desi gned to provide the merits of each

dynode.

Figure 4: Types of Electron Multipliers
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SPECTRAL RESPONSE

The photocathode of photomultipher tubes converts
energy of incident light into electrons The conversion
sfficiency (photocathode sensntlwty) varies with the
wavelength of incident light. This relationshlp
between photocathode sensitivity and wavelength Is
called the spectral response charactetistic: Flgure 5
shows a typical spectral response of the biatkali
photomultipller tube. The spéctral response range is
determined on the jong waveléngth side by the
photocathode matérial and on the short wavelength
side by the window material: Typ:cal spectral
response characteristics for various types: -of
photomultipliér tubes are shown on the inside back
Cover.

In this catalog, the long-wavelength cutoff of
spectral response characteristics is defined as the
wavelength at which the cathode radiant sensmwty
becomes 1% of the maximum sensitivity for bialkali
and Ag-O-Cs photocathodeés, and 0,1% of the maximum
sensitivity for multialkali photocathodes, Spectral :
response characteristics shown inside the back cover
are typical curves for representatlve tube types.
Typlcal radiant sensitivity for individual tube types is
listed in their characteristic tables: But actual data
may be different from tube to tube.

Fiaure.5: Typical Spectral Response of Blalkali Photocathode
(R878, otc.)
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Photocathode Materials
Tha nhotacathode is a photoemissive surface usually



consisting of alkali metals with very low work
. functions. The photocathode materials most
-commoniy used in photomultiplier tubes are as

follows:
1) Ag-O-Cs
The transmission-mode photocathode using this
material is designated S-1. It is sensitive from the
visible to in_frared radiation beyond 1000 hm. Since it
has high adverse dark emission, tubes of this
photocathode are chiefly used for detection in the
infrared region with the photocathode cooled.
2) Sb-Cs :
This is a widely used photocathode and has a
spectral response in the ultraviolet to visible range.
Mainly used for reflection-mode photocathodes.
'3) Bialkali (Sb-Rb-Cs, Sb-K-Cs)
These have a spectral response range similar to the
Sb-Cs photocathede, but have higher sensitivity and
jower noise than Sb-Cs. They also have a favorable,
blue sensitivity for scintillator flashes, thus they are
frequently used for scintillation counting. .
4) High temperature blalkah, fow nolse bialkali
(Na,-K-Sb) .
This Is particularly useful at higher operating
temperatures since it can withstand up to, 175°C.
A major application is in the oil well logging industry.
At room temperatures, it operatés with very low dark.
current. Thus it can also be useful for photon
counting applications.
5) Multialkall (Na-K-Sb- Cs)
The multialkali photocathode has a high, wide
spectral response from the ultraviolet to near infrared
region. It is widely used for broad-band
spectrophotometers and photon counting
applications. The long wavelength response can be
extended out to 830 nmi by special photocathode
processing.
6) GaAs (Cs)
GaAs activated in ‘cesium is also used as a
photocathbde. The spectral fésponse of this
~ photocathode usually.covers a wider range than
multialkal, ultraviolet to 930 nm, and is very flat.
7) InGaAs
This new photocathode has more extended sensitivity
in infrared than GaAs. Also, in the range between 900
and 1000 am, InGaAs has much hngher SIN ratio than
Ag-0-Cs.
8) Cs-Te, Cs-1 s
These materials are sensitive to vacuum UV and UV
rays but not to visible light and are therefore called
¢ solar blind. Cs-Te Is quite insensitive to wavelengths
'Oﬂner than 320 nm and Cs to those loriger than 200 nm.

WIndow Materia!s
. The window materials commonly used in

phdtomultiplier tubes are as follows:
1) Borosilicate 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 scintillation counting applications, the low-
noise borosilicate glass (so calied K free glass) may
be used. it contains very low potassium (4°K) which
can cause unwanted background counts.

' 2) UV-transmitting glass (UV glass).

This glass transiits ultraviolet radiation well, as the
name implies, and is used as widely as borosilicate
glass. The UV cutoff is approximately 185 nm.

3) Synthetic silica

" This material transmits ultravuolet radlatnon down to

160 nm. Since silica has a different thermal éxpansio
coefficient from Kovar, which is used for the tube
leads, it is not suitable for the stem material of the
tube. Borosilicate glass is used for. the stem; then a
graded seal using glasses with gradually ditferent
thermal expansvon coefficient are connected o the

" fused silica window.

4) Sapphire glass

The sapphire glass made of ALO, crystal has an
mtermedlate transmlttance in the ultraviolet reglon
between uv glass and synthetic silica: But, at
wavelengths shortér than 150 nmi, it has hlgher
transmittance than synthetic silica. Since the
sapphire glass does not requiré graded seal, the -
overall length of tubes can be shortened.

5) Mng {magnesium fluoride)

The crystals of aikali halide are superlor in"
transmitting ultraviolet radiation, but dellquescence is
a common problém. Amorig them MgF, has low:
deliquescence and transmits uitraviolet radiation
down to 115 nm.

. Flgum 8: Typical Transmittanco of Various Wlndow
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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.will sult your applications.
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RADIANT SENSITIVITY AND QUANTUM
EFFICIENCY
As Figure 5 shows, spectral response Is usually
expressed in terms of radiant sensmvnty and quantum
efficiency.

Radiant sensitivity is the photoelectrlc current
from the photocathode divided by the incident radiant
power at a given wavelength, expressed in AW

~ (amperes per watt).

Quantum efficiency (QE) is defined as the ratio of

" the nurnber of incident photons to resulting

photoelectrons emitted from the photocathode. it is
customary to present quantum efficiency as a
percent. Quantum efficiency and radiarit sensitivity
have the followmg relationship at a glven wavelength.

QE= _SL;_Z_@. X 100 (%)

where S is the radiant sensitivity in AIW at the
given wavelength and 1 is the wavelength in nm
(nanometers).

LUMINOUS SENSITIVITY
Since the measurement of spectral response
characteristic of a photomultlpher tube requires a
sophisticated system and time, it is not practical to
provide customers with spectral response
characteristics of each tube ordered. Instead; a value
of cathode or anodé luminous Sensmwty is commonly
used: .
The cathode luminou$ sensutwuty is the
photoelectric current from the photocathode per
incident light flux (10‘5 to 102 lumen) from a tungsten
filament lamp operatéd at a distribution temperature
of 2856K. The anode luminous sensitivity is the dnodé
output current (amplified by the secondary emission
process) per incident Iight flux (107 to 103 %umeﬂ) oni

.Figuro 7: Typical Human Eye Responso and

Spectral Distribution of 2356K Tungsten Lamp

WAVELENGTH {nm)

the photocathode Although the same tungsten lamp
is used, the light flux and the applied voltage are
adjusted to an appropriate level. These parameters
are particularly useful when comparing tubes havmg
the same or similar spectral response range.
Hamamatsu final test sheets accompanying the tubes
usually indicate these parameters except for tubes
with Cst or CsTe photocathodes which are not =~
sensitive to tungsten lamp light. (Radiaht sensitivity
at a specific wavelength is listed for those tubes

Instead.)
Both the cathode and anode luminous sensitivities

.are expressed in units of Allm (amperes per lumen).
‘Note that the lumen is a unit used for luminous flux in

the visible region and therefore these values may be
meaningless for tubes which are sensitive beyond the
visible region. For those tubes, the blue sensitivity or
redhwhite ratio is often used.

BLUE SENSITIVITY AND RED/WHITE RATIO
For simple comparison of spectral response of '
photomultlplier tubes, cathode blué sensitivity and
red/white ratio are often used.
The cathode blue sensmvuty is the photoelectnc

currént from the photocathode produced by a light
fiux of a tungsten lamp at 2856K passm‘g through a
blue filter (Cormng €S No. 558 polished to haif stock .
thickniess): Sifice the light fiux, once transmitted”
through the blue filter cannot be expressed in lumens, -
blue sensitivity is usually presented in Alim-b

; {amperes per lumen-blue). The blue sensitivity is a -
" very important parameter in scintillation counting

sincé scintillators produce emissions in the blue .
region of the spectrum and may dominate energy
resolution:

The red/white ratio is used for photomultlpher
tubes with a spect tral response extend-ng to the near
infrared region. This parameter is defined as the quo—

Figure 8 Transmittanceé of Filters
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tient of the cathode sensitivity measured with a light
flux of a tungsten lamp at 2856K passing through a
red filter (Toshiba IR-DB0A for the S-1 photocathode or
R-68 for others) divided by the cathode luminous sen-
sitivity with the filter removed.

CURRENT AMPLIFICATION (GAIN)

Photoelectrons emitted from a photocathode are

accelerated by an electric field so as to strike the first

‘dynode and produce secondary electron emissions.
These secondary electrons then impingé upon the

next dynode to produce additional secondary electron

emissions. Repeating this process over successive
dynodé stages, a high current amplification Is
achieved. A very small photoelectric current from the
photocathode can be observed as a large output
current from the anode of the photomultiplier tube. .

Current amplification is simply the ratio of the
anode output current to the photoelectric current from
the photocathode. ideally, the current amplification of
a photomultiplier tube having n dynode stage and an
average secondary emission ratio d per stage is dP.
" While the secondary eiectron émission ratio d is
given by

d=AE®

where A is constant, E i$ interstage voltage,.and a is

a coefficient determined by the dynode matérial and
geometric structire. It usually has a value of 0.7 to 0.8.
When a voltage V is applied between the cathode
and thé anode of a photomultiplier tube having n
dynode stag&e current amphflcatlon G, becomes

= vn=‘ . a n= - a
G= & N=(aEd) {(n+1.)}
AD
— A wyan_kyen
(n+1) A K-v@ (K: constanf)

Figuire 8 Typical Qurrqnt‘Arﬁpllﬂcathri vs. Supply Voltage-
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SUPPLY ‘YOLTAGE (V)

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
stabie and exhibit minimum ripple, drift and temperature
coefficient. Regulated high voltage power supplies
designed with this consideration are avallable from
Hamamatsu (see page 69):

ANODE 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 anode dark
current, and the resulting nolse are critical factors in
determining the lower Jimit of light detection.
Figure 10 shows that dark current is greatly
dependent on the supply voltage.

Other sources of dark current may be categonzed
as follows:
1) Thermionic emission of electrons

.Since thé matérials of the photocathode and dynodes

have very low work functions, they emit thermionic
electrons even at room temperature. Most of dark cur-
rents originate from the thermlomc emissions, espe-
cially from the photocathode and, if so, become
multiplied by the dynodes. Cooling the tibe is most
useful in applications where low dark current is
essential such as in photon counting.

Figure 10: Typical Dark Cuirent vs. Supply Voltage
_(AFTER 30 MINUTE STORAGE)
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Figure 11 shows the relationship between dark
currént and temperature for various photocathodes.
Photocathodes which have high sensitivity in t‘h§ red
to infrared region, especially $-1, show higher dark .
current at room temperature.

®
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Figure 11: Temperature Characteristics of Dark Current
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_ Hamamatsu provides thermoelectric coolers
designed for various sizes of photomuitiplier tubes

(see page 68).

* 2) lonization of residual’ gases

Residtial gases inside & photomultiplier tube can be °
ionized by the flow of photoeléctrons. When these
ions strike thie photocathode or eariier stages of
dynodes secondary electrons may be emitted, thus
resuiting in relatively large output noise pulse. These
neise pulses are usually observed as afterpulses -
following the priimary signal pulses and may be a
problem indetecting short light pulses. Present
photomultiplier tubes are desngned to minimize

afterpulses .
N Qlane shnnl 11atlAn

oy Nt § G WP WIISREIIRANIWR D

-When élecétrons deviatinig. from their nonnal trajectories

strike thie glass envelope, scintillations may occur and

" a daik pulse may result. To eliminate this type of dark
pulse, photoimultiplier tubés may be operated with thé

anade at high voltage and the cathode at ground
potential. Here it is useful to coat the glass bulb with
a‘conductive paint (HA Coating) connected to the .

" cathode (see page 13).

4) Ohmic leakage
Ohmic leakagé restilting from imperfect msulatlon of
the glass stem base and socket may be another

- source of dark current. This is predommant when the_

photomulupller tube is operated at a low voltage or
low temperature The flatter slopes in Flgure 10 and
11 are-mainly due to ohmic leakage.

Contamination consisting of dirt and humidity on
the surface of the tube may contribute to ohmic
Jedkage, and therefore should be avoided.

5) Field emission

LI A T WU S R PO O 7

near the maximum rating value, electrons may be
emitted from electrodés by the strong electric field
and may cause dark pulses. It is therefore
recommended that the tube be operated at 200 to 300
volts lower than the maximum rating.

The anode dark current decreases with time after

_ the tube is placed in darkness. In this catalog, anode

dark currents are measured after 30 minutes storage

‘In darkness.

ENI (EQUIVALENT NOISE INPUT)

_ENl is an indication of the photon-limited signai-to-

noise ratio. It refers to the amount of light in watts
necessary to produce a signal-to-noise ratio of unity
in the output of a photomultiplier llube. The value of

ENI is given by:

Enl= Y29IdDGoAt
3

where q = electronic charge (1.60 x 10" coul,)
idb = anode dark current in amperes after

15:hour storage in darkness

G = current ampiijfication’

Af = bandwidth of the system in hertz
(usuatly 1 hertz)

§ = ariode radiart sensitivity in amperés
per watt at the waveléngth of interest

(watts)

For the tubes listed in this catalog, the value of ENI
may be calculated by the above equation. Usually it
has a value between 107 and 107" watts.

EFFECT BY MAGNETIC FIELD

Most phOtomu'lt:leer tubes are affected by the

. presence of magnetrc fields. Magnétic fields may

deflect electrons from their normal traxedtones and

" cause a loss of gain: The-extent of the loss af gain-

depends on the type of photomult_lplrer tube and its
orientation in thé-magretic field. Figur° 12 shows

Flgure 12 Typical Effects by Magnetic Flelds Perpendlcular
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typical effects of magnetic fields on some types of
photomultiplier tubes. In general, 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 infiuenced by magnetic fieids.

When a tube has to be operated in magnet;c
fields, it may be necessary to shield-the tube with a
magnetic shield case. {(Hamamatsu provides a variety
of magnetic shield cases. See page 68.) To express
the effect of a magnetic shield case, the magnétic
shielding factor is used; which is the ratio of the
strength of the magnetic field outside the shield case,
Hout, to that inside the shield case, Hijp. It is.deter-
mined by the permeability y, the thickness t and inner
diameter D of the shield case, as follows. -

Hout . 3t

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 to cover the
tube with a shield case lohger than the tube length by
at least half the tube diameter.

Figure 13: Edge Effect of Magnetic Shield Case
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 SHIELDING FACTOR.

Recently proximity mesh made of non—magnet:c
material has been introduced as an alternate dynode
in photomultiplier tubes. These tube types {see page

56) exhibit much higher immunity to external magvnetlc i

fields than the photomultiplier tubes with other
dynodes. Also triode and tetrode tubes (see page 56)
are useful for applications where the measured
amounit of light i is large.

SPATIAL UNIFORMITY

Although the focusing electrodes of a photomultlpher
tube are designed so that electrons emitted from the
photocathode or dynodes are collected efficnently by

- the first or following dynodés, some electrons may
' devsate from their desired trajectories and collection

efficiency is degraded. The collection efficiency varies
with the position on the photocathode from which the
photoelectrons are emitted and influences the spatial
uniformity of a photomultiplier tube. The spatial
uniformity is also determined by the photocathode
surface uniformity itself.

In general, head-on type photomultiplier tubes
provide better spatial uriiformity than sidé-on types

" because of the photocathode to first dynode geometry.

Tubes especially designéd for gamma camera applica-
tions have excellent spatial uniformity

Figure 14: Examples of Spaﬂal Unlformlty
(a) Head-On Type {b) Sidé-On Type
(R1306 Tor y camera) ’

SENSITIVITY (%)

TEMPERATURE CHA RACTERIS,T‘I_CS

As discussed eatlier, by decreasing ambient témpera-,
ture of a photomuttiplier tube, dark current originating
from thermionit emission can be reduced. Sensitivity
of the photomuitiplier tube also vafies with the tem-’
perature. In the ultraviolet to visibie region, the
temperature coeffncuent of sensmvny has a negative

Figum 15: Typlcal Temperature Coefficients of
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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 multialkali

" and bialkall photocathodes. Since the temperature
coefficient charige is large hear the long wavelength
cutoff, temperature control may be required in some
applications. .

DRIFT (ANODE CURRENT INSTABILITY)
While operating a photomultiplier tube continuously
ovér a iong perlod, anode output current of the
photomuitiplier tube may vary slightly with time,
although opérating conditions have not changed. This
_instability of anode ouiput current is called drift.
Figure 16 shows general drift curves. Drift is pnmanly
. caused by damage to the last dynode by heavy
electron bombardment. The operating stability of a
photomuitlplier tube depends on thé magnitiide of tfie
“anode current and not 50 much on the applied
“voltage, and therefore the use of lower anode currént
Is desirable. When stability is of prime importance,
the use of average anode current of 1 ;tA orless is
recommended.

Figure 16: Exampleés of Drift
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HYSTERESIS

-Photomultiplier tubes exhibit a temporary instability
in anode output current for several seconds to several
tens of seconds after voltage and light are applied,
i.e;, sensitivity may ovérshoot or-undershoot before
reaching a stable value. This instability is called
hysteresis and may be a problem in specirophotometry
and other applications.

Figure 17: Hysteresls M’éésumm'm

TIME {minutes).

. HYSTERESIS =’—'&L;iﬂ"—f X100 (%)

Hysteresls is mainly caused by electrons being
deviated from their planned trajectories and electro-

'staﬂcally charging the dynode support ceramics and

glass bulb. When the appliéd voltage is changed as
the light input changes, marked hysteresis can occur.

To eliminate hysteresis, many Hamamatsu side:on
photomultiplier tubes employ *anti-hysteresis design”
in which the dynode support ceramics aré coated with
chromium and maintained. at the cathode potential in-
ordér to repulse stray electrons. '

TIME RESPONSE _

In application where the Incident light Is in the form
of pulses, the anode output signal shotld reproduce a
waveform faithful to the incident pulse waveform.
This reproduicibility is related to the anode pulse rise
time and thé electron transit time.

As illustrated in Figure 18, the anode pulse rise
time is defined as the time to rise from 10% to 90%
of the peak amplitude when the wholé photocathode . . .
i5 illuminated by a delta function light pulse (pulse
width less than 50 ps). The electron transit time is the
time interval between the arrival of a delta function
light pulse (pulse width less than 1ns) at the
phototathode and the iristant when the andde output
pulse reaches its peak ampiitude. The efectron transit

" time has a fluctuation between individual light pulses.

This fluctuation is called transit time spread (T TS)
and defined as the FWHM of the frequency
distribution of electron transit times. The T.T.S. is an
important factor in tire-resolving- measurefnent.
Those parameters are affected by the dynode

* structure and applied voltage. In general, tubes of tﬁe .

linear focused or circtilar cage structure exhibit better
time response than tubes of the box~and-gnd or
venetian blind structure. Figure 19 shows typical time
reSponse characteristics vs. applied voltage for types
R268 (3-/8" dia: head-on, 11-stage, box~and-grid type)
and S31A (1-Y/8” dia. side-on, 9-stage, circular cage

type).

‘Figure 18: Anode Pulse Rise Time and Electron Transit Time
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Figure 18: Transit Time Spread (1.1.S)
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VOLTAGE-DIVIDER CONSI‘DERATIO’N
Interstage voltages for the dynodes of a photomultipiier
tube are usually supplied by a voltage-divider nétwork
consisting of seriés-connected resistors. Sc¢hematic’
diagrams of typical voltage-divider networks are itius:
trated in Figyre 21. Circuit {3} is a basic arrangerient
and (b) Is for high-current pulse operations. Figure 22
shows the response of a photomuiltiplier tube using-
the voltage-divider (a) as a function of the input light
flux. Deviation from linearity (over-resporise, region A)
Is caused-by an increase in dynode voltage resulting
from thé redistribution of the voltdge loss between the
last dynode and thie anode. As the input light level is
increased, the anode output cuirrent begins 16 aturaie
near the value of the current flowing through the
voltage divider (région C) dué to the extension of
voltage losses to the last few stages. fhere'forei the
upper limit of dynamic fange of the photomultiplier
tube Is determined by the voltage-divider current. To °

' . prevent this probiem, it is su'gge'ste_ed that the voltage-

divider current be maintained at at least 20 times the
anode output current required from the photomultiplier

" tube.
12 -

Figure 21: Schematic Diagrams of Voltage-Divider Networks

(a) Basic arrangement for DC operation

CATHODE ANODE
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(b) For pulse operation

Y

F!ghre 22: Response of a PMT Using Voltage Divider (a)
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Generaliy high output current Is fequiréd in '
‘applications where the input light is in the form of
pulses. In order to maintain dynode potentials at a
constant value during puise durations and q_btairi h?gh ,
peak currents, large capacitors are used as shown in_
Fl'guté 20 (b). The capacitor values depend on the
oufput charge. If linearity of better thian 1% is needéd;
the capacitor value between the last dynode and the:
anodé should be at ieast 100 times the output charge -
per pulse, as follows: :

Cc > 100 —'vt— (farads)

where 1 Is the peak output current in amperes, t is the
pufse width in seconds, and V is the voltage across _
the capacitor in volts. '
Ham‘amatsu_provides_socket assemblies incorpo-
- rating voltage-divider networks. They are compact,
rugged, and carefully engirieered to minimize electric - ,
leakage. (See page 66.) ) :



Ground Polarity and HA Coating

The general. technique used for voltagé'diwder circuits

Is to ground the anode with a high negative voltage
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 amplifiers to the photomuttiplier tube.
However, when.a grounded anode configuration is

used, bringing a grounded metallic holder or magnetlc

shield case near the bulb of the tube can cause -
electrons to strike the inner bulb wal, resulting in the
generation of noise. Also, for head-on type

photomultiplier tubes; If the faceplate or bulb near the _

photocathode is grounded, the slight conductivity of
the glass materiaf causes a current to fiow between
the photocathode (which has a high negative
potential) and ground. This may cause electrolysis of
the photocathode, teading to the danger of s:gmflcant
deterioration. For this reason, when desngmng the |
housmg fof a photomultlpher tube and when using an
éléctrostatic or magnetic shield case, extreme care is
required.

In addition, when using foam rubber or similat
material to mount the fube in its-housing; it is
essential that material having sufficiently good
insulation properties be used. This problem can be
solved by applying a black conductive layer around
the buib and connecting to the cathode potential
(called HA Coating), as shown in Figure 24, Howaver,
in scintillation counting, it is often impossible to usg
this technique, since the grounded scintiltator is in
intimate contact with the photomultiplier tube: In

such cases, it is recommended that the cathode be .

grounded as shown in- Flgure 23, with a hlgh posmve
voltage applied tothe anode. Using this scheime, a
coupling capacitor C Is used 1o separate the high .
positive voltage applied 16 the anodeé from the sighal,
making it impossible to obtain a DC signal output.

Figure 23: Cathode Ground Schemeé
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Figure 24: HA Coating
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LOAD RESISTANCE

. Since the output of a photomuitiplier tube is a current

signal and the type of external circuit to whict photo-
muitiplier tubes are usually connécted has voltags in-
puts, a load résistance Is used to perform a current-
voltage transformation. This section describes con:
siderations to be made when selecting this load re-
sistance. Since for low output current levels, the
photoinultiplier may be assumed to act as vzrtually an
Ideal constant-current source, the load resistance can
bé made arbitrarily large, thus converting a low-level
cutrent output to a high-level voltage output. In prac-
tice, however, using very large values of load resist-

. ance creates the problems of deterioration of frequency
‘response and output linearity described below.

Figure 25; Output Circuit for PMT
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If, in the circuit of Figure 25, we let the load te-
sistance be Ry and the total of the capacitance of the
photorultiplier tube anode to all other electrodes, in-
cluding such stray capacitance as wiring capaci- ’
tances be Cg; the cutoff frequency fg is expressed by
the following relationship.

fo= - 1.
2nCsR,

From this relationship, it can be seen that, even if the
photomultiplier tube and amplifier have very fast re-
sponse; response will be limited to the cutoff frequency
fg of the output ¢ifcuit. Anode effect of large load
resistance is on lmeanty of the output curréent with
_respect to intensity of incident light. if the load
‘résistarice is made large; at high current levels the
voitage drop across R, becomes large, causing the
poténtial difference between the last dynode stage
and the anode to drop. This increases the effect of
the space charge and lowers the efficiency of the
anode In collecting electrons. In efféct, the output
becomes saturated above a certain curmérit, resultmg

in a loss of linearity.

Figure 26: Amplifier Internal Resistance




In Figure 26, let us consider the effect of the in-
ternal resistance of the amplifier. if the load
“resistance is Ry and the input impedance of the
amplifier is Rip, the combined parallel output
resistance of the photomultiplier tube, R, is given by
the following relationship.
Ry~ Rin,
RL + Rih
This value of Ro, less than the value of Rj, is then the
effective load resistance of the photomuitiplier tube.
I, for example, Ri = Rip, the effective load resistance
is 1/2 that of R, alone. From this we see that the upper
limit of the load resistance is actually the input resist-
ance of the amplifier and that making the load res:st-
ance much greater than this value does not have sig-
nificant effect. While the above description assumed
the load and input impedances to be purely resistive,
in practice, stray capacitances, input capacitance,
and stray mductances influencé phase relationshlps
Therefore, as frequency is increased these circiit
elements must be considered as compound impedances
rather than pure resistances.
From the above, three guides can be derived for

use in selection of the load resistance:

-Ro =

1) In cases in which frequency response is important,
the load resistance sfiould be made as small as
possible. ' '

" 2) Incasesin wh:ch output linearity is important, the
load resistance shauld be chosen such that the
output voltage is below several volts.

3) The load resistance should be less than the approx-
Imate input !mpedan_ce of the extemal amphfrer

HIGH SPEED OUTPUT CIRCUIT

" For the detection of high-speed and pulsed light
signals, & coaxidl cable is tsed to make the connec-
tion between the photomultiplier tube and the elec-
tronic circuit, as shown in Figuré 27. Since commonly
used cables have characteristic impedances of 50 Q

or 75 &, this cable must be terniinated in a pure resist- )

ance equivalent to the charactéristic impedance to
provide impedance miatching and ensure distoftion-
frée transmission for the signal waveform. If a matched
transmission line Is tsed, the lmpedance of the cable

as seen by the photomuifiplier tube output will be the

characteristic impedance of the cable, regardless of

thé cable length, and no distortion will occur in signal

waveforms.
It proper matching at the signal receiving end is

. not achleved, the impedance seen at thé photomultlpher ‘

- tube output will bé a function of both fregiiency-and
cable length, resulting in significant waveform distor-
tlon. Such mlsmatched conditions can be caused by

the connectors used as well, so that the connector to
be used should be chosen with regard given to the fre-
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 Is par-
tially reflected back to the photomultiplier tube. While
this reflected energy will be fully dissipated at the
photomultlpher tube If an |mpedance match has been
achieved at the tibe, If this Is not the case, since the
photomultipliér tube Itself acts as an open circuit, the
energy will be reflected and, thus, returned to the
signal-receiving end. Since part of the pulse makes a
round trip in the coaxial cable and is again input to
the receiving end, this reflected signal is delayed with

" réspect to the main pulse and restilts in waveform dis- -

tortion (so called ringing phenomenori). To 'prevént '
this phenomenon, in addition to providing nmpedance

. matching at the receiving end, it is necessary to pro-
vide a résistance matched to the cable imipedance at -
- the photomuitipliér tube end as well. If this is’ done, it

Is possible to virtually eliminate the ringing caused byv
an impedance mismatch, although the output pulse
height of-the photomultiplier tube is rédiiced to one-
half of the normal lével by use of this impedarnce
matching resistor.

Figure 27: High-Speed Output Circult
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In Figure 28, let us consider waveform observa-
tion of high:speed pulses using an oscilloscope. This
type of operation requirés a low Joad resistance.
Since; however; there is a limit to the oscilloscope

sensitivity, an amplifier is required.
For cables to which a matching resxstor has beeri

‘connected, there is an advantage that the cablé length

does not affect the characteristics of thé cable.
However, since the matching resistance is very low

’ compared to the usual load reswtanoe, the output
. voltage becomes 100 smail. While this situation can

be remedied with an amplifier of hngh gain, the in-
herent noise of such an amplmer can Hself be detri-
mental t6 measurement performance. In such cases,

" - the photornuitiplier tube can be broughit as c[ose as

possible to the amplifier and a load resistance as
large as possible should be used’ (cons:stent with
preservation of frequency response), to achieve the
desired input voitage. .



" Figure 28: Waveform Observation Using Oscilloscope

AS SHORT AS POSSIBLE
[
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itis relatlvely simple to implement a high-speed
amplifier using a wideband video ampllfler or pulse-
type IC§. Recent improvémeénts in the availability of a_
varlety of types of such ICs and prlce reductions have

made this possible. There are, however, various prob- -

lems concemed with characteristics (particulatly noise

performance) when using ICs, such problems requiring

sufficient care in measurement system design.
As the pulseé repetltlon frequency increases,

‘baseline shift creates ‘one reason for concern. This

occurs because the DC signal component has been
eliminated from the signal circuit by couplmg with a

.capacitor which does not pass DC: If this occurs, the

reference zero level observed at the last dynode stage
is not the actual zero level. Instead, thé apparent zefo
level is the time-average of the positive and negatlve
fluctuations of the signal waveform This will vary as
a function of the pulse dénsity, and is known as

" baseline shift. Since thé height of the pulses above

this baselinie level is influenced by the repétition
frequency; this phenomenon is of concern when

- observing waveforims or discriminating pulse levels.

OPERATIONAL AMPLIFIERS

In cases in which a high-sensitivity amreter is not
available, the use of an-operational amplifier will '
enable méasurements to' be made using an inexpensive
voltmeter. This technique relies on converting the out-
put ¢éurrent of the photomultiplier tube to a voltage

signal. The basic circuit Is as shown in Figure 29, for -
which the output voltage; Vo, is given by the following

relatlonshlp

V°= "‘Rf . 'p _ =

This relationship is derived for the following reason.
the input impedance of the operational amplifier is ex-

?'tremely Jarge, and the output current of the photo- .

multiplier tube is allowed to flow into the input ter-
rhinal of the amplifier, most of the current will flow
through Rf, and subsequentiy to the operational
amplifier output circuit. Therefore, the output voltage,

- Vo, is given by the expression —Rf x Ip. When using -

such an operational amplifier it is, of course, not
possible 16 increaseé the output voltage w:thout limit;
the actual maximum output being approxrmately equal

2o i e mmmcndlamal ammnlifiar nAwar éunnlv ynltane. Af

limitations are placed by the operational amplifier off-

- set current (1ps), the quality of R, and other factors

such as the insulation materials used.

Figure 29: Current -Voltage Transforrmtlon Using
Operational Amplifier

Vo= —lp-Rt

v

If the operational amplifier has an offset current
{ios), the above-described output voltage becomes
Vo= —Ri(Ip + los) the offset current comporient being
superimposed on the output. Also, the magnitude of
temperature drift may create a problem. In'general, a
metallic film resistor is used for the resistance R,
and for high resistance values, a vacuum-sealed typse
is used. Carbon resrstors with their hlghly temperature-A
dependent resistance characteristics, are hot Suitable

' for this application. When inputting. such extremély"

low level currents as 100 pA and below, ih addition to.

the considerations described above, the matenals used,

in the circuit lmplementatron require care as weli. For
example, materials such as bakelite are not- suxtable,
more suitable faterials being Teflon, polystyrol or .

_steatite. In addition;, iow-noise cables should be used

since general-purpose coaxial cables exhibit noise
due to mechanical changes.

Figure 30: Frsquency Compensation of
Operational Amplitier

In Figure 30, if a capacitance Ci (including any
stray capacltances) éxists in paraliel to the resistance
R, the circuit exhrbrts a tirme constant of (Rf x Cf), 80
that response speed is fimited to this time constant. .
Thisis a particular problem if Rf is made farge. Stray
capacitance can be reduced by passing Rf through a
hole in a shield plate. When using coaxnal signal input
cables, sirice the cable capacitance Cc and Ri are in
the feedback loop, oscillations may occur and noise,
may be amplified. While the miethod. of avordmg this
is to connect Cf in paraliel to R, to reduce gain at

high frequencies, this, as descnbed above creales a -

. o



APPENDIX N
1) Photon Counting
Photon counting is one effective way to use a photo-
_muttiplier tube for measuring very low light. It is widely’
used In astronorical 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. The actual
output obtained by the measurement circult is a DG
with fluctuation as shown at (b).

Figure 31: Overlapping Output Pulses

DAV

- TIME 3

(b)

o TIME
-—'——-.-—>
When the light intensity becomes so low that the
inqident phototys are separat'ed as shown in Figure 32.
This condition is called single photon event. The

nummber of output pulses is in direct proportion to the

amount of incident light and this pulse counting
method has advantages in S/N ratio and stability over
the DC method averaging all the pulses. This pulse
couriting technique is the photon counting method.
Figure 32: Single Photon Event

TIME ‘

- P

Since the photomultiplier tube output coritains a
varlety of noise pulses in addition 1o the signal pulSes
represénting photoelectrons as shown in Figuré 33,
simply counting the pulses without some form 6f
noise elimination will not result in an accurate meas-
ureément. The most effective approach to noise elimi-
nation is to investigate the height of the output pulses.

Figure 33: Output Pulse and Discrimination Level

PULSE BY
COSMIC RAY

PULSE HEIGHT

A typical pulsé 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
foot. Most pulses smaller than the LLD are noise and
pulses larger 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 photomiltiplier tubes for use in photon

. counting. All of Hamamatsu photomuitiplier tubes

selected for photon counting are supplied with such
PHD data. ' '

Figure 34: Typical Pulse Helght Distribution

SIGNAL & NOISE PULSE

No. OF- PULSES

2) Scintillation Counting )
Scintillation counting is one of the most common and
efféctive methods in detécting radiation particles. It
uses a photomultiplier tube coupled to a scintillator
which produces light by incidence of radiation particles.

Flgure 35: Diagram of Scintillation Detector

slﬁ -
'\'\

AN N =
N R el

3 . L.
SCINTHLATOR PMT

HOUSING

in radiation particle .mgésurements, ihére are two

. péramet‘ers that SI?OUId be meaéured. One is the energy
- of individual particles and the other is the amount of
. particles. When radiation particles enter the scintiflator, -

it produces light flashes in response to each particle.

. The amount of flash is proportional to the energy of

the incident particle and individual light flashes are
detected by the photormiultiplier tube, Conseguently,
the output pulses obtained from the phctomuftipli‘er‘
tube contain information on both the energy and-
amount of pulses, as shown in Figure 36. :

0
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By analyzing these output pulses using a multi-
channel analyzer (MCA), a pulse height distribution
(PHD) or energy spectrum as shown in Figure 37'is ob-
tained. From the PHD; 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 fheight

. resolution and is the most significant characteristic in

radiation particle measuremeht's. Figure 38 shows the
definition of pulse height resolution for a 137Cs source.

Figure 36: Incident Particles and PMT Output

TIME
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e
senmuator 7 7 724

The height of output pulse is
propottional to the energy of
incident particle.

CURRENT

TIME

Figure 37: Pulse Height Distribution
{Energy Spectrum)

130

No OF PULSES

' POLSE HEIGHT .
Figure 38: Definition of Pulse Height Resolution
b ]

Mo OF PULSES

N

Pulsé Height Resolution= .;—- x 100 (%)

Figure 39: Spectral Response of PMT and Spectral Emission
ot Na! (T1) Scintiliator
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Pulse height resolution Is mainly determined by
the quantum efficiency of the photomdltiplier,tube, in
resporiseé to the scintillator emission. It is necessary
to choose thé tube whose spectral response matches
the scintillator emission. For thailium-activated sodium

" jodide, Nal(T1) which is the most popular scintillator,

head-on type photomuitiplier tubes with a bialkali
photocathode are widely used. Hamamatsu has a
30-page catalog “Photomultiplier Tubes for Scintilla-
tion Counting and High Energy Physics” availabie
from our sales office.

[BAsING DIAGRAM SYMBOLS

PRS-

All basing diagrams show termilnals v
base end of the tube. .+

-~ L e -

iewed fro@l_!le B

DY :Dynode T -
G (F) :GAd (Focusing Electrode)

ACG : Grid (Acceterating Electrode)

K  :Photocathode .. . . ...

P :Amode

SH :Shleld - - -

IC __:intemal Connection (Do not use) .
NG _ 1 No Connection (Do not use) . .




76

Typ:cal Photocathode Spectral Response

Spectral Response

* Peak Wavelength
CurveCodes | FOcRlde | erals | Paee | o o PMT Examples
Sensitivity | OF
{nm) (nm) (nm)
Semitransparent Photocathode (Transmission Mode) ]
C ] 100M Cs MgF2 115-200 140 130 | R1081, R972, R1459, R2050
o | 2008 Cs-Te S_ylpthetic 160 - 320 210 200 R1893, R759, RB21, R431S
silica
O | 200M Cs-Te MgF2 115-320 210 200 | R1080, R1460
201S Cs-Te Synthetic 160~ 320 240 p.4] R2078
silica -
201A Cs-Te Sapphire 150 ~ 320 250 220 'R1689-01
O | 300K Sbh-Cs- Borosilicate 300~ 650 440 410 | 6199, 7696
o] 400K Bialkali Borosilicate 300 - 650 420 300 | R647, R1213, R268, R580, RA29, RB78, R1306, R1213,
R1250, R1635, R3082, etc.
O ooy Bialkali UV giass 185 - 650 420 390 .| R750, R269 '
O- 4005 Bialkali S’)"‘nt'hetlc 160 ~650 420 300 R760, R292, R331, R585, R2059 R2496 R3172, etc.
X SHica . . .
0 401K High temp. Borosilicate 300 - 650 375 360 R1261, R1288, R1282, R1044, R1640, R1317-05, R1519-01,
bialkali ) ' R1705 -
402€ Bialkali Borosilicate 300-650 375 360 | R1645U, R1564L), R2286U, R2287U, n2024u R2809U, etc.
o 4030 Low noise UV glass 185~ 680 375’ 320 R2693 -
. bialkall -
O] 500K {S-20) Multiaikali Barosilicate 300~ 850 420 3650 | R1894, R1617, R1387, R550, R1513, R1925, PMSS5, R649
O] ooy Multiatkaii “UV glass 185 -850 420 290 R1463, R1464, R374, R1508, R453, R567, R1104, R2027
o 500S Multialkall S.)I';'lthet»lc 160~ 850 420 280 R376, R375, R562, R2368
Silica .
O} 501K " Multialkall Borosilicate | 300-900 650 600 R1333, R659, R1017, RB49, R2066, R2228
O 700k (31) Ag-O-Cs Borosilicate | 400~1200 80O 780 | RG32, R316, R568, 7102, R1767 )
Opaque Photocathode (Reﬂectlon Mode) -
O] 150M Cs: | MgF2 115~ 195 120 120 | Rt259
o 2508 Cs-Te S.{'mhétlc 160~ 320 200 200 R1657, R427, R166, R166UH
sillca
O] -250M Cs-Te MgF2. 115-320 . 200 . 190 | R1220 )
‘O] 350K (54 SbCs . Borosilicate 300~ 650 400 350 | R906, 9314, 1P21, mos R105UH
O] 350U (S5 - Sb-Cs | UV glass 185 ~650 340 270 | R1414, R300, R212, 1P28, R444, A212UH
NS 19 Sb-Cs Zﬁ::euc 160 ~650 340 210 | R306, R106, R106UH
O] 351U @dd 55) Sb-Cs UV glass 185700 450 235 1P28A -
“] 4510 Bialkali UV glass 185730 340 320 R372 . -
452y . Bialkali UV glass 185~750 350 315 R905
- 453K Bialkali Borosilicate 300 ~650 400 360 9318 -
453U Bialkali UV glass 185 - 650 400 330 | R1516
454K Bialkal Borosilicate | 300680 450 430 | R1785
4550 Bialkah UV gtass ~ 185680 420 400 | Ri784
456U Low noise UV glass 185 ~680 375 320 R1527, R2371, R2371-02
bialkall
457U Biaikall UV glass 300~680 450 450 R2752
550U Multialkall UV glass 185~850 530 250 | Ri546, Ri1547, R500, RBSS
" 5505 Muiltiatkali Synthetic 160 ~B50 530 250 | R1503 - -
/ . silica
Q| 551U Muitiaikali  |. UV glass 185~ 870 330 . 280 | Rass
o 551§ Multialkali Synthetic 160 ~870 330 280 | R&56
) . silica )
O] 5520 Multialkali UV glass 185 ~ 800 400 260 | Ro28
ol 2 Multialkati S_)I'lnthetic 160 ~500 400 215 | R9s5
. silica
| 554U° Muitiaikali UV glass 185 ~ 900 450 370 | R1477
555U Multialkali UV glass 185850 " 400° 320 | R777
<| 556U " Multialkali | UV giass 185 930 420 320 | R936 .
552y Multiatkali UV glass 185900 420 | 400 | .R1913 i
558K Multialkait Borosilicate 300 ~ 800 530 s10 | R1923 B
7] 558U Multialkali UV glass’ 185810 330 280 | R508 T
Ol es0u GaAs(Cs) UV glass 185~930 | 300~700 | 300- | R635
o] 650 GaAs(Cs) sl'¥pmenc 160830 300~ 700 280 R843-02
- silica
651U GaAs(Cs) UV glass - 185~910 | 350 270 . | R666, RE66S
O} 750K Ag-O-Cs Borosilicate | 400~1100 730 . 730 R406
850U InGaAs (Cs) UV glass’ 185 ~ 1010 400 30 R2658

Q : Spectral response curves are shown on page 77.
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Laser Excitation  Chap. 10

105.2 Hglium-Neon Laser

the helium-neon system is shown in Fig.
jaser transitions shown as solid lines. For
Jinc at 6328 A is a transition from the 35,

The energy-level diagfam for
10.11 together with some common
instance, the very common “red” laser

3 He Ne

(2.87%)

2's ————f 30
' s 3,3913 um

165,000
AE =—387cm™!

- 235 ________-_i 2

AE = +314cm {6.56*%)
{6.54*¢) 6328.2 A
1.1523 um

155,000 |-

I |

. 145,000 |- . S //
g

(_23.8“5).-/ /

6678,)1.// /

I
B +6 / /110.5%%)
: e/ // 5044 A

135,000 -

Figure 10.11  Encrgy-level diagram for
common laser line; the dashed lines arc spontancous.

cocfficicats.
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10 2p4 state.* The numbers in parentheses are the A coefficients. Also shown in
this figure, as dashed lines, are the spontaneous decay routes from the lower
laser level, 2 p,, down to the 1s states. ‘

1-neon system is shown in Fig A o
' These latter transitions, 2ps — 153,45, and many others originating at the

itions shéwn as solid lines. For
328 A is a transition from the 3 e

®

scheme of a laser was discusséd. We do nor look for strong spontaneous, lines

 for a laser; rather, it is the weak lines, which terminate on the uppér states of the
strong ones, that are prime candidates for a laser. )

To illustrate this point further, consider the data given in Table 10.5 for the

two states of interest in the 6328-A trarisition. Here we list the many transitions

& and none of the 2p, — 1s;_s have oscillated (in CW operation). This is in $pite
of the fact that the A coefficient is in the numerator of the laser gain equation:

\ _ (6.56"%) =
34*%} 63282 A

) =4 A ()(N '—?g—’N) (10.5.0)
Yol¥ 2!81781’ (Y2 gll

§-  However, as we will see, it is difficult to obtain an inversion on the 2p —> Is
¥  transitions; hence, they do not lase. But the rapid spontaneous decay of the 2p
states empties the Jower level of the 3s — 2p laser transitions.

A typical helium-neon laser is a glass tube 10 to 100 cm'long, 2 to 8 mm
in diameter, and filled with helium and neon gas i a 5:1 to 20:1 ratio to a
pressure prescription of (12). '

p - d ~ 0.36 torcm d = diameter of bore, cm

Typical currents through the discharge tube range from 5 to 100 mA for CW

operation. .
Such a prescription satisfies the scaling laws ‘of a positive column dis-

i1 oy

v

i Gt Wy

et

need only the experimental facts of life about low-pressure discharges.

1. The electron temperature' is directly related to the ratic of the electric field
to number density of gas atoms (i.c., 7, = E/N ot E/p).-

] *The spectroscopic notation for neon is particularly confusing but widely used. Paschen
. Dotation, as used in Fig. 10.11, was an attempt to fit the neon spectra to a hydrogen-like theory.
It did not work! Nevertheléss, the notation is still with us. As far'aé we are concerned, the pumbers
and letters are names of the states, nothing more..’ . .
. ' The word “temperature” implies a Maxwellian distribution of electron velocities. In fact,
it is not! But it is a reasonable approximation to use for the initial understanding.

The nﬁx_nbcts in _pah:n!hw:s are the

rest of the 2 states, give neon signs their characteristic red color. Note that the
A coefficients (the numbers.in parentheses in Fig. 10.11) for these spontaneous
transitions are quite large compared with that of the laser transition. This illus- .
trates an important point referred to in Chapter 8, where a generalized pumping

out of the two states and their relative intensities as listed in the Handbook of
Chemistry and Physics (CRC Press). All the 35 — 2p;-s transitions have lased,

charge, a subject to be discussed in greater detail in Chapter 12. For now, we

[P S




328 Laser Excitation
TABLE 10.5 DATA ASSOCIATED WITH THE VARIOUS STATES OF NEON
Transition s Jiower AA) AQ10% sec™) Relative Intensity
3s; ~ 2py 1 0 7304.9 0.48 30

352 = 2Ipy 1 1 6401.1 S 0.6(est) . }%

35, = 2py 1 0 6351.9 . 0.7 com
3s; — 2p, 1 2 6328.2 6.56 300 [‘(‘xcd" laser)
35y — 2ps 1 1. 62938 _ L35 100

3s; —> 2ps 1 2 6118.0 1.28 100 _
35, = 2py 1 1 6046:1 0.68 50

35; = 2ps 1 2 5939.3 0.56 50

3s; > 2py 1 3 15882.5¢ Forbid A7 =2 Not observed
352 = 2puo 1 1 5433.6 - 0.59 250
35, > X2p 1 —_ Red-orange 12.8 - —_
3.\'2 b d 3p4 1 2 33913 2.87 ) -

3s; = 23p g —_— IR 524 —_
2ps— 15, 2 1 6678.3 23.8 _ 500
2ps— 15y 2 0 162345, Forbid AJ = 2 Not observed
2ps—> 15, 2 1 6096.2 16.9 300
2ps— 1ss 2 2 5944.8 10.5 500
2py—+>Zls - Red-orange 51.2

Other transitions 3A A ~ A€ 1059

2p, = 2ls 87.9 25, — 2p;y 1.5231 pm . 0.802

2p; = Zls 116.6 2p2 1.1767 pm - - 4,089

2py — 2ls 61.7 2ps 1.1602 um 0.801

2ps — Zls 51.7 2p, 1.1523 um 6.537 {
2ps = Zls 53.3 2ps 1.1409 pm 2.301

2ps = Zl1s 53.6 2ps 1.0844 m 7.543

2p; — Zls 493 2pr 1.062] pm 0.816

2py — 2ls 41.2 2ps 1.0295 um 0.726
2py — Zls 433 2py Forbidden —_
2pi—> Zls’ 33.6 2P 0.8895 pm 1.708

2. Toa n;asOnaBle approximation, E/N is a funcﬁon only of the pressure
times diamefer product. '
The electron temperature (or E/N) is either constant or decreases slightly

s Aadt LALAANTIAL Ll

with increasing current.

3

Thus keeping the pd product constant irnpliés a discharge with more or Jess the
same voltage drop per unit length and same electron temperature. Typ
for T; are ~80,000°K and E/p = 28 V/cm/torr at pd = 0.36 torr-cm.

_equation:

jcal values  ~

The pumping sequence of the red laser is as follows: heljum, bcmgthc 2=
majority gas present, is excited by the energetic electrons in the .high-cnel"gj\!_w ;
of the Maxwellian distribution. Fhis is représented by the following cheriic?

e(KE) + He(I'S) —> He(2'S) + e(KE. —20.66V) (1057

Sec. 10.5 Gaseous-{
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Laser Excitation  Chap, 10 cec. 10.6  Gaseous-Discharge Lasers

QA

TATES OF NEON s~ R where the potential energy of the He(2'S) state relative to the ground state is
- - ——-- W 20.6€V. ’

sec™) . Relative Tntensity . Now this particular state is metastable; that is, it cannot decay back to the
8 30 = -~ ground state by emitting a photon, as such a transition would require J =
i (est) 100 2. & 0—>J=0step. Consequently, such a state will live for a long time—many
fﬁ ;gg {(wn,x'mop " & seconds in fact—unless something else collides with the excited helium atom.
;5 100 ‘red”lse) . F That something else may be another electron, which could excite it further up
18 100 <" ¥ the helium ladder, or the electron could reverse the arrow of (10.5.2). The
;’2 558 :. J excited helium state could also diffuse to the wall to be deactivated there (and
\J =2 Not observed oot < warm up the universe). None of these possibilities help the laser a bit; in fact,
59 ¥ - they are deleterious to its operation.
37 - ¥ But a neutral neon atom can be that something else that collides with that
%4 — - excited helium atom. The potential energy of the He state is transferred to the
3 500 . peon according to '
y\J =2 Not observed 5

: g 3538 ) ©  He(2'S) + Ne(ground) + 387 cm™ -—> He(1'S) + Ne(3s;)  (10.5.3)
2 ¥ where the excess energy, 387 cm™', is provided by the kinetic energy of the

A(X 109 - colliding atoms. .
' 0.302 : Thus we have a selective mechanism for pumping the upper laser level.

z 4.089 . ¥ Furthermore, since the lower 2p, state has a much shorter radiative lifetime than
m 0801 f(firt gas * the 3s; level, it contributes significantly to the creation of the population in-
o 233} {lam) - . version.
m 7.543 e 2 Unfortunately, the 2p, level can also be excited by the discharge indepen-
A g:%g ' . ¥ dently of the 35, — 2p, route, and this fact ultimately dooms the He:Ne laser.
a — . §° system to low power. For instance, the helium 238 state is excited at an even
m 1.708 * i greater rate than is the 2'S state. This lower helium metastable state transfers its

energy to the 2s manifold in neon, which, in turn, radiates to 2p level. Indeed,
this is the excitation route for the laser transition at 1.1523 pm (2s; — 2ps)—the
first gas laser. If the 6328-A transition is desired, the 23§ — 25, —> 2p, route

KN

o
v

unction only of the prcsmn: ¥ is an unavoidable pumping of the lower laser level. Alternatively, the

. ¢ or decreases sli ghtly-: - 2S— 35, — 2p,isbad for the 1.1523-pem laser. This is an example where one
cons tant o w 4 laser transition tends to fill the lower state of another. ’

o, X ‘.zclassic example of the competition for the upper state is provided by the

. = 6328-A and 3.39-pm transitions. The latter, being of longer wavelength and

¢ harge.wnh more o :csasht]l:; -3 thus having a sm_a__ﬁg: Doppler width, has a muéhghighc,_i' 5&:1‘1ulatedt crgfiissidn

n temperamure. Typicalvali? - BE cross section than does the visible transition. Thus, unless special precautions

at pd = 0.36 torrem. 2 T ar taken to reduce the feedback at 3.3 pm, the 3s; — 3p, transition will lase

f;zugﬁﬁeg‘gjcﬁgﬁ + 3 and deplete the population inversion of the 3s; — 2ps. _

: ib n the followin chcmic;l' . S There is another route for pumping the 2p levels: ¢lectron. impact ex-
>d by g 35 - Citation from the neon ground state or from the neon 1s'manifold. After all, the
' : % neon sign depends on the 2p — Is transitions for its charadteristic color, and it
% does indeed work! Therefore ‘the 2 p states will be excited by a discharge. As we
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TABLE 11
SENSITIVE LINES OF THE ELEMENTS®

Wave- Excitation lmamiﬁu.. Scml— Wave-  Excitation irtensities Sensi- Wave-  Excitation Intensities Semsi-
length  Potential} Arc Spk., [Dis.] tivity} ength Potentiatt Arc Spk.. [Dis.] tivity length  Potentiai} Arc Spk., [Dis-] tivity}
A 18 Argon- : %g%g ?;3 20w o - Cr 24 Chromium
als31 130 - 5000 Uz 20w 1 - lso0843 33 500R 100 U4
7503857 134 - v | 283 & loR 40 - |swecss 33 200R 200 U5
7067217 132 - Ewo u3 ) 10 - |sp04s8 - 33 400R 100 us
6965430 133 - 400" U3 . Br 35 Bromine :299.721 29 so00R 80r U3
Ag 47 Silver aen 14 - E%i v |Es B seR e’ U1
mesdsr 80 JooR OB U4 famise 1A - fio] 2 lzeoss 28R own va
sl 36 W00RGOR 0 C 6 Carbon moss 12t % Mo W2
X X - v
2437791 174 60 R v |47z 321 - 500 v2 | 2835633 126 100 s00r V1
226412 178 25 J00hs V3 | 4267.02 321 - 30 v3 L
. 2837 75 - 40 V5 Cs 55 Caesium
Al 13 Aluminum 2836710 275 - 200 V4
T mwawmn (SR o« B o \EE B mon - 18
623176 20 - 90 ¥ Jmesss BB T 200 Bo%im 27 100R W
:;gﬂ-gg i 3 2000 . u Ca 20 Calcium 4855355 27 2000R 100 u3
Js2713 4o 100 1000 U3 ssa7el 47 200 - Cu 29 Copper
3082155 40 80 00 Ui |umse 47 120 -
M 177 10 J0 V2 sz5441 47 109 C o ua |smeze 62 T -3
2660166 106 3 100 vi |4ze728 239 500 R ow Ul |5is323s 62 80 - U4
6aiss3 22 - 40 VI 13068468 92 500R s0R V2 |sl0554 38 500 - us
: 3933666 92 6OR SR 373962z 38 3000R 15008 U2
As 33 Arsenic 379332 131 100 e w V3 |3247b40 38 S00OR 2000R UL
n ez st ~|aseses 131 10 00w V4 | 282437 — 1000 300 ~
; T 257 490 =T op 4 . . 2246995 159 30 500- V3
mg& &g 4 50 s b 41 Columbium 2192260 162 25, s0h V2
zwoler 87 \0R¢ k4 5 | 3700 30 100 o . us |2mere 162 BT SOW vi
52 83 Teor 8 . U laxan 30 200 125 us D D .
BT &7 wor 3 © - 400923 31 300w 200w U3 y 66 Dysprosium
234084 66 250R 18 U3 4079.729 31 500w 200w U2 | 4211719 >29 200 15 -
28312 67 250R t s |ome9ss 3% 100w~ 0w Ul | 4167968 >30 50 12 -
AuT9 G Id. :;%92?;77!7? ;;; 135gw gggwr - 4077974 >30 150r 100 -
94, > — lapasegs >30 150 12 -
u o |3ieas02 278 35 8 - | 4o00as4 S31 400 -
200219 >18 oo ggg r 330786 >79 100 100 - .
2426"-'»_27 _gg % 0R 10 n 3094183 >80 100 1000 vl Er 68 Erbium
55 5o casoumum iy B f O
ron 64384696 7.3 2000 1000 - 652 >3 z
s me e @ WA BIE & - ot >3 B e
2496778 49 300 300 U2 ; 73 80 s0h - Eu 63 Europium
3261057 38 300 300 — | aesrm - 300R 120 550
Ba 50 Barium mE 2t B D |Em - B OB
srrees 32 Son IR Uz | 2312 201 1 1 7 laosoe 86 20 BT
555535-5519_1-15 22 1008 ‘™R U3 2288018 54 1500R  30R Uy 4129737 BE 150 R SOR -
SR D Ren gn Wlmmer M4 B e W o Fluor
1934085 7.7 400h  400h V2 . - 0 . . ' oriné
R L Co 58 Cortum ae e - g
3s9r78s 109 8" 5o va | 4186599 >86 & 25 ~ | 52916 thCaF 200 - -
om0 40 100R SOR US 4165606 >86 40 6 -
>389 iz R 00R - 262 >87 70 5 - Fe 26 fron
2304235 112 60R 8OR - 4512338 >&87 £0 20 - X
- - : . 5743264 24 600 200 us
Be 4 Bery"ium Cl17 Chilorine 3745.903 34 150 100 us
3321343 64 1000 41846 23 7 00 W | 59 31 150 oot i
21.082 & 1" o U3 | o100 z 200 va p I 3 1ok 70 Ul
322013 64 - U s B3 - L9 vz | 31935 33 100R  6XR X
3131072 132 200 150 V2 Co 27 Cobalt 2413309 - 131 60 100h V5
mes 122 B % |mm ez oBlmE B B SR W
5348610 b4 2000R 60 Ul | 35300 40 3000R 20 U2 | 2395625 130 50 100wh V2
Bi 83 Bismuth Swesg  40'MOR A% C Pasow 130 sr 0RO
4722552 40 1000 100 _ 238918 141 10 35 - Ga 31 Gallium
776 40 3000hR 2000wh UL 2378622 141 25 sow - _j4720% 31 2000R 1000R Ul
2089029 55 250wh 00wh - 2363781 142 25 50 - [ 825%5 31 ioR (SOR 12
So38208 61 300w 300w+ 2307857 W3 25 w — l2oa3ssm 43 10 20r U3
Zao7o75 56 S00WR B0OWR U2 286156 143 40 201 V1 |2Bra2e 43 10 15r U4

. . * Compilod from & combination of empirical and theorstical data selectad from the literature.

1Fo|_'lnio'n,th'e'4 ization potential of the neut ! afom has been Incl dod in the e ion pot "'(ogivelnappmxlmate'idoao”b‘
excitation required to produce the tine. - o : ’ N

For the nevtral atom, the most sensitive line (rale inttirme) is indicated by U1, and other lines by U2, U3, etc., In order of docreasing yms‘-
tivity. For the singly ionized atom, the corresponding designations are V1, V2, etc. I cases where UL is not given, the most s_,on_s“lyo liges
lie outside the spectral range 10,000-2000 A Figures given in the Sensitivity. Column are’taken from tho NBS Tables of Spectral-Line In-
tensities, where values for numerous cther lines aldo can be found. (See Megpers, Corliss and Scribner, NBS Monograph 32,1961, Goverm-
ment Printing Offica; also C. H. Corliss, NBS Monograph 32 Supplement, 1967). ) - .
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SENSITIVE LINES OF THE ELEMEN~TS

Wave-  Excitation Intensities Sensi-
length  Potentialt Arc Spk., [Dis] tivity}
Gd 64 Gadolinium

3768.405 >33 20 20
3646.196 >34 200w 150 -

Ge 32 Germanium
4226570 49 200 50 -

3260.494 47 300 300 U3
3039.064 4.9 1000 1000 uz2
2708626 45 30 20 -
2651575 47 30 20 -
2651178 4.8 40 20 -
H 1 Hydrogen
656279 120 -  [3000 u2
4861327 127 - [500
He 2 Helium
5875.618 236 -  [1000 U3
468575 753 - [Pw -
3888646 229 - 000] - U2
) Hf 72 Hafnium
7240.87 —~ 5000 600 50
723700 - 8000 1000 80
7131.82 - 7000 1000 70
52 ~ 3000 400 20
6818.94 - 2000 15
9.28 - 1000 100 8
4093161 >78 25 20 -
3134.718 80 125 -
3072877 40 80 18 -
2940772 42 60 12 -
2916481 42 0 15 -.
2904.408- ' 48 30 6 -
2898259 46 50 12 -
2620224 >92 40 100 -
2773357 >93 25 60 -
2641.406 >95 40 125 -
2516.881° >9.7 35 100 -
2513028 >97 25. ., 70 -
Hg 80 Mercury
5460753 7.7 2000 - 320
435835 7.7 3000w 500 -
4046561 77 200 300 -~
3663276 8.8 500 400 us
3654833 88 -~ [200] U4
3650146 B8 200 500 u3
2536519 4.9 2000R 1000R U2
Ho 67 Holmium
389102 >32 200 40 -
374817 >33 60 40 -
293677 >4 - 1000R -~
1 53 lodins
546461 227 — 900 -
5161.1 228 - 300 -
206238 >164 - 900, -
In 49 Indium
4511323 3.0 S000R  4000R Ul
4101773 30 2000R 1000R U2
§258.564 41 SOOR  300R us
3256090 41 1500R 600R U3
3039356 4.0 10008 500R U4

Ir 77 Iridium

3513645 35 1:00h 100 U2
3437.015 44 20 15 -
3220.780 4.2 100 30 UL
2924792 42 25wh 1! =
2849.725 43 40h 20
2661.983 - S00R

K 19 Potassium

385
3

7698.979 1.6 5000 R - U2
7664.907 1.6 9000R - ul
4047.201 3.0 400 200 U4 -
4044140 31 800 400 u3

t For an ion, the fonization potential of the neutral atom has been included in the &
itation required to prod the line. - -

s indicated by U1, and’ather fings by U2, U3, etc., in ordor of docreasing sonsi-
fions ars VI, V2, etc. In cases where Ul is nd ,

Figures given in the Sensitivity Column are tikeh from the NBS Tables
Yound. (See Meggors, Corliss and Scribner, NBS Monograph 32, 1961; also C. H-

. $ For the nsutral atom, the most sensitive line (raie ultime) §
tivity. For the singly ionized atom, the corresponding designal
lie outside the spectral range 10,000-2000 A.
tensities; where values for numerous other lines also can ba

Corliss, NBS Mornograph 32 Supp , 1

Wave-  Excitation Intensities -'Semi-
length  Potentialf Arc Spk., [Dis.] vivity?

Kr 36 Krypton

58709158 121 - 3000] u2
55702896 121 - 2000 u3
La 57 Lanthanum
6249.929 25 300 - ul
5930.648 22 2% - u2
5455146 24 200 1 U3
4123228 B89 500 500 V4
4077.340 .89 600 400 V3
3949106 91 1000 800 V2

Li 3 Lithium .
6707.844 1.8 3000R 200 ul
6103642 3.9 2000R . 300 U3
460300 . 45 800 - U4
323261 ~ 38 1000R 500 U2
Lu 71 Lutecium
451857 >27 300 40 -
355443 S62 50 150 -
347248 563 50 150 -
339707 >63 60 0 -
291139 >69 100 300 -
289484 70 60 200 -

Mg 12 Magnesium

ag
N8
23
£
888
3%
g8
i
[

59 300 200 u2
250

258
3832.306 59 2 u3
3829350 59 100w 150 U4
2852329 43 300R 100R WUl
2802.695 120 150 300 V2
120 150 300 Vi
Mn 25 Manganes
4034490 31 250¢ 20 u3
4033073 31 4007 20 u2
4030755 31 5007 20 ul
2801.04 "L 600R 60 480
2798271 - — BOOR 80 650
2605688 122 100R 500R V3
2583729 122 200R  1000R V2
2576.104 122 300R ~2000R V1

Mo 42 Molybdenum
3902.963 32 1000” S0R U3

3864.116 3.2 1000R S0OR U2
3798252 33 INO0R 1000R Ul
2909116 116 25 . ©h V5
2890.994 117 30 50K V4
2871508 117 100 100h V3
2848232 118 125 200h V2
2816.15¢ 119 200 3008 V1
N 7 Nitrogen
567956 351 - V2
5676.02 350 - V4
64 380 - '300 V3
410098 -137 -  [1000 U2
210337 743 - 50 -
994 137 -~ 50 u3
409731 743 - 100 -
Na 11 Sodium .
5895923 21 S000R S00R U2
5889.953 21 9000R 1000R Ul
5688.224 43 300 - -
5682657 43 B0 - -
3302988 37 3OR 10OR U4
3302323 37 600R 300R U3
Nd 60 Necdymium
4303573 >29 100 40 -
477321 >30 15 25 -
3951154 >31 40 30 -

Wave-  Excitation Intensities Sensi-
fength Potentialt Arc Spk., [Dis.] tivity}

Ne 10 Neon
6402246 185 - | 2000} -
5852488 189  ~ 12000 -
5400562 189 - Ezooo -

Ni 28 Nickel

3524.541 35 1000R 100 wh
3515.054 3.6 1000R 50 h

5205 3 1000R 100h U2
3414765 36 1000R sowh Ul
3050819 . - 1000R - 280
2287.084 148 100 500 V1
2270213 142 100 400 v2
2264.457 143 150 400 V3.
225386 144 100 300 vs
O 8 Oxygen :
7775433 107 = Poo U4
7774138 107 - 300 us
e 107~ [I000] u2
Os 76 Osmium
44204 28 400R 100 -
3267.945 38 400R 30 -
3262290 43 S00R 50 -
3058.66 40 S00R 500 -
2905061 42 SOOR 400 ul
: P 15 Phosphorus
2554.93 71 60 20° -
255328 71 80 20 u3
253565 72 100 30 u2
2534.01 72 % 20 -
Pb 82 Lead
56088 169 - %] v2
4057.8%0 44 2000R R UL
3683471 43 300 0 u2
3639.580 4.4 300 0N -
2833069 44 S00R 8OR -
2614178 D47 2007 80 -~
2203505 147 S0W 500R V1
2169994 57 1000R 1000R -

. Pd 46 Palladium_
3634695 4.2 2000R 10008 U3
3609.548 44 1000R 700R -
3516943 45 1000R  S500R -
342124 45 2000R 1000R U2
3404580 44 2000R 1000R Ul

| 2854581 166 4 500h -
7658722 169 20 300 -
2505739 175 3 30 -
2408784 172 4 150h -
2488921 163 10 30 -

Pr 59 Praseodymium
4225327 >29 50 0 -
4189518 >29 100 50 -
4179422 >30 . 40 -
4062817 >30 150 50 -
Pt 78 Platinum
3064712 40 Zooon  300R U
2997.667 4.2 1000R  200r -
2929794 42 BOOR 200w —
2830205 4.4 1000R €201 =
2659454 46 2000R  S00R U2
Ra 88 Radium
4825.91 26 - ul
468228 78 - 800 v2
381442 . 84 - {200 Vi
Rb 37 Bubidium

7947.60 1.6 5000 R 32

7800.227 1.6 9000R
us

4201.851 29 2000R

xxan

P

4215556 29 1000R- 00 UL
500

."Z'::
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- WAVELENGTH TABLES
Wave-  Excitation Intom?tien_ Sensi- ‘Wave-  Excitation Intensities Sensi- Wave- Excitation intensities Sensi-
longth  Potentialf Arc Spk., {Dis] tivity: length  Potentialf Arc Sok, [Dis.] tivity} length  Potentiall Arc Spk., [Dis.] tivity}
. ' Re 75 Rhenium Sn 50 Tin U 92 Uranium °
< 488917 25 2000w - U2 | 4524741 48 00wh 50 - 4201859 >29 40 50 -
346047 36 1000W - Ut | 3262328 48 400h 300h U3 | 3672573 >34 8 15 -
. ) 3175019 43 600h  400hr - 382172 >35 B 12
. Rh 45 Rhodium 3034121 43 200wh 150wh = .
. wonssr 33 sond lwowd - | ¥ 33 30R oA w2 | V 23 Vanadium
t 3657.087 36 5S00W 200W -~ e s 4B 30R 30R Ul |i%8e0n4 31 80R @R -
z 3434893 36 1000r 200r U1 - 484722 31 125R 18R -
339685 3.6 1000w 500 - . . 4379238 31 200R  200R Ul
3323032 39 1000 200 - Sr 38 Strontium g{maes g.s gg &g u2
. ) 4962263 43 40 - 83982 3.9 IR~
p Rin 86 Radon 8243 2 2 R N L T I ol
2 0 - 8 - 4832075 43 200 8 Uz g v
5 745000 83 600 uz 4 3118383 111 70 200R V4
s EaR R - B OSlmm Rt 5L G |gemm o ROBR B
: . Y2 -
Ru 44 Ruthgqnium prii P0r e W ¥ |3e3l08 112 100R 40R V1
3 3596179 37 30 100 U3 | 3474887 122 80 50 - .
wwsz 33 won @ U oruasm B2 X | W 74 Tangstor
£ 711 122 -
B w m - crve 32 o2 8 U
: 2045668 Slo6 & 30 - Ta73Tantaum . |geing 34 43 %
;! 2712410 >110 80 300 - . 3406664 >36 70w 18s - 3215.560 53 10 9 -
2692.065 >11.0 8 200 - 3318840 >37 125 . kL1 - | 2589.167 >10.6 15d 25 -
. . N 2678758 >11.0 100 300 - 3311162 >3.7 300w 70w Ul | 2397091 >10.9 18 30 -
: S 16 Sulphur - Th 65 Terbium : Xe 54 Xenon
. - 923749 78 - 200 US | 337418 >32 200 200 - lasnzs 109 - {2000 U2
5 922811 78 - L?& Us | 34875 532 100 200 2 |es24278 108~ Exoooi U3
921291 .78 . - us | 30077 335 o . 20 - |4swoer7 mo - [0l W4
469625 91 - 5 U9 | 3509017 S35 200 200 - :
oosds oL - D W ’ ' Yb 70 Ytterbium
; 469413 91 -  [500 uz . : er
: Sb 51 Ant Tor T e 23R &R B
atimon: h - - 3694203 D33 & ;
58 150 ‘);0 Wh - 2759:_% 55§ - % = |azse37 538 50R 1000R 2600
. 232.4 - 238576 58 600 300] Uz | ‘ .
232499 61 0w o - |meazs 53 0 Bl w Yt 39 Yttrium
2598062 58 200 100 - 214275 58 600 - 55 § 4674848 27 8O 100 ul
2opss 8 JeR o - Thoo T e N oO» wow
- k - "hori 3 7 9. -
X 2175890 57 40 u2 h 90 Thorium 3774332 99 12 100 -
60 300R 3 Ul | 408137 >31 8 8 - |3m0200 100 80 150 vi
ggg;# ;g; 8 ,3-,8 - |363:123 89 50 100 -
: Scandium - - 1300734 101 100 300 -
' Sc 21 ndium 329059 >73 - 40h - 3242280 105 100 -
' g um 28 - »
foiis0 32 10 % o Ti 22 Titanium Zn 30 Zinc
. 3907476 32 125 25 U2 [5007213 33 200 40 _ less2347 7.7 1000Wh 500 -
] 3642785 100 60 50 V3 ] 4999510 33 200 ) Z ]4s0534 65 400w 30Ch -
3 3630740 101 50 7 ve | 4991066 33 200 100 - |a21s9 66 400w  300h- -
5 3613836 101 40 70 vl | 4981733 33 300 125 1 | 430138 65 300w 200h -
1 | ‘ M n R o= o2imes am R E
s 11 2. 3 0 - 2. g
S Se 34 Selenium 3635463 34 200 5 - 32333 78 B50R 30 U4
& 474225 >26 - Esoo ue | 3383761 104 70 300R - |2557.958 153 10 300 v3
§ 473903 >26 - us | as7zB00 105 80 “00R V3 |2502000 153 20 400w V4
8 473078 >26 -  [1000 us §3361.213 105 100 600R V2 | 213856 8 BOOR 500 u1
i 2062788 63 - {800 U3 | 3349035 111 125 sooR V1 206191 154 100 100 V2
i 851 63 - [0001 U2 200551 155 200 200 Vi
i - Ti 81 Thallium .
i Si 14 Silicon s1045. 23 S000R 200R UL |, Zr 40 Zirconium
v 528 5@ 20 W - S7s72 33 3000R 1000R U2 | 4772312 32 190 - -
: 2881578 51 500 400 ui | 3519.24 45 2000R 1000R U3 |4739478 32 100 - -
16 49 400 500 U2 | 322075 48 2000 800 =% Janoo7s 33 60 - -
%fg 42 % 283 U3 | 261832 52 400R 200R - - m{-ggg 38 128 s 3;
. . y - b - & ’
. ' 276787 45 40R  300R 3572-;;; lg.‘q 26“6 ?g m
o . . 3547.682 5
” _ Sm 62 Samarium Tm 69 Thulium 3519.605 35 100 10 u3
.. 4434371 88 200 200 vz ] 3761917 >33 200 120 ~ [ #9210 105 100 100 v3
- 4424342 89 300 300 V1 }3761333 >33 250 150 ~ 3438230 106 2% 200 V2
. 4390865 86 150 150 - {3221 >38 200 100 ~ | 391975 2107 300 400 Vi
1 For an ion, the fonization potential of the neutral atom has been included in the excitation p tial to give an approximate idea of the

excitation required to produce the line.
_ $ For the noutral atom, the most sensitive line (raigultime) is indicated by UL, and other lines by U2, U3, etc., in order of decreasing sensi- " -
tivity. For thé singly ionized atom, the correspondi g designations are V1, V2, etc. In cases where U1 is not given, the most sensitive lines
- lie gutside the spectral range 10,000-2000 A. Figures given in the Sensitiyity Column are taken from the NBS Tables of Spectral-Line in--
t&;x(slg;;oshvégem values for 31;umorous othar lines aiso can be found. (See Meggers, Corliss and Scribner, NBS Monogragh 32, 1961; also C. H.
H , AA g n [~ 1 vy 19 . . - N -
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Intensity

Z =18
Arland Il i
Ref. 190, 203, 204, 219, — E.F.W,
Wavelength
Vacuum
487.227 I
490.650 I1
430.701 ;o
519.327 hes
342,912 Ix
543,203 hed
587,461 II
556.817 1
573.362 Il
576.736 1
580,263 o s
583.437 h 23
597.700 hod
602.858 b33
612.372 II
661.867 II
664.562 n
666.011 II
670.946 11
671.851 u
676.242 e
- 11
u
Il
.
I
H
730.930 1
740269 1
748.925 I
745,322 11
802.859
806.471
806.869
807.218
807.653
809.927
816.232
816464
820.12%
825.346

-
&
=

an

N

919.781
932.054
1048.220
- 1066.650

2942.893
2979.050
3033. 508
3093.402
3200.37

3243.689 -

3293.640
3307.228
3319.34
3350.924
3373.47
3376.436
3388.531
3393.73
3461.07 -
376,747
3478.232
3491.244
3491.536
3509.778
3514.388
3545.596
354,845
3554306
3559.508
3561.030
3576.616
3581.608

ARGON(AD

ol el
L R e

50

25

3582.355
3588. 441
3606.522
3622.138
3639.833
3718.206
3729.309
3737.889
3765.270
3766.119
3770.363
3770.520
3780.840
3803.172
3809.456
3834.679
3850.581
3868.528
3925.719
3928.623
3932.547
3946.097
3947.505
3948.979
3979.356
3994.792
4013.857
4033.809
4035.460
4042.894
4044.418
4052-921
407Z.005
4072.385
4076.628"
4079-5%4
4D82. 387
41034912
4131.724
£156.086
4158.5%0
4164.180
4179.297
4181.884
£190.713
&191.029
4198.317
4200.674%
4218.665
4222.637
£226.988
%228.158
4237.220
4251.18%
4259.362
4266.286
4266.527
4272.169
4277.528
4282.898
4300, 101
4300.650
4309.239
4331.200
4332.030
4333.561
4335.338
4345.168
4348.064
4352.205
£262 QL

4367.832°

4370.753
4371.329
4375.954
4379.667
4385.057
_4400.037
4400.986
4426001
4430.189
4430.996
4433.838
4439461
£448.879
4474.759
4481.811
4510.733
4522.323
£530.552
4545.052
4564405
4579.350

4589.898 .

4596.097
4603.567
4628, 441
4637.233
4657.901
4702.316
4721.591
£726.868
4732.053

10-4

4735.906
4764.865
4806.020
4847.810
4865.910
4879.864
4889.042
4904.752
4933.209
4965.080
5009.334

.5017.163

5062.037

5090.495 .

5141.783
S$145.308
5151391
5162.285
5165.773
S187.746
5216.814
5221.271
5421.352
5451.652
5495.874
5506.113
5558.702
5572.541
5606.733
5650.704

- 5739.520

5834.263
$860.310
5882.624
5888.584
$912.085
5928.813
5942.669
5987.302
5998.999
6025.150
6032127
6043.223
6052.723
6059.372
6098.803
6105.635
6114.92)
63454441
6170.174
6172.278
6173.096
6212.503
6215.938
6243.120
6296.872
6307657

6538.112
6604853
6638:221

| 6639.740

6643.698
6660.676
6664.051
6666359
6677282
€684.202
6752.834
6756.163
6766.612
6861.269
6871.289
6879582
6888.174
6937.664
6951.478
6960.250
6965.431
7030.251
7067.218
7068.736
7i07.478
7125.820
7147.042
7158.839
7206.980
7265.172
7270.664
7272.936
7311.716
7316.005
7350.814
7353.293
7372.118
7380.426
7383.980
7392.980
7412.337

1 7425.294

(o]
R R R R R SRR R~

o]

(o]
b e 0t ot Dt b Bl et e el et et

o]

-

e
R IR R RN

ot

" .
T 0 e e i b P g o et bl el B e 0 b

7435.368
7436.297
7503.869
7514.652
7635.106
7723.761
7724.207
7691.075
7948.176
8006.157
8014.786
8053.308
8103.693
8115.311
8264.522
8392.27

8408.210
8424.648
8521.442
8605.776
8667.944
8771.860
8849.91

9075.394
9122.967

9194.638

$224.499
9291.531
9354.220
9657.786
9784.503
10052.06
10332.72
10467.177
10470.054
10478.034
10506. 50
10673..565
10681.773
10683.034
10733.87

- 10759.16 -

10812.896
11078.869
1110646
11441.832
11488.109
11668.710

. 11719.488

12112.326
12139.738
12343.393
12402.827
1243§. 321
12456.12

12487, 663
12702.261
12733.418
12746.232
12802739
12933.195
£2956. 659
13008.264
13213.99

13228.107
13230.90

13272.64

13313.210
13367.111
13499.41

13504. 151
13573.617
13599.333
13622.65¢
13678.550
13718.517
13825.718
13907.478
14093840
15046.50
15172-69

1532534

15989.49

16519.86
16940.58

18427.76

20616.23
20986. 11

23133.20
23966.52

-
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Ref. 367, 372, 373,375 —

Intensity

12

E.F.W.

Wavelength

Vacuum

769.15

e




Hafnium (Cont.)

15 1305.24 v
12 1357.40 v
10 1390.39 v
0 1491.67 v
i 1528.82 v
15 1560.18 v
25 1572.03 v
100 1717.21 v
20 1718.57 1v
Air
100 2054.46 v
7 2014.06 v
20 7751.29 v
10 7267.58 v
Hf-V
Ref.410— R.L.K.
Intensity Wavelength
Vacuum
220 545.41 v
180 600.00 v
100 816.81 v
100 830.69 ¥
100 836.74 v
100 846.87 v
100 856.32 v
100 861.80 v
135 865.16 v
270 867.25 v
180 875.88 v
135 877.87 v
135 880.37 v
100 880.85 v
180 885.58 v
135 883.80 v .
i35 894.24 v
100- 894.41 ¥
180 896.14 v
100 896.47 v
135 899.70 ° v
180 901.54 v
135 901.92 v
135 904.95 v
135 909. 70 v
135 913.63 v
135 918.48 v
180 919.10 v
20 921.67 v
135 928.01 v
135 931.50 v
135 947.12 v
25 951.62 v
180 96012 v
180 964.74 v
160 971.51 v
135 974,62 v
120 984 64 v
135 991.50 v
100 1078.42 v
100 1075.92 M
160 1092.76 v
135 1097.28 v
135 1137.49 v
160 1201.76 v
135 1208.88 v
135 1224.62 v
135 1227.98 v
135 1230.21 v
20 1232.03 v
200 1233.59 ¥
160 1237.42 v
100 1238. 85 v
160 1239.53 v
160 1244.46 v
100 1259.25 v
440 1396.66 v
270 1400.08 v
160 1401.70 v
135 1405.77 v
370 1407.17 v
E2{) 1408.38 v
270 1412.28 v
270 1413.51 v
L 160 1421.96 v
220 1422.53 v
370 1433.43 v
370 1437.27 v
500 T 1437.73 A\
370 . 1445.40 v
270 1457.91 | v
270 1719.32 v
550 1729.08 v
750 1731.83 v
150 1733.96 v
440 1741.74 v.
* 1000 1749.11 v
1750.19% v

1006

500 1760.89 v 2 8361.69
370 1765.62 v 2 9063.27
-270 1774.02 v 2 9210.34
135 1792.39 v 10 9463. 61
i X 4 9516.60
HELJIUM (He) 3 9526.17
: Z =2 1 9529.27
1 9603.42
e Tad T O
Ref. 16,8‘7.”3, 183, 317 2 10031.16
e 15 10123.6
1 10138.50
Intcnsity Wavelength 10 10311.23
2 10311.54
Vacuum .3 10667.65
15 231,454 11 300 10829.09
20 232.384 P43 1000 10830.25
30 234,47 133 2000 10830.34
50 237.331 1 9 £0913.05
100 2483.027 u 3 10917.10
- 300 256.317 11 & 11626.4 1
1000 303.760 11 30 11969.12
500 303. 786 1t i 12527.52
10 320.293 . 1 50 12784.99
2 505.500 1 20 12790.57
3 505. 684 N 7 12645.96
4 505.912 L1 10 12968.45
s 506. 200 1 2 12984.89
3 506. 570 i 12 15083. 64
10 507.058 1 200 17002.47
15 507718 x 1 18555.55
20 508. 643 1 6 18636.8
25 509.998 1 00 18685.34
35 512.098 1 200 18697.23
50 515.616 i 100 19089. 38
100 522.213 T 20 19543.08
400 537.030 1 1000 20581.30
toco 584,334 1 80 21120.07
50 5914412 1 1o 21121.43
s 958.70 B 0 20132.03
¢ 972.11 IE 3. 30908.5 I
& 992.36 i 1 - 40478.90:
15 1025.27 1
0 1084.94 I HOLMIUM (Ho)
35 1215.09 pod Z =67
sQ 1215. 12 b3 j .
120 1640.34 1 HolandIf
180 1640, 47 11 Ref. t — C.H.C.
Air Intensity Wavelength
7 2365.40 1T Adr
9 2511.20 o
3 Bt 1 170+ 2502.91 Py
12 2733.30 o 890 2508.53 1
2 2763.80 1 110 2513.5% 1
10 2818.2 1 95 2518.73 33
4 26829.08 1 170 2533.80 I
10 2945.11 1 130 2536486 11
40 30137 1 80 255684 1
20 18774 1 80 2567.73 I
3 3202.96 )31 80 b
15 3203.1¢ 1] 60 1T
1 3354.55 1 3s 1
2 3447.59 1] 190 1
] 35687.27 b 10 11
3 3613.64 1 95 34
2 3634.23 I 60 11
3 3705.00 1 80 2640.09. 1
1 3732.86 1 80 2640.30 23
10 3819.607 1 60: 2649.68 I
1 3819.76 1 80 2666.7% iE
500 3888.65 T 70 2689.03 . I
20 3964.729 1 210 2713.65 1%
L 40038.27 ‘1 30 2733.95 ir
50 £026.191 T 270 2750.35 11
5 402636 1 110 ¢ 2759.35 1
12 4120.82 1 110 2766.85 Ir
2 4120.99 1 270 2769-89 - 1I
3 4143.76 1 110 2772.83 I
10 K367.929 1 150 2777.10 It
3 £437.55 1 140 - 2794.41 1z
200 4471.479 1 100 2799.99 11
25 4471.68 1 too 2806.72 IL
6 4685.4 " 160 <  2809.99 11
30 4685.7 b33 220 2811.36 11
30 4713.146 1 180 2812.00 11
4 4713.38 1 190 2814.74 1I
20 4921.931 1 300 2824.20 IT
100 5015.678 1 10 2826.64 11
10 5047.74 tog 270 ¢ 2831.69 I
5 S411.52 I 210 . 2834.99 1z
500 5875.62 I 110° 2835.85 1
100 5875.97 1 110 2844.18 1t
8 6560.10 11 100 2844.68 11
100 6678.15 I 276 2849.10 11
3 6867.48 1- 100’ 2861.23 II
200 7065.19 1 250 2861.%9 1
30 7065.71 1 150 2862.72 I
S0 . 7281.35 b 210 2671.99 1
1 7816.15 1 230 2874.06 I
10-39

. ~
PR e R R ]
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160
360
460
340
160
170
370
170

110
160

220
300
250

580
390

16000
1600
360
810
5400
6300
490
580

nno 0NN NO apoo

no

2874.43 11
2880.26 1z
2880.98 i
2894.99 11
2895.62 11
2900. 84 11
2909.41 11
2915.82 11
2919.62 I1
2925.35 I1
2926.09 11
2928.30 11
2942.05 1
2944.49 has
2953.11 h3d
. 2973.00 It
2979.63 iT
2981.46 11
2985.48 hed
2987.64 It
2990.27 h3d
2995.86 I
3008.10 11
3014.60 . I
3038.69 Ir
3049.38 1
3054.00 1E
3057.45 11
3074.30 1
3082.34 1r
3084.36 Ir
308654 h3s
3108.31 11
3109.91 IX
3118.50 1z
3130.99 134
3134.39 X
3148.36 ped
3i56.18 I
315697 11
3159.67 11
3166.62 1
n71.72 i1
3173.78 1X
3174.84 11
3176.97 ir
3181.50 11
3183.84 i1
3184.48 Iz
3186.37 X
3197.83 11
3201.76 .11
3206. 86 hat
3210.41 II
3221.42 11
3233.34 had
3236.50 IL
3237440 he s
3257445 Ir
3278.15 1L
3279.25 II
3281.97 1z
3288.46 P
3290.96 I |
3305-16 it
3319.87 11
3320.25 1
3331.93 pad
3337.23 11
3338.86 pad
3343.58 L
3344.42 I
3350.49 11
3332.18 jod
3353.55 T
3354.58 pasd
3357.91 T
3364.27 31
3370.87 ix
3374.16 )33
3390.75 1F
3394.60 I¥
3398.98 1T
3410.26 1f
3421.63 I1
3453.14 1
3410.65 11
3414.90 1I
341646 IX
3425.34 11
3428.13 pad
3429.18 1T
3432.10 34
3449.35 I
3455.70 11
3456.00 I1
3461.97 11
3467.07 I
3473.91 bs
3474.26 1L
3484.84 1r
3489. 58 11
3493.09 1z

et wr ¢

vt A P 155



Holmium (Cont.)

12 7602.31 I 0 2255.79 11 160 ¢  3718.72 44 210 ¢ 7760.7 84
16 7605.35 b 10 2259.99 I 160 e 3723.40 1 160 < T776.96 34
12 7617.05 1 5 2278.20 1 170w 3795.21 It 160 ¢ 7789.0 1
. 14 7627.98 1 40 2281.64 1 230 < 3799.21 IT 13 e 7806.8 b4
W0 ¢  7628.42 1 2 2283.75 1 250 e 3834.65 1 70 ¢ 78la-5 s
9 <  T764L.14 1 2 2298.33 1 200 ¢ 3842.18 24 50 ¢  7840-9 1I
4 7648.16 1 2 2298.70 1 100 3889.78 1 20 h  B0S0.78 T
16 ¢ 7653.80 1 2 2302.49 1 100 ¢ 3502.07 1t 240 ¢ - 8227.0 11
12 <  7667.30 I 100 ¢ 2306.05 33 60 4 23922.12 1 30 h  8238.66 1
20 7690.43 1 25 2306.86 1 65 ¢ 3934.40 LI 15 b 8314.92 1
0 ¢ 7693.15 I 3 . 2309.32 1 250 w 396%.35 Il 50 ¢ 8434.55 11
0 v 7715.06 1 2 2309.75 1 120 ¢ 4004.66 11 30 8678.95 1
16 7719.05 1 90 d 231321 b33 140 & 4013.92 1 20 8682.63 1
16 h 7738.98 1 2 2315.09 1 410 v 4056.94 T 50 8700.25 1
a8 e 7752.01 1 30 2323.40 n 17000 4101.76 1 100 w  8813.5 i
60 Cv 7815.48 1 5 2324.41 I L 40 e 4205-14 I 80 ¢ 8832.6 LI
40 Cv  7823.63 1 3 2324.92 3 100 4 4213.04 1 40 8894.47 I
8 h  7BI9.22 . X 76 4 2327.95 41 110 @ A219.66 11 10 $170.08 1
60 7894. 64 1 3 2332.76 I 150 4 4372.87 11 120 ¢ 9197.7 1L
10 h  B4B4.66 1 80 b 2334.57 33 150 ¢ 4500.78 11 120 < 9202.0 jad
10 h 8482.67 1 10 2340.19 b3 18000 4511.31 1 220 w 9213.0 II
30 8512.94 1 8 2345.90 1 110 ¢ 4549.01 11 160 d . 9241.1 I
20 8545.61 II 5 2346.56 1 140 < 4570.85 11 40 h 9349.83 1
18 8601.84 I1 50 d 2350.75 11 180 w 4578.02 II 60 h 9370.27 I
&0 8670.19 1 ] 2358.70 I 180 v 4578.40 1 20 9427.99 I
8 h  B697.32 15 2378.14 1 40 e  4616.08 11 100 9977.86 1
16 & 8805.48 1T 10 2379.00 b3 170 ¢ &4617.17 11 200 10257.03 1
20 c  8834.49 1 116 4 2382.63 43 250 ¢  4620.14 1t 60 h  10717.42 1
8915.98 1 40 2389. 54 e 150 v 4620.70 I 100 h  10744.31 T
40 2393.18 I 170 ¢ 4627.30 I 20 11334.72 I
i HYDROGEN (H 10 2399.18 1 140 < 4637.04 1 20 11731.48 1
Z =1 (H) 50 b 2406.47 3 380 ¢ 4638.16 u 10 12912.59 b
= 50 2408.76 I 220 o  4664.58 1 9 13329.96 1
50 2419.06 11 360 ¢ 4655.62 i 5 13824.48 1
H1 50 2419.20 11 320 w  k656.74 11 5 14316. 25 1
Ref. 214 — W.C.M. 70 b 2427.20 11 190 < 468L.11 11 3 14419.20 1
. 20 2479.86 I | 4500w 46B4.E Ir [3 1466866 1
Intensity Wavelength 10 2430.99 T 3 4878.37 1 7 14719-08 1
Vacuum 50 2432.73 I 9 4 £907.06 34 2 16504.31 T
. 60 2442.63 I 70 b 4924.93 1 6 22291.06 by
100 2447.90 ix 150 ¢ 4973.77 11 b 23879.13 b
26. 226 b ¢ ¢ .
o4 probon ! 60 2453.73 n | s wn  s109.3 |
2% 937,803 I 60 2460.08 1 100 v 5115.14 I n 1L
50 949.743 1 30 h 2668.02 E 140 c  5117.40 u Ref. 350 — C.H.C.
100 972.537 1 je - 26486.15 hes 270 ¢ 5i20.80 b4
300 1025.722 1 110 4  2488.62 1T 200 v 5121.75 . Intensity Wavelength
1500 1215, 668 - 1 %0 2488.95 it 80 d  5129.85 1
500 1215. 674 1 80 2498.59 Ix 240 ¢ S175.42 I - Vacuum
100 2499. 60 1 140 ¢ S184.k4 it
: 90 &  2500.99 b3 30 5254.32 O ¢
Adr 60 2508.16 1 12 5262.74 1 ! P o
5 3835. 384 [ mo ¢ 2502.3 I 159 ¢ 5308.45 Iz 1 782.17 III
. : 100 2521.37 1 80 S411.41 it . :
6 3883.049 I ; < : 10 882.24 ILL
8 3970.072 1 10 2522.98 b M0 e S4iB.45 i 10 890.84 1L
1 ot 1 70 2553.56 b33 220 w . 5436.70 11 1o 915.87 113
. 160 d 255h.44 ir 130 ¢ 5497.50 11 b :
30 4340.47 1 1100 2560.15 oA 2 917.45 IE
40+ 4 5 1 140 ¢  5507.08 o A
8o 4861.33 1 G p H 926.83 111
0 70 2565.13 11 320 ¢ 5513.00 pad g
120 £562.72 1 b ] ; el 30 1403.08 111
2 70 d  2598.75 11 250 w  3523.28 iz -
] 180 6562.852 1 2 ; ; " : 30 1434.85 - IIF
G 200 2601.76 1 130 ¢  5536.50 11
s 9545.97 x s0 2604.04 199 5555.45 Bt 20 1487.70 I
7 10049. 6 1 ¢ e i 0 v “on : 20 - 149414 333
v . 90 d 2654.70 II 240 ¢ $576.90 Ir i
12 19938.1 1 p : - 10 1524.78 11X
; : ' 100 ¢  2662.63 1E 200 v 3636.70 8 ; Pt
: ; | P 530,21 111
e 12812. 1 X . |- 160 5§708.50 11 20 1530
] 130 4 2668.65 . bid ¢ € f
40 18751.0 1 2 : 50 5709.91 1 | % 1532.95 111
140 d.  2674.56 11 - ;
s 21655.3 1 h 1 L 100 5721.80 I 100 1625.42 284
. 80 2683.12 11 € 1. . 2
. 8 26251.5 i : . 2¢ 1642.28 11
31 1600 2710.26 T 50 5727.68 T
15 40511.6 1 : B : ; 20 1702.53 11
e s 300 2713.94 1 210 ¢ 5853.15 i |
4 46525.1 L2 90 w 5903.4 13 100 1748.83 IIX
6 24578 T 130 4 2749.75 II | 360 v 5915" i T 2 1767.88 IIL
3 123685 i 700 2753.88 T 130 ¢ ss'u's.n I 1 1810.71 111
40 2275.37 I 130 < 60629 - 30 1842.41 333
INDIUM (In) 60 2798.76 I 250 ¢ 6095.95 u | 1850.30 11X
™ . 90 & 2818.97 h34 210 ¢ 6108.66 n 15 1662.98 111
Z =49 n;o c ::sg-sz_- L 128 < ens.e o | :
o 6 ¢ 58. 14 I . Fhbrige e Air
fnland 11 80 2865.68 o v e s
Ret. 1, 132, 348—350 — C.H.C. 120 ¢ 2890.18 hed 30 w613 2 1 30 2154.08 II1
i 1100 | 2932.63 4 150 ¢ 6140.0 i 2 2154.42 III
Intensity Wavelength 100 2941.05 1 90 €143.23 It 10 2199.52 11X
. - I p
20 ¢ 2957.01 T o ¢  6148.10 e s 2232.18 hiid
Yacuum 60 4 2966.17 Ix 190 v 6149.5 i1 20 2261.26 IIX
110 ¢ 2999.40 Ix o sxs’x.is i s 2266.26 IXE
2 1648.00 1 8000 3039.36 1 180 6162.4 5 2272.41 11
1 b 1676.16 I 8 4 3051.15 1 v 6162.45 pie 5 2272.84 oo
S h 1711.54 I 10 .4 3095.80 1 100- c  6224.28 i 10 2300.50 Fess
2 h 14L.23 I 180 ¢  3101.8 bid 00 v G3d . 100 2527,41 1
1 h 1758.49 1 130 ¢ 3138.60. 1 v ks I 50 2725.52 I
80 c 3142.75 1I 290 v :;2;’3 :l . 80 272615 fesd
Air 130 ¢ 3146.70 i o v eaeowe xi 100 2982.80 I
150 3155.77 II 310 65‘1.20 i1 100 3008.08 I1Y
10 2103.89 pad 1000 ¢ 3158.40 1 150 S grsi.es 1 30 3008. 82 T1x
10 2166-88 n 90 ¢  3176.30 Iz 180 : 6765.9 :1 30 3293.55 Iz
2 . 2179-90 T 90 -4 3198.11° . 100 ¢ 6783.72 i 8 3350.91 II1
2 2182.40 I 13000 3256.09 b¢ s b 6“7’“ 1 s 356%.32 I
2 2187.40 1 3000 3258.56 B ¢ 320 w689 1.5 i 100 3852.82 349
2 2190.84 I 50 ¢ 3338.50 i1 IOy §900.13 1 100 4023.77 Iix
15 2195.67 LI I e 3376.59 ix 100 v 7162.9 11 150 4032.32 I,
2 2197.41 I 100 ¢ 3404.28 It 180 < 7255.0 I S0 4062.30 pis
2 2202.24 1 110 ¢ 3438.40 n 210 ¢ 7276.5 I 100 4071.57 3¢9
50 2205.28 i 180 ¢ 3693.91 11 180 ¢  7303-4 b 100 . 4072.93 111
3 2211.14 1 95 ¢ 3708.13 11 320 ¢ 7350.6 bt 100 4252.68 AIL
s 2236.70 b 380 v - 3716.14 34 100 ¢ 7632.7 i 40 4509.58 It
3 2241.66 1 120 ¢ 371830 1 106 ¢ 7682.9 o ‘200 5248.77 r




Manganese (Cont.)

75 1787.04 v
75 1787.38 1v
75 . 1788.64 v
75 1790. 44 .1V
80 1795.65 v
80 1795.79 v
60 1907.03 v
75 1910.25 v
65 1997.54 Iv
MnV
Ref. 405 — C.H.C.
Intensity Wavelength
Vacuum
300 404.36 v
330 406.02 v
300 . 406440 v
600 4£10.30 v
600 410.60 v
480 410.98 v
400 $11.32 v
460 412.74 v
460 413.75 v
600 415.62 v
650 415.98 A4
350 419.80 v
k 600 © 428.59 B 4
3 500 429.05 v
© 400 . 433.34 v
600 435.67 v
350 436416 v
i ‘500 436.18 v
B 450 £38.74 v
; 350 439,35 ¥
h 1000 441.72 v
250 462.49 v
400 £67.32 v |
300 474. 82 v
K MERCURY (198) (Hg)
1 Z=80
Hg Iand 11 (198)
Ref. 43, 50, €9, 145, 229, 242 —
R.W.S.
Intensity Wavelength
Vacuum
80 1250.564 1
.4 1259.242 I
100 12684825 1
s 1307.751 1
20 1402.619 1
10 1635.503 1
1000 1849.492 b
Air
;' 60 2262.210 IT
20 2302.065 1
20 . 2345.440 I
b 100 2378.325 1
3 20 2380.004 I
4 0 2399, 349 1
20 2399.729 I
20 -2446.900 1
15 2464.064 1
40 2481.99% I
30 2482713 1
40 2483. 821 1
90 2534.769 I
15000 2536.506 I
28 2563.861 1
25 2576.290 1
250 2652.043 I
400 2653.683 I
100 2655.130 1
50 2698.831 I
_ 8 2752.783 1
20 2759.710 I
. 40 2803.471 1
k[ 2804.438 I
750 2847.675 Iz
50 2856.93% 1
130 2893.598 1
150 2916.227 IX
60 2925. .
1288 Beras 1
300 3021.500 I
120 3023.476 I
30 3025.608 1
30 3027.490 1
400 3125.670 I
320 3131.551 I
320 3131.342 1
80 3341.481 I
2800 3650.157 T

300 3654.839 1
80 3662.883 1
240 3663.281 I
30 3701.432 L
35 3704.170 1
30 3801.660 1
20 3901.867 I
60 3906.372 I
200 3983.839 61
1800 4046.572 1
150 © 4077.838 X
40 4108.057 1
250 £339.224 1
400 4347.496 1
4000 4358.337 1
80 4916.068 1
1100 5460.753 1
160 5675.922 1
240 5769.598 1
280 - 5790.663 1
20 6072.713 1
30 6234.402 1
160 6716.429 1
250 6907.461 1
240 I

Hg ! and 1l {nat:]

Ref. 34, 45, 90, 117, 133, 189, 235

304,327,328 — R.W.S.

Intensity Wavelength
Yacuum
‘400 . 893.08 11
300 9i5.83 i
150 923.39 In
200 940.80 I1
100 962.74 Ir
50 969.13 II
800 1099.26 I
80 © 1250.58 T
8 1259.24 1
100 1268.82 1
5 1302.75 1
300 1307.93 IE
400 1321.71 11
400 1331.74 hed
B0 1350.02 11
200 1361.27 i1
20 1402.62 I
200 1414.43 11
10 1435.51 b
15 1519-46 1
120 1623.95 Ix
20 1628.25 I1
150 1649.94 11
50 1653.64 11
200 1672.%1 n
100 1702.73 11
‘100 1707.40 11
izo 1727.18 3
250 1732.14 &4
20, 1775.68 I
40 1783.70 11
30 1796.22 i1
200 . 1796.90 11
60 1798.74 )34
30 1803.89. I1
40 1808.29 X
400 1820.34 ~  II
S 1832.74 I
1000 1849.50 T
160 1869.23 1T
300 1870.55 ir
200 1875.54 - X
20 1900.28 - IX
30 . 1927.60 1
300 1942.27 Ir
100 1972.94 1
200 1973.89 11
150 1987.98 I
Alr
%0 2026.97 II
. 90 2052.93 11
70 2148.00 I
5 2247,55 1
60 .2262.23 11
20 2302.06 I
15 2323.20 I
3 2340.57 1
20 2345.43 I
20 2352.48 I
100 2378.32 4
20 2380.00 X
&0 2399.38 1
20 2399.73 I

10
60
50

20

40
30
40
90
15000

2400.49
2407.35
2614.13
26441.06
2446.90
2464.06
2482.00
2482.72
2483.82
2534.17
2536.52
2563.86
2576.29
2578.91
2625.19
2639.78
2652.04
2653.69
2655.13
267491
2698.83
2699.38

2705.36 .

2752.78
2758.71
2803. 46
2804.43
2805. 36
2806.77
2814.93
2847-68
2856.94
2893.60
2916.27
2925.41
2935.94
2947.08
2967.28
3021.50
3023.47
3025.61
3027.49
3125.67
3131.55
3131.84
3208.20
3266.06
3341.48
3385.25
3451.69
3549.42
3650415
3654.84
3662.88
3663.28
701.4%
3704.17
3801.66
3806.38
350187
3906437
3918.92
3983.96
4046456
4077.83
4108.05
4339.22
4347.4%
4358.33
4398.62
4660.28
4855472
4883.00
4889.91
4916.07
4970.37
4980.64
5102.70

5120.64
- 5128.45

5137.94
5290.74
5316.78

5354.05

5384.63
5460.74
5549.63
5675.86
5769.60
5789.66
-5790.66
$803.78
5859.25
5871.73
5871.98
6072.72
6149.50

6234.40.

6521.13
6716.43
6907.52
76081.5%0
7091.86
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Pt ot e P A e et b N e e R

40 7346.37 11
100 7485.87 i1
20 77:8.82 I
100 7944.66 24
2000 10139.75 1
240 11287.40 1
120 13209.95 1
140 13426.57 1
60 13468.38 I
80 13505.58 - 1
500 13570.21 I
450 13673.51 1
200 13950.55 L
500 15295.82 1
100 16881.48 . I
400 16920.16 I
300 16942.00 t
500 1707278 I
400 17109.93 I
20 17116.75 L
20 17198.67 1
20 17213.20 T
70 17329.41 b4
30 17436.18 b4
50 18130.38 I
40 19700.17 19
226493.28 b
250 123253.07 T
32148.06 I
36303.03 I
Hg 111 -
Ref. 343 — C.H.C.
Intensity Wavclength
Yacuum
3 621.44 344
2 679.68 111
2 878.59 IIL
L 886.48 jods
1 984.89 j3 1
2 1009.29 I,
s 1068.03 head
2 1161.95 I
9 1681.40 hed
15 1753.75 11t
1 1894, 77 384
Air
? 2314.15 344
) 2380.55 jal
13 2431.65 It
5 2480. 56 IIL
7 2484.50 1L
2 2612.92 I
4 2617.97 It
3 2670.49 b3 84
70 2724.43 h34
6 2769.22 s
3 2844476 11
15 =+ 3090.05- X
s 3283.02 1131
12 3312.28 334
8 3389.01 jed 4
s 3450.71 83
3 3500.35 hass
.4 3538.88 1
s 3557.24 931
15 3803.51 p334
70 4122.07 1IL
10 4140.34 11X
100 4216.74 11T
15 4470.58 111
12 455284 11
*50 4797.01 LI
10 4369.85 11
80 £973.57 111
30 5210.82 483
3 3695.71 I
25 6220.35 TIE
35 6416.98 TI1
40 6501.38 11
10 6584.26 " hass
6. 6610.12 111
30 6709.29 hadd
12 7517.46 I
7 7808.10 11X
28 7946.75 1T
50 7984, 51 344
s

8151.64 peas



ﬁon(Can)

12

13

13
13
13

" Intensity

1602.08 v
1603.18 v
1603.73 w
1604.88 v
1605.68 v
1605.97 Iv
- 1606.98 a4
1609..10 v
1609.83 . 1y
1610.47 v
1611.20 v
1613.64 v
1614.02 IV
161464 s
1615.00 w
1615.61 pa's
1616.68 v
1617.68 w
1613.02 w
1620.91 v
1621.16 v,
1621.57 44
1623.38 b3
1623.53 w
1626.47 v
1626.90 v
1628.54 v
1630.18 v
1631.08 v
1632.08 v
1632.40 w
1634.01 v
1638.07 w
1638.30 Cow
1639.40 v
1640.04 w
1640.16 v
1641.87 1y
1642.88 v
1647.09 v
1651.58 1v
1652.90 v
1653.4) Iv
" 16564 L1 v
1656.65 v
1657.82 v
1658, 43 v
1660. 10 w
1661.57 1y
1662.32 w
166252 v
1663, 54 44
1668.09 v
1669.61 iv
1671.04 v
1672. v
1673. w
1675.66 w
1676.78 v
1677.12 v
1681.36 v
1681.95 v
1687.69 iv
1698.88 v
1700.40 Iw
1204.93 v
1709.81 iv
1711.41 v
1712.78 v
1717.11 v
1737.56 v
1718.16 v
1718.42 v
1719.48 v
1722.01 v
1724.06 h34
1724.26 v
1725.63 v
1761.08 8
1764.92 w
1767.36 Iv
1792.10 v
1736-93 v
1805.32 w
1820.42 w
1827.98 bas
1840.24 w
1860.42 v
1863.64 v
1874.23 v
FeV .
Ref.381 — LR, ¢
Wavdength
. Vacuum
361.28 v
365.43 v
365.86 v
374,24 v
374.87 v

LR BT

-375.98
379.5¢
380.31

"381.27
384.96
384.97
385.03
385.11
385,25
385.26
385.30
385.75
385.88
386.16
386.74
386.78
386.85
386.88
386.88
387.20
387.50
387.62
387.76
387.78
387.98
388. 51
388.82
390. [1
390.19
390.78
391.94

392.06
392.38
392.50
392.51
392.70
392.91
393.27
393.72

393.73
393.91

393.97- .

394.04
394.64
395,15
395.79
395. 90
399.8%
©400.11-
400.51
- 400. 52
400,63
401,04
401.64
401.86
402.87
403.06
404,62
405.50
407-42
407.44

* 407,49

407.75
409.71
410,20
411.55
415.01
416.66
416.84
417.39
418.04
418,47
420.56
421.06
421.78
422.28
422.31
423.23
426.06
426.11
426.83
426.97
434,42
439.22
444.70
445,44
446.04
458.16
486.17
1317.86
1318.35
1320.42
1321.3%
1321.49
1323.27
1330.40

- 1345.61

1355.01
1361.28
1361.45
1361.82
1363.08
1363.64

v 300 1365.57 v
v 700 1373.59 v
v 600 1373.67 v
v 300 1374.12 v
v 500 1376.34 v
v 300 1376.46 v
v 500 1378.56 v
v 300 1385.68 v
v 800 1387.94 v
v 400 1397.97 v
v 600 1400. 24 v
v 800 1402.39 v
v “400 1406.67 v
M 500 1406. 82 v
v 400 1407.25 v
v 300 1409, 03 v
v 300 1409.22 v
v 600 1409. 45 v
v 400 1415.20 v
M 300 1418.12 v
v 600 1420.46 v
v 800 1430.57 v
v 800 1440.53 v
v 300 1440.79 v
v 400 1442.22 v
v 800 1446.62 v
v 700 1448.85 v
v 400 1445.93 v
v 300 1455.56 v
v 700 1456, 16 v
v 500 1459.83 v
v 400 '1460. 73 v
v 500 1462.63 v
v 700 14646.68 - v
v 500 1465.38 v
v 400 1466.65 v
v 500 1469.00 v
v 300 1475.60 v
v | 500 479.47 v
v v
v
v KRYTPON (Kr)
M Z=36
y Krland I
v Ref. 61, 121, 123, 147, 208, 232
M —E.F.W. :
z' Intensity Wavclength
¥
v VYacuum
v
M 60 729,40 b4
v 200 761.18 1
v 100 763.98 11
v 60 766.20 11
v -200 771.03 1
v 0 773.69 b33
v 200 782.i0 EH
v 100 783.72 i
v 60 818.15 b33
v 60 830.38 i1
v loo 844..06 b33
v 50 864.82 Ix
v * 60 868.87 - 11
v 200 884.14 u
v 1000 886.30 n
v 400 891.01 11
v 200 911.39 11
v 2000 "917.43 b3y
v 50 945.44 I
v 50 946.54 1
v 20 951.05 1
M 50 953.40 I
v 50 ©963.37 b
M 2000 964,97 34
v 100 1001.06 1
v 100 1003.55 1
v 100 1030.02 1
v 200 1164.87 b
¥ 650 1235.84 1
v
¥ Air
v
v 100 B 2464.77 I
v 60 2492.48 1
v 80 b 2712.40 I
v 100 2833.00 I
v 100 h  3607.88 I
v 200 3631.889 154
v 250 3653.928 . 11
v 80 3665.324 ' 1
v 150 3669.01 b2
v 100 3679.559 . 1
v 80 3686. 182 11
v 300 b 3718.02 b3
v 200 3718.595 11
v 150 3721.350 - IF
v 200 3741.638 bd
v ‘150 3744.80 I
80 3754.245 11
v 500 3778.089 u
v 500 3783.095 u

150
150
200
100
100
300
300
500
250
100
250
150

b

T

3875.44

3906.177
3920.081
3994. 340
3997.793
4057.037
4065.128
4088.337
4098.729
4109.248

Al48.122

4250.580
4273.969
4282.96)7
4292.923
4300.43
4317.81
4318.551
4319.579
4322.98
4351.359
£355.477
4362641
4369.69
4376.121
4386.54
4399.965
4425.189
4431.685
4436.812
4453.917
4463.489
4475.014
4489.88
4502.353
4523.14
4556.61
£577.209
4582.978
4392.80
4615.292
4619.166
4633.885
4658.876
4680.406
4691.301
4694.360
4739.002
4762.435

4765744

4311.76
4825.18
4832.077
4846.612
485720
4945.59
5022.40
5086. 52
5125.73
5208.32
5308.66
5333.41
5466. 17
5562.224
5570.288
5580. 386
5649. 561
5681.89
5690. 35
5832.855
5870.914
5992.22
5993. 849
6056.125

" §420.18

6421.026
6456.288
6570.07
6699.228
6904.678
7213.13
7224.104
7287.258
. 7289.78
7407.02
7425.541
7435.78
7486.862
752446
7587.411
7601.544
7641.16
7685.244

7694.538

7733.69

7746.827
7854.822
7913.423
7928.597
7933.22

7973.62

7982.401
8059.503
8104.364

o - -
Il el e L RN S - D




Krypton (Cont : )
M 1 1400 39588.4 1 30 3285.89 1 Ref. 1 — C.H.C.
* 60 8132.967 9 1100 39589.6 3 3. 1304.75 it ) Waveleneth
. 3000 £190.054 L 500 39954.8 I 50 3311.47 1333 {ntensity aveleng
. 200 8202.72 134 300 39966.6 1 200 3325.75 i1 _
80 8218.365 3 1300 40306.1 1 60 3330.76 231 Air
3000 8261.240 I 250 40685.16 L s0 3342.48 381
100 8272.353 I 100 3351.93 It: 240 2187.87 17
5000 - 8298.107 L 40 3374.96 INX 770 2256.76 I
“ 1500 8281.050 1 Krill 100 343%.46 ITI 200 2319.44 1I
100 8412.430 1 Ref. 208, 366, 390, 421 — E.F. W, 73 g:g:_:; . ::; 400 %gég';; ;:
10 . 420 .
5o 8764, 110 . Intensity Wavelength 200 3507. 42 u 130 2885. 14 1
00 . 160 .
: gggg :;;::;:g ? v 30 3641.36 - 11T 110 2950.50 I
9238.48 It feuim 30 '3690.65 111 180 3104.59 . 11
k 200 i 40 h 3868.70 it 130 3142.76 ir
500 hL  9293.82 1t 20 467.35 _— bed Js68.70 u Lo 2.6 i
200 h 9320.99 54 30 $40.86 I b ristess e sto 326513 u
300 3361.95 n 20 365.64 mt 40 415446 1z 550 3265.67 ey
i Saez.0m I 30 36916 1z 20 b 5016.45 1 300 3303.11 1
i 200 h 9402.82 24 30 571.98 FII i Jones HH oo 011 "
e " 9:33:: ﬁ » n-n m 10k 6037.17 LI 870 3344.56 - XX
Fooe o 30 S85.14 - 1IT 10 h  6078.38 m 200 3376.33 it
w00 % seiser 1 » 38599 b 10 6310.22 pess 1500 3380.91 i1
400 b 9619.61. It 30 593.70 et 500 238091 It
: 200 9663.34 11 3 596,10 LIL , 130 #3218 u
: 200 b 9711.60 154 30 596,41 e eIV 180 3.7 ;
: 2000 5751.758 I 40 600.17 i Ref. 366, 409, 417 — E.F.W. w0 EFE bt o
: 500 9803.14 154 10 £03.67 I 320 3626.83 . u
: 500 9856.314 1 50 605.86 i Intensity- Wavelength 176 4 364L.53 I
. 1000 10221.46 I 3s 606.47 IIL Jeiie 1
; 100 11187.108 t 50 611.12 - nr | Vacoum 1000 Jesl-8 I
: 200 11257.711 I 35 616.72 1 1m0 Jes3.42 x
. 150 11259.126 T 40 621.45 III 793.44 w o ,3662 Pt b
H s00 11457.481 L 45 622.80 1r 79411 v s Pt I
: 150 11792.425 1. 5o 625.07 trx s - v o 270434 L
: 1500 11819.377 L 30 625.76 trr 18 e as v 320 210582 u
! 600 11997.105 1 45 628.59 IXE 22 842.04 w - e A b
160 12077.224 I 50 630.04 11 . Foid pedpigd I
i 100 12861.892 b3 35 63309 I Aic 20 3715.53 u
i 1100 13177.412 1 50 639,58 e o0 3739.08 i
i 1000 13622.415 I €0 646,41 I 3 229734 w Jze 3700, 67 I
E 2400 13634.220 1 50 631,20 11 H i b 3700 3150.83 1
i 800 13658.394 1 50 659,72 I M 2329.3 I 300 154.78 u
3§ 200 13711.036 L 30 - §64.86 1 ’ 2i36.75 v 150 3835.08 u
i 600 13738.851 T 40 672.34 1t 4 2348.27 v e 3556:00 -
i 530 12045657 : % br2.85. I 3 2358.5 v 1600 3849.02 1T
i 550 14045.657 I 35 676.57 m 3 Tes.0s b 600 .02 I
i 160 leiosaz : 3 680: 13 b 4 2416.9 ) 3400 3871.64 1
4 180 14402.22 L. 35 683.68 p3ed 3 2428.04 v 1760 3886.37 n
{ e lesiren . b 686.25 mr 5 2042.68 . IV 1300 3916.05 Pt
! prd P : 3 ser.98  1u 4 24587 Iv 1160 3921.54 1
g 1600 14734436 1 45 691.93 I : HHAA o 100 392134 I
} P Toresirs : 30 695.61 mt 5 2474.06 34 2200 3929.22 u
450 14765.472 L 30 698.05 1 4 2517.0 v 180 3936.22 It
so0 e I 50 708.36 L 5 2518.02 w 9000 3543.10 b
o 13203320 0 1L ¢ 2519.38 I¥ 4500 3988.52 1t
140 15209.526 b4 100 p It H 2524.5 w Yos Jo0ee 2 u
1700 }§§§§’2;3 i 30 1r 5 2546.0 v 180 4015.39 1
54 N had r 6 2547.0 Iy 250 4025.88 1
100 1533008 I 4 i 4. 2558.08 3 2800 4031.69 1
700 15372.037 be 50 131 3 2586.9. v . presils !
200 15474.026 x 50 333 5 2606.17 b 032,91 I,I
180 15681.02 I 40 i 1 26095 w provet s x
120 15620.09 I 50 i s 2615.3 v 4060.33 T
200 16726.513 I 75 m z 2621. 11 v 4064.79 I
2000.. 16785.128 I 50 1ix 3 2730.55 ty 4067.39 1T
1oco 16853. 488 I 30 IIr s 2748.18 w 4076.71 It
2400 16890.441 1 6 . 2 111 6 2774.70 v 077,35 X
1600 16896.73) ¥ 6 1914.09 i, 3 2829.60 v - 307915 1
oo Yrose. 391 1 3 2836.08 Iv 4086.72 B
600 17098. 771 I Air 5 2853.6 Iv A066.72
700 17367.606 1 ! 3 2859.3 - snss-61 i
120 17404.443 I 40 2393.94 334 3 3142.01 w A164.87 T
H 150 17616.854 1 prs 25sk.01 e FS 3228.90 v l2%.2a o
) €50 17842.737 1 30 © 2563.25 1z 3 3261.70 v v+ 1
100 18002.229 I 60 2639.76 1t 3 3803.30 v 141,74 i1
2600 18167.315 1 ¢ 2680.32 1 H 3860.58 v 415E.97 it
100 18399. 786 L 40 2681.19 b3 5 3933.29 v A152.78 It
150 18580. 896 I 30 2841.00 111 4160.26 I
300 18696.294 : 30 2851.16 444 KV 280 4187.32 I
170 18785.460 50 2870.61 1t : 00 - 219336 .
s 18797 4+ H 100 2892.18 Iz Ref. 409,421 —E.F.W. 1500 4196.55 I
140 20209. 87 30 2909.17 111 ¢ 4204.04 n
- 300 20423.964 b 50 2952.56 bre Intensity Wavelength g;g orse n
140 20446.971 X 60 2992.22 111 " Yacmm 200 4230.95 I
600 21165-471 I se  ° 3022.30 111 1600 423838 IL
1300 21902.513 1 80 3024.45 nx 472016 v 140 423999 I
120 22485.775 I - so 3046.93 1 gg 01039 v 120 4263.59 I
180 23340.416 1 30 3056.72 i1 Ly prodfsd ; 280 269,50 I
120 24260.506 1 @ 3063.13 Mmooy B potagd M 240 A279.64 n
180 . 24292.321 1 50 3097.16 Iz b o M 300 - 250.27 1
600 * 25233.820 1 60 3112.25 1 P otibet y 00 i2ee.57 o
180 28610.55 1 30 3120.61 III .120 637.87 v 600 4296.05 II
1000 28655.72 b 100 3124.39 i 690,86 M 120 £300. 44 n
150 28769.71 I 60 3141.35 11X pid 1' b y 440 2322051 i
140 28822.49 1 100 3189.11 heed 600 o853 v 4600 4333.74 I
20 29236.69 I 80 L.l 1 * 810.70 v 550 435440 o4
300 oaraie : 40 3239.52 I ) 1i0 A364.67 . IX
- 30978. 40 3240-44 I 10 b1 4371.97 L
500 39300.6 1 300 3245.69 b4 LANTHANUM (La) 110 bt £375.84 L
1100 39486.52 1 150 3264.81 i Z =57 1o - 4378.10 I
220 39557.25 1 100 3268.48 prn : e PEHEAH b
1eo 39572.60 3 30 3271.65 Ix LalandII 100 4385.20 T
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seodymium (Cont.)

630
30
N
150
130
130
50
250

360.
120
590
15
1o
sa0
160
3.3
220

182
250
150
o
160
110

d

£527.25
4541.27
4542.61
4556414
4559.67
4563.22
4578.89
4579.32
4586.62
4597.02
4603.82
4609.87
4621.94
4627.98
4634.24
4641.10
4645.77
4646.40
4649.67
4654.73
4670.56
4680.74
4683.45
4684.04
4690.35
4696.44
4703.57
4706.54
4706.96
4703.71
4715.59
4719.02
4724.35
4731.77
477946
4789.41
4797.15
A811.34
4820.34
4825.48
4832.28
4849.06
4859.02
4866.74
4883.81
4889.10
4890.70
4891.07
4896.93
4901.53
4901.84
4902.03
4913.41
4914.37
4920.68

4924.53

4944.83
4954.78

-4959.13 -

4961.39
4989.94.
5033.52

+ 5063.73
5676.59
5089. 84
5092.80
5102.3%
5105.21
5105.35

-5107.59
5123.79
5130.60
5i32.35
5165.14
5181.17
5182.60
5191.45
5192.62
5200.12
5212.37
$213.23
5225.05
5228.43
5234.20
5239.79
5249.59
$250.82

5285.51
5269.48
$273.43
5276.88
5291.67
5293.17
5302.28
5306.47
5311.46
5319.82
5356.98
5361.47
$371.94
$335.90
5431.53
Si51.12

-
T e e

ole]
P e

[c Rl ool
ISR

o
—

5485.70
5501.47
5525.72
5533.82
$535.27
5543.24
5548.47
$561.17
5575.50
5576.70
$577.70
5587.61
5594.43
5601.43
5601.92
562054
5635.76
563954
5653.57
5668.87
5669.77
5675.97
5676.33
5688.53
5689.51
5701.57
5702.24%
5706.21
5708.28
5718.12
5726.83
5729.29
5734.55 "
5740.86
5749.19
5749.66
5767.33
5776.12
5764.96
5788.22
5800.09
5804.02
5811.57
5813.89
5820.37
5825.82
5826.74
5842.39
5844.66
58435.95
5858.91
5867.08
5868.90
SB71.04
5683.29
5836.24
5887.91
5921.22
5955.87
5994.76
5996.47
6007,67
6031.27
6033.29
§034.2¢
6066.03
€071.70
6073.97
6133.47
6149.28
£155.06
615783
6166.67
6170.49
6178.59
6183.91
6208.24

6223.39

6226.50
6238.50
6244.08
6257.49
6258.73
6277.29
£285.79

T .6292.84

6297.07
6310, 49
634151
6382.07
6385.20
6485.69
6630. 14"
6637.96
6650.57
6655.67
6737.79
6740.11
6742.54
6750.37
6804.00
6846.72
6900.43
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6941.39
7010.80
7018.85
7020.92
7024.58
7033.21
7037.30
7052.1%
7054.74
7061.47
7066.89
7082.93
708%8.71
7092.09

C 7092+ 74

7092.94
7093.58
7095.42
7129.35
7142.04
7143.72
7151.03
7153.09
7185.01
7189.09
7189.42
7192.01
7199.00
7227.01
7236454
7261.64

7285.29

7288.56
7291.38
7298.72
7316.81
7321.43
7323.12
7334.54
7357.10
737404
7381.79
7401.31
7406.62
7411.20
7418.18
7527.41
7448.71
7481.28
7511.18
7513.73
7514044
7516.02
7526.45
7528.99
7538.26
7540.97
7547.00
I577.54
7587, 65
7590.75
7603.23
7605.92
7614.72
7639.79
7646.00
7663.52
7696.56
7718.20
7743.50
7746.92
7750.95
227206
7792.22
7796.40
7797.32
7798.32
7808..47
7618.83
7825.20 -
7863.04

" 7872.03

7886.60
7896, 50
7900.40
7906.03
7917.01
7925.03
7947.93
794388
7955.38
"7958.95
7965.73
7982.09
7982.68
8000.76
8007.70
8020.07
8026.35
8043.24
8051.33
8064.00

8099.17 -

ir
1
I
84
11

Iz
I
IL
II
o3
L
I

11

e
NoNo

- [
o T

=
NARNPPAVUBD N VNN I UNNTPLERNICOF PG sNEON»OO®

8120.93 1x
8122.07 I
8141.75 44
8143.27 LI
8164.97 1
8172.56 11
8179.83 34
8182.41 X
8185.58 83
8205.38 II
8231.52 I
8248.76 II
8249.68 I1
8262.80 1I
8266.72 he
8272.79 I
8302.74 I
8307.72 11
8324.50 I
8332.01 II
8346.36 11
8375.16 -IF
8375.33 RIgS
8394.71 1I
8400.85 I
8456.87 It
8530.53 IL
8582.03 B ¢ 4
8591.53 1
8594.87 33
8643.43 11
8667.07 11
8677.48

8691.29 1T
8695.07 33
8712.82 11
B8715.03 I
8839.10 II

Neland il

Ref. 56, 58, 118, 150, 230 —

Intensity

120

200
100

Wavelength
Vacuum
352.956 I
T 354.962 ¢
361.433 b33
362.455 11
405.854& II
407.138 11
445,040 I
446,256 had
£46.590 iz
447.815 jod
454.654 pad
455.27% it
T 456,215 It
456,348 11
£56.896 11
460.728 1E
462,391 1
587.213 b¢
589.179
585.911 1
591.830 1
595.920 1
598.706 b
598.891 I
600.036 1
602.726 1
. 615.628 1
618.672 1
619.102 . 1
626.823 1
629.739 1
735.896 1
743.720 1
993.88 T
1068.65 14
1131.72 134
“1131.88 hed
1229.83 1
1418.38 b33
1428.58 1
1436.09 -
1681.68 1
1688.36 1L
1888.11 Iz
1889.71 o3
1907.49 I
1916.08 1z
1930.03 hed
1938.83 1
c | 1945.46 i
_AIR

Ly

et d e e
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424 Chapter 10 Diffraction

maximum has a broad fiat top; in other words, at the
origin, which is the center of the peak, the second
derivative of the irradiance function is zero; there is no
change in slope (Fig. 10.40). . )
Unlike the Rayleigh rule, which rather tacitly assumes
incoherence, the Sparrow condition can readily be gen-
eralized to coherent sources. In addition, astronomical
studies of equal-brightness stars have shown that
Sparrow’s criterion is by far the more realistic.

1027 The Diffraction Grating

A repetitive array of diffracting elements, either aper-
tures or obstacles, that has the effect of produding peri-
odic alterations in-the phase, amplitude, or both of an
cmergent wave is said to be a diffraction grating. One’
of the simplest such arrangements is the multiple-slit
configuration of Section 10.2.3. It scems to have been
invented by the American astronomer David Ritten-’
house in about 1785. Some years later Joseph von
Fraunhofer independently rediscovered the prindple
and went on to make a number of important contribu-
tions to both the theory and technology of gratings.
The earliest devices were indeed multiple-slit assem-
blies, usually consisting of a grid of fine wire or thread
wound about and extending between two paraliel
screws, which served as spacers. A wavefront, in passing
through such a system, is confronted by alternaté
opaque and transparent regions, so that it undergoes a
modulation in amplitude. Accordingly, a multiple-slit

configuration is said to be a fransmission amplitude grat-
ing. Another, more common form of transmission grat-"

ing is made by ruling or scratching paraliel notches into
the surface of a flat, dear glass piate {Fig. 18.34()}
Each of the scratches serves as a source of sattered
light, and together they form a regular array of parallel

line sources. When the grating is totally transparetit, S0

that there is negligible amplitude moduylation, the regu-

Iar variations in the optical thickness across the grating’

yield a modutation in phase, and we have whit is known
as a iransmission phase grating (Fig. 10.35). In the
Huygens-Fresnel representation you can envision the
wavelets as radiated with different phases.over the grat-
ing surface. An emerging wavefront thereforé contains

Ist order

ﬂ(m = |

57 Ist order

mth order

Figure 10.34 A transmission grating.

periodic variations inits
This in turn is equivale

constituent plane waves.

On ieflection from this kind of grating, light scattered
: ve at

nt to an angular distribution of

by the various pefiodic surface features will arri
some point P with a
consequent interference pattern ge

nerated after reflec

" tion’is quite similar to that arising from tiansipission-

Gratings designed spedfically to fun A
are known as reflection phase gratings (Fig. 10.36). Co
temporary gratings of this sort are generally ruled 1

thin flms of aluminum that have been cvapomtedfbf':l‘y’
ity -

optically flat glass blanks. The aluminum, being

®

shape rather than its amplitude- F

definite phase relatonship. The =

ction in this fashion



§ Figure 1035 Light passing through 2 grating. The region on the
&7 left is the visible spectrum, that on the right, the ultraviolet. (Photo
= courtesy Klinger Sdentific Apparatus Corp.)

soft, results in less wear on the diamond ruling tool and
is also a better reflector in the ultraviolet region.

The manufacture of ruled gratings is extremely
=~ difficult, and relatively few are made. In actuality most
© gratings are exceedingly good plastic castings or replicas
of fine, master ruled gratings.

If you were to look perpendicularly through a trans-
- mission grating at a distant parallel line source, your
eye would serve as a focusing lens for the diffraction
pattern. Recall the analysis of Section 10.2.3 and the
expression

a sin 8,, = mA, {10.52]

which is known as the grating equation for normal
inddence. The values of m specify the order of the
various principal maxima. For a source having a broad
continuous spectrum, such as a tungsten filament, the
m = 0, or zeroth-order, image corresponds to the unde-

"~ Ing equation is dependent on A, and so for any value
- ofsm 3 0 the various colored images of the source corre-

. Bected, 6, = 0, white-light view of the source. The grat-

_10.2 Fraunhofer Diffraction ' £25

into a continuous spectrum. The regions occupied by
the faint subsidiary maxima will show up as bands seem-
ingly devoid of any light. The first-order spectrum
m = £1 appears-on cither side of 8 = 0 and is followed,
along with alternate intervals of darkness, by the higher-
order spectra, m = £2, 3, .... Notice that the smaller
a becomes in Eq. (10.32), the fewer will be the number
of visible orders.

g
\

ist order (m = 1) (@)

Oth order (m = 0)

sth order

AB = CD = afsin8, — sin8) N ®

Figure 10.36 A rcflection grating.

"
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It should be no surprise that the grating equation is
in fact Eq. (9.29), which describes the location of the
maxima in Young's double-slit setup. The interference
maxima, all located at the same angles, are now simply
sharper (just as the multiple beam operation of the

_ Fabry—Perot ctalon made its fringes sharper). In the

double-slit case when the point of observation is some-
what off the exact center of an irradiance maximum
the two waves, one from cach slit, will still be more or

less in phase, and the irradiance, though reduced, will

still be appreciable. Thus the bright regions are fairly
broad. By contrast, with multiple-beam systems though

all the waves interfere constructively at the centers of -
the maxima, even a small displacement will cause certain

ones to arrive out of phase by $A with respect to others.
For example, suppose P is slightly off from 6, so that

_asin 6 = 1.010A instead of 1.000A. Each of the waves

from successive slits will arrive at P shifted by 0.01A
with respect to the previous one. Then 50 slits down
from the first, the path length will have shifted by i,
and the light fromslit 1 and slit 51 will essentially cancel.
The same would be true for slit-pairs 2 and 52, 3 and
53, and so forth. The result is a rapid fall off in irradi-

" ance beyond the centers of the maxima.

" Consider next the somewhat more general situation

of oblique incidence, as depicted in Figs. 10.34 and

10.36. The grating equation, for both transmission and
refiection, becomes

a_(s'in 8, —sin §;) = mA. (10.61)

This expression applies equally well, regardless of the
refractive index of the transinission grating itself (Prob-
lem 10.37). One of the main disadvantagés of the devices
examined thus far, and in fact the reason for ihicir
obsolescence, is that they spread the available light
energy out over a number of low-irradiance spectral
orders. For a grating like that shown in Fig. 10.36, most
of the incident light undérgoes specular veflection, as if
from a plane mirror. It follows from the grating
equation that 6, = 6; corresponds to the zeroth order,
m = 0. All of this light is essentially wasted, at Jeast
for spectroscopic purposes, since the constituent wave-
Jengths overlap. '

In an article in the Enc_yclopa:dia Britannica of 1888
Lord Rayléigh suggested that it was at least theoretically

_yand can be varied independeritly of 8, . This is some-

_possible to shift energy out of the useless zeroth order
into one of the higher-order spectra. So motivateq,
Robert Williams Wood (1868-1955) succeeded in 19]¢ -
in ruling grooves with a controlled shape, as shown iy
Fig. 10.37. Most modern gratings are of this shaped o

LS Ry,

A

blazed variety. The angular positions of the nonzer .
orders, ,,-values, are determined by 4, A, and, of more

" immediate interest, 6;. But §; and 6. arc measureqd .
from the normal to the grating plane and not with i
respect to the individual groove surfaces. On the other -

2

hand, the location of the peak in the single-facet diffrac-

tion pattern corresponds to specular réflection off thar

face, for each groove. It is governed by the blaze angle
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Figure 10.38 Blazed grating.

what analogous to the antenna array of Section 10.1.3,
where we were able to coritrol the spatial position of
the interference pattern (10.6) by adjusting the relative
phase shift between sources without actually changing
théir orientations. i

Consider the situation depicted in Fig. 10.38 when

_the incident wave is normal to the plane of a blazed

reflection grating; that is, 8; =0, so for m =0, 8, =0.
For specular reflection 8; — 8, = 2y (Fig. 10.37), most of
the diffracted radiation is concentrated about 8, = ~217.
(6, is negative because the incident and reflected rays

are on the same side of the grating normal.) This will

terrespond to & pariicular nonzero order, on one side
of the central image, when 8, = —27y; in other words,
asin (—2y) = mA for the desired A and m. -
Grcﬂng Speciroscopy

wantum mechanics, which evolved in the early 1920s,
had its initial thrust in the area of atemic physics. Predic-
tions were made concerning the detailed structure of

the hydrogen atom as manifested by its emitted radi-
ation, and spectroscopy provided the. vital proving

10.2 Fraunhofer Diffraction 427

ground. The need for larger and better gratings became
apparent. Grating spectrometers, used over the range
from soft x-rays to the far infrared, bave enjoyed con-
tinued interest. In the hands of the astrophysiast or
rocket-borne, they yield information concerning the
very origins of the universe, information as varied as
the temperature of a star, the rotation of a galaxy, and
the red shift in the spectrum of a quasar. In the mid-
1900s George R. Harrison and George W. Stroke
remarkably improved the quality of high-resolution
gratings. They used a ruling engine* whose operation
was controlled by an interferometrically guided ser-
vomechanism.

Let us now examine in some detail a few of the major

features of the grating spectrum. Assume an
infinitesimally narrow incoherent source. The effective
width of an emergent spectral line may be defined as
the arigular distance between the zeros on either side
of a prindpal maximum; in other words, Aa = 2%/N,
which follows from Eq. (10.33). At oblique incidence
we can redefine a as (ka/2) (sin 8 —sin 6;), and so a
small change in « is given by

Aa = (ka/2) cos 8(A8) = 2x/N, (10.62)

where the angle of incidence is constant, that is, A8; = 0.
Thus even when the incident light is monochromatic

A8 = 2A/(Na cos 8,,) (10.63)

is the angular width of a line, due to instrumental broaden-
ing. Interestingly enough, the angular linewidth varies
inversely with the width of the grating itself, Na
Another important quantity is the difference in angular
position corresponding to a difference in wavelcngth
The angular dispersion, as in the case of a prism, is

ucune Ea

D = do/dA. (10.64)

Diﬂ'crcntiatiﬂé the grating equation yields
D =m/acos b,. (10.65)

This means that the angular separation between two

* For more details about these marvelous machines see A. R h'lgl“.l,
Sci. Amer. 186, 45 (1952), or the artide by E. W. Palmer and J F.
Verrill, Contemp. Phys. 9, 257 (1968).
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Figure 1039 The Litrow autocollimation moundng.

different frequency lines will increase as the order
increases. ‘ . )
Blazed plane gratings with nearly rectangular grooves
are most often mounted so that the incident propaga-
tion vector is almost fiormal to either one of the groove
faces. This is the condition of atfocollimation, in which
6, and 8, arc on thé same side of the normal and
v = 8; =~ —#6,, (scc Fig. 10.39), whercupon
Do = 2tan 6;/A, (10.66)

which is independent of a.

When the wavelength difference between two lines is
small enough so that they overlap, the resultant peak
becomes sornewhat ambiguous. The chromatic resolv-
ing power R of a speatrometer is defined as

Ko iI‘(“‘A)ﬂm'n . 1'9'751’

where (AA)nin is the least resolvable wavelength

difference, or limit of resolution, and A is the mean
wavelength. Lord Rayleigh's criterion for thie resolution
of two fringes with equal flux density requires that the
prindpal maximum of one coindde with the first
minimum of the other. (Compare this with the
equivalent statement used in Section 9.6.1.) As shown
in Fig. 10.40, at the limit of resolution the angu

separation is half the linewidth, or from Eq. (10.63)
‘ (A8)min = A/Na cos ..
‘Applying the expression for the dispersion, we get
{A6)min = (AA)miam/a €OS 6.

with @, that is,
. A/(AA')min =mN
or
_ Nafsin 8, —sin 6;)

a2 A

g widh
Na, the angle of incidence, and A. A grating 6 inch
wide and containing' 15,000 lines per inch will have &

The resolving power is a function of the gratin,

total of 9 X 10*linesand a resolving power, in the seconl4
order, of 1.8 X 10°. In the Vicinity of 540 nm the grautes
could resolve a wavelength diffierence of ().00557 '
Notice that the resolving power cannot excee _
which occurs when §; = =, = 90% The largest VaUE
of ® are obtained when the grating is used in auio™ o
mation, whereupon

2Na sin 6
A_ !

Qnuw bt




and again 6; and 6,, are on the same side of the normal.
For one of Harrison’s 260-mm-wide blazed gratings at
sbout 75° in a Littrow mount, with A =500 nm, the
resolving power just excecds 10°.

We now need to consider the problem of overlapping
orders. The grating equation makes it quite dear that
2 line of 600 nm in the first order will have preasely
the same position, 8,; as a 300-nm line in the second

_ and m just coincide, then

q(sin 0, —sin 6;) = (‘m"+' l)/\i‘.‘= m(A &-A:X).Z -

spectral range, ‘
' (BX)ise = A/m, (10.70)
as it was for the Fabry-Perot interferometer. In com-
parison with that device, whose resolving power was

(Problem 10.38). - __

- A high-resolution grating blazed for the first order,
_ soasto have the greatest free spectral range, will require
} 2 high groove density (up to about 1200 lines per mil-
§ - limeter) in order to maintain &. Equation (10.68) shows
that & can be kept constant by ruling fewer lines with

" constant. But this requires an increase in' m and a
-~ subsequent decrease in free spectral range, character-
* ized by overlapping orders. If this ime N is held con-
“: stant while a alone is made larger, & increascs as does
m, so that (AA)g,, again decreases. The angular width
.~of a line is reduced (i.e., the spectral lines become
. sharper), the coarser the grating is, but thé dispersion

LS |,

§ - in that spectrum approach each other.
f** periodic array, namely, the line grating. A good deal

ES -

. %Sce F. Kneubiihl, “Diffraction Grating Spectroscopy™, Appl Opt. 8,
¥ . 505 (1969); R. . Longhurst, Geometrical and Physical Optics; and the
k- Sensive aitide by G. W Stroke in the Encyclopedia of Phiysics, Vol.
§ 4-29, edited by S. Fligge, p- 426 '
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order or a 200-nm line when m = 3. If two lines of ~
wavelength A and (A +AA)in successive orders (m + 1)

That precise wavelength difference is known as the free -

g R=Fm, . : [9.76]
we might take N to be the finesse of a diffraction grating -

:~ increasing spacing, such that the grating width Na is ’

¥ inagiven order diminishes, with the cffcct that the Liies
i Thus far we have considered a particular type of

- more information is available in the literature* concern- -
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.ing their shapes, mountings, uses, and so forth.

There are a few unlikely household items that can
be used as crude gratings, along with a small light
source. The grooved surface of a phonograph record
works nicely near grazing indidence. And surprisingly
enough, under the same’ conditions an ordinary fine-
toothed comb will separate out the constituent
wavelengths of white light. This occurs in exactly the
same fashion as it would with a more orthodox reflection
grating. In a letter 0 a friend dated May 12, 1673,
James Gregory pointed out that sunlight passing

through a feather would produce a colored pattern,

and he asked that his observations be conveyed to Mr..
Newton. If you've got one, a feather makes a nice

transmission grating.

" two- and Three-Dimensional Geatings

Suppose that the diffracting screen X contains 2 large
number, N, of identical diffracting objects (apertures
or obstacles). These are to be envisioned as distributed
over the surface of X in a completely random manner.
We also require that each and every one be similarly
oriented. Imagine the diffracting screen to be illumi-

" nated by plane waves that are focused by a perfect lens

E,, after emerging from X (see Fig. 10.15). The
individual aperture$ generate identical Fraunhofer
diffraction patterns, all of which overlap on the image
plane o If there is no regular periodidty in the location
of the apertures, we cannot antidpate anything but a
random distribution in the relative phases of the waves
arriving at an arbitrary point P on o We have to be
rather careful, however, because there is one exception,

which occurs when P is on the central axis, that is,
rallel to the

central axis will traverse equal ‘optiml path lengths
before reaching Po. They will therefore arrive in phase.
and interfere coristructively. .

Now consider a group of arbiﬁarily directed paralle.l.

rays (not in the direction of the central axis), each one
emitted from a diffcrent aperture. These will be focused
at some point on o, such that each corresponding wave
will have an equal probability of arriving with any phase
betwéen 0 and 27, What must be determined is the

" resultant _ﬁcld arising from the superposition of N

~

- .screens, each containing N random diﬂ’ractiﬁg aper-3

* Plates for Classroom Pemonstrations,” by R.B.

equal-amplitude phasors all having random relative 5 '
phases. The solution to this problem requires an elabor.

ate analysis in terms of probability theory, which is 1 2
Btde too far afield to do here.* The important point is S5a
that the sum of a riumber of phasors taken at random
angles is not simply zero, as might be thought. The i)

general analysis begins, for statistical reasons, by assum. .55
ing that there are a large number of individual apertirre 223

tures and eachilluminated, in turn, by a monochromatic %
wave. We shouldn’t be surprised if there is some’®
difference, however small, between the diffraction m.%
terns of two different random distributions of, say, 2%

smaller N is, the more obvious that becomes. Indee
we an expeat their similarities to show up statistically;
on considering a large number of such masks—ergo:
the general approach. ' R
I the many individual resulting irradiance distribu-
tions are all averaged for a particular’ off-axis point on'tZ
o, it will be found that the average irradiance ) thm(
equals N times the irradiance (Io) due toa single aper-
ture: I, = Nl,. Still, the irradiante at ariy point arising’
from any one aperture screen can differ from this*
average value by a fairly large amount, regardless of:
How great N is. These point-to-point fluctuations dbetit.
the average manifest themselves in each particular pat-
tern as a granularity that tends to show a radial fiberlike
structure. If this fine-grained mottling is averaged over
a small region of the pattern, which nonethéless contains ¥
many fluctuations, it will average out to NI,. :
Of course, in any real experiment the situation will;
not quite match the ideal—thiere is no such thing 25 ¢
monochromatic light or a truly random array of (norn
overlapping) diffracting objects. Nonetheless, with:
screen containing N “random” apertures illuminates o
by quasimonochromati¢c, nearly plane-wave illurnina- 5
tion, we can anticipate seeing a mottled Aux-density
distribution closely resembling that of an indiv"iam!g :
aperture but N times as strong. Moreover, 2 bright spot ;5
* For a statistical treatment, consult J. M. Stone, Radiation and Oplics
p. 146, and Sommerfeld, Optics, p. 194, Alsa také:a look at “Diffradiiof
A - Hoover, An 1P
for Opiics EXP™,

.62

7, 871 (1969), and T. A. Wiggins, “Hole Graiings
ments,” Am. J. Phys 53, 227 (1985).
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