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PREFACE

Prysres and chemistry began with the study of the behaviour
of objects of ordmary size, but are now chiefly concerned with
matter on an extrcmely small scale, so small that normal
sense mpressions cannot deal with it The laws, or um-
formities, found to hold m that region differ from those for
material 1n bulk, buf; i Mpossible to coordmate the exper-
mental facts by the dse of ‘models’ founded on the properties
of large-scale matter From the latter we derve concepts
such as ‘mass’, ‘a particle’, or ‘wave motion’ which mn
1deahized forms can be expressed by mathematical equations
When we speak then of electrons. for example as bemg
‘particles’ or ‘waves’ we mean that then observed properties
can be predicted with some accuracy by calculations em-
ploying one o1 other of these 1dealized concepts There are
thus two stages first the choice of concept appropmate to
the problem and 1ts exp n 1 math 1cal form and
then the solution of the mathematical equations to verify
that then consequences are 1n accord with related expen-
mental facts The usefulness of the step taken n the first
stage 13, of course, dependent on the results of the second,
and m the extension of knowledge the two cannot be
separated Where results are established, however the non-
specialist must often content himself with understanding the
first stage It 18 commonly found that the solution to the
mathematical equations, even 1if they express quite simple
conditions 18 one of great dufficultv 1equirnng special mathe-
matical tramng  Though this ability 1s essential 1n one who
attempts to make new advances 1t cannot be possessed by all
who wish to know something of a branch of contemporary
science In this book an attempt has been made to present
the concepts found usetul in theores of Light while onitting
all formal mathematical matters The book 1s therefore
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mtended only for the student who, whether by youth, age,
or other cause 13 not equipped to participate fieely in the
mathematical struggles by which formal and quantitative
solutions of problems are obtamed

I wish to express mv gratitude for help to many fuends,
but especially to Professor N V Sidgwick, FR S, for his
penetrating criticisms and to the officers of the Clarendon
Press 1In the 1efe to origimnal I 1t has not been
possible to do justice to the pioneer workers, the references
have often been chosen because they supply good summaries
of earlier work For this reason no Name Index has been
prepared

EJB
OXFORD.
May 1941
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I
WAVES AND MATTER

TaE study of physical science has made us acquamted with
radiations which travel 1n vacuo with the same velocity,
2 99798 X 10* cm /sec , and which are propagated according
to the math tical properties of waves A plane

3
S
H \N Direction of
3
o 3T\ propagation
a
A A
A= wave longth v = frequency, or number of vibra-
a = amphitude tions per second = A, where
¢ = selocity of wave
N = nodes V= wave number, or number of
A = antinodes wates per cemu-netxe. =12
¢ = peniod, —

Phase = angle w hose sme grv es the dlsplneement atany pomt
Intensity of energy 1n wave varies as a

Fie 1

or linearly polarized tram of transverse waves, 1e one m
which the displacements are confined to one plane and are
at right angles to the direction of travel, 1s graphically repre-
sented m Fig 1 Radiation mn which the waves are all
sensibly of the same freq 15 called © 1 10%
Other types of tiansverse waves, cucularly and elliptically
polarized, are those m w hich the displacements, viewed along
the direction of the wave tram, are circular or elliptical
mstead of hnear A crrcularly polarized wave may be re-
garded as compounded of two equal lmearly polarized waves
with displacements at right angles to each other and differing
4748 B




2 WAVES AND MATTER

m phase by 4n, 10 one retarded behind the other by a
quarter wave-length More generally, waves lmearly polar-
zed at nght angh:s to each other and different mn phase
ipound mto elliptically pol d waves Wave motion
mphes a med and the hypoth 1 med in which
the waves ‘exist’ has been called the ‘ether’, but 1t 1s now
realized that 1t 18 more satisfactory to 1egard 1t as sufficient
that the mathematical representation of radiations n terms
of 1dealized wave motion 1s capable of accounting for many
of their properties, and to put aside attempts to visuahze the
nature of the ‘ether’ m relation to that of material bodies
The electromagnetic theory of Maxwell assumes that the dis-
placements forming the wave trams of racdiation are of the
nature of alternating electrical currents with ther associated
magnetic effects Theie results an electric and a magnetic
vector at right angles to each other and to the direction of
travel of the wave The electiic vector 1s the one on which
attention 1s commonly fixed, and the polanzation of a hght-
wave can be referred to the direction of this vector quantity
The ‘plane of polarization’ as defined by early physicists,
however, happens to be that of the magnetic vector so that
care must be exercised 1 making quite clear what plane 1s
used as a reference n any problem
The theory 1s mathematically expressed as a set of dif-
ferential equations, the solutions to which under appropuiate
boundary conditions account for a wide range of the pro-
perties of radiation  Like all theonies expressed in differential
form, 1t depends for 1ts elegnnce and economy on the sim-
phaty of its fund and it of 1ts
concepts nto ‘models’ 18 eﬂccted only with the loss of 1its
rigour and generality In the range of phenomena of trans-
‘mussion, refl and refraction 1t app capable of mter-
preting the most complex effects, the only difficulties being
purely 1 ones lved 1n the sol of the
equations under the fixed conditions of the problem These
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dlﬂiculhes can only be surmounted by a mastery of the
1 que by a 1n the theory
of differential equations
The electronic theory of matter regards atoms as composed
of minute positively ch d nucler ded by
electrons The electric displacements of the Maxwell waves
are d as imteracting with el or nucler to pro-
duce the effect of matter on radiations This method of
treatment proves very satisfactory if radiation 1s not absorbed
or emutted Phenomena involving these processes need the
dd 1 as: of the Q Theory The funda-
mental law of thus theory 1s that energy m the form of radia-
tion 18 absorbed or emitted only m gquanta of magmtude
E = hv, where E 18 the energy, v the frequency of the radia-
tion, and kb 1s Planck’s constant, 662x10-% erg sect
Radiation therefore appears mn a dual nature, that repre-
sented by electromagnetic waves and that more hke the
concept of a particle, 1e as a quantum or bundle of energy
pf fixed amount A hght quantum 15 sometimes referred to as
a‘photon’ Observations on radiation which require the quan-
tum theory for interpretation are discussed 1n Chapter ITI
The quantum equation, E = hv = hc/A, enables us to
express encigy usually measured 1 ergs, calories, joules, or
electron volts (voltage through which the electronic charge e
must drop to gain equivalent energy). m a number of other
‘ways, as frequency, wave-number, wave-length, or kilogram
calories per gtam molecule (See p 188 ) The magmtude of
a quantum of energy of wave-length 3,000 A, of frequency
10 sec -1, and wave-number 3 333 % 10* cm 1,15 6 62X 1012
ergs, 1 584X 10-1° calones, or 4 11 electron volts All these
numerical values are equivalent In chemistry the ‘gram
molecule’ (6 023 x 10% molecules) 1s more often used as a unit
mstead of a single molecule A gram molecular number of
the above quanta 1s equal to 95 27 kilogriam calories Radia-
t The value of the second decimal place of this quantity 1s still uncertain

1 h
g




4 WAVES AND MATTER

t10ms of a very wide range of frequencies or wave-lengths are
known and are shown diagrammatically m Fig 2 It can be
seen by referting to the figure that the magmtude of a ‘gram
molecule’ of quanta of y-rays 1s about 107, of X-rays about
105, of ultra-violet or visible rays about 103, of near infra-red

" " g(wbntxons&!ru:ond s . e
107 10° 10° 107 10° oo 10° 10 10° 10° 10 107 10
' P ¥ & f 2 ﬁw o9 X
# £ 2 E 523
> 3 £ E 3
—F e S ,
107 167 10° 167 10° 16° 1° 10° 107 10 1 10 10 10 10" 10°
Wave-length (centimetres)
Fia 2

about 102, of far mfia-1ed about 10, and of wireless waves
10-3-10-¢ kilogram calories These radiations of widely dif-
ferent energies are emitted or absorbed by matter m very
different ways y-rays (frequency 10°-10% per sec) arise
from changes mn the energy levels of the nuclei of atoms,
1nvolving atomie transformations, X-rays (1011028 per sec )
from the mner electron shells of atoms, ultra-violet or visible
rays (about 10%5 per sec ) from electrons 1n the outer shells,
near mfra-red rays (10%-10' per sec ) from the vibiations
of atoms bound together as molecules, far mfia-red rays
(1012-103 per sec ) from the rotations of molecules, and wire-
less waves (10%5-101 per sec ) from the oscillations of elec-
trons set up 1n closed electrical arcuits of comparatively
large size From the chemical pomnt of view the ultra-violet
and visible region 18 of the gieatest interest, as chemical
changes are concerned with the outer electrons of atoms and
molecules, and the absorption of such hght may bring about
photochemical reactions Second in mnterest 18 the mfra-red
region, since from a study of the vibrations and rotations of

lecules their dist angles, and force con-
stants may be determined The term hght strictly referring
to visible rad; 15 more ly ded to include
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the ultra-violet region, and, for certamn purposes, the near
mfra-red region besides
A characteristic feature of wave motion 18 tnterference,
arsing from the superposition of more than one wave train
‘Where wave crests of one train coincide with crests of another
the d 'k are added together, and where crests overlie
troughs of equal size they cancel each other The interference
of hight may be demonstrated in varous ways, n which a
single source must be used in order that the resultant pheno-
mena may remain constant for observation Two beams from
the same source are divided and then brought together agan
after traversing shightly different paths, erther of different
lengths or in media of different optical density In a region
where 1nterference occurs, under favourable conditions of
observation the illummation 1s seen to be not uniform, but
shows a system of hght and dark bands or fringes mmdicating
the reinfc and hilation m the overlap of the wave
tramms When white hight 1s employed the bands will be
coloured owing to the different spacings of those due to the
different wave-lengths If two wave trams mteifere, the
hitudes (a) of the displ ts added algeb lly ex-
press the 1esultant amphitude With two equal trans out of
step by half a wave-length the resultant effect 1s zero, but
whete they aie n phase the amphtude1s doubled and the ight
mntensity (oc a?) 18 quadrupled Thus the energy apparently
lost 1n the dark regions reappears i those which are bright
The interferometer 1s based on these effects By measure-
ments of fringe shifts caused by change of optical path of
one-half of a divided beam 1t 15 capable of detecting and
estimating extremely small changes of concentration etc,
gases and solutions The wave-length of monochromatic hght
18 usually found by mteiference phenomena Since the
ts are mote te than those of the veloaity
of light the ‘freq ’18 g lly exp d as cm 1 (1/3)
and not as sec - (c/)
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The colours of thin plates anse from interference When
white hght is ineident on thin transparent films, as of o1l on
water or oxides on metals, the reflected hight is coloured.
This 18 because reflections occur from the front and rear
surfaces, and for certain wave-lengths the two beams enhance
while at others they partially destroy one another owing to
their difference of path. Those wave-lengths not reflected
are preft Hy d The refl 1 light shows the
spectmm of wlnte hght crossed by dark bands corresponding
to those wave-lengths removed by mterference The thick-
ness of a film m air can be shown to be given by

nA Ay
2p cosr(A,—A,)’

where n 1s the number of dark bands observed 1n the spec-
trum between wave-lengths A, and A,, r the angle of refraction
of the mcident ray m the film, and p the refractive index
18, of course, a function of A, depending on the dispersive
power If the film 1s deposited on a surface of greater re-
fractive index, as multilayers of calcium stearate on glass, its
refractive index may be found by determining the polarizing
angle (i), whence . = tan(i;,) The thickness may then be
d d by 1ll g sp of known relative thick-
ness withmonochromatichight at perpendicular incidence. The
reflected intensities pass through maxima and mimma with
the varyng thick being shown at
thicknesses equal to (2n-1)A/4p, where n = 0, 1, 2, etc !
Diffraction 18 another property of wave motion A train
of light waves travelling outwards from a source 1s not so
simple as that represented in Fig 1. Imagme the spherical
wave front of a wave starting from a pomnt source Each
‘particle’ in the ‘medum’ of the wave must be regarded as
the centre of a new wave spreading out in all d as
soon as the primary disturbance reaches 1t. Each of these
new waves sets up further waves, and so on mn a way very
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plicated to pt to visualize. The wave disturb

thus spread sideways as well as forwards The rectilinear
propagation of hght comes about from the mterference (with
destruction) of all the side waves under ordinary conditions.
‘When obstacles (e g opaque disks or holes in opaque sheets)
are placed mn the ight path the complete interference 1s pre-
vented and some hght may be observed passing nto the
region behmnd the opaque screen A pomnt source of light is
necessary for observation of the effect If an opaque strip
15 placed across the beam, light and dark fringes (coloured if
white light 1s used) are observed outside the region of ‘geo-
metrical shadow’, while within the ‘shadow’ the illumination
gradually falls off to zero The sharpness of the shadow edge
18 thus hmuted by the di ffraction of the hght, accounted for by
the effects of interference of the side-spreading waves above
mentioned It will be realized that the mathematical repre-
sentation of these effects of waves 1s one of some difficulty.

The formation of mages by lenses 1n optical instruments
1s due to mterference effects At a ‘focus’ of a lens, rays
diverging from a pomnt on an object are caused to converge
agam, rays which have passed through different zones of the
lens crossing at the position of the iage The image 1s thus
not a ‘powmnt’, but & series of mnterference fringes These are
smaller the greater the angle at which the rays cross and the
shorter the wave-length of the hght The sharpness of the
1mage depends on the smallness of the fringe pattern, which
Tumts the resoleing pouer of optical mstruments If magni-
fication 18 carried out beyond the resolving power no further
detaal of the object can be brought out in theimage Roughly,
the angular measure of two distant pomts which can be
separated by a telescope 1s equal to the angle a wave-length
of hight would subtend at a distance equal to the diameter
of the object glass. The same himitations on resolution apply
to the microscope, and explaimn the great increase of definition
obtained by the use of high aperture objectives. A magni-
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fication of 1,000 X ( 1 aperture) the useful
limit attamable with visible hght The numerical aperture of
an objective 1s the sine of one-half the angle of the maximum
cone of light which 1t can take from any point on the object
multiphed by the refractive index of the medium between
object and lens It may be mncreased by the use of o1l of the
same refractive index as glass between the object and the
front face of the objectr l b device
used for high-power microscope work Particles too small
for direct vision may be observed m a mmroscopa with
oblique ‘dark ground’ ill it th
when they appear as bright specks owing to dJﬂr&ct)on of
the hght round them. The shapes of all small particles,
and the structures of any fine detail (e g. biological detail)
of an object, may be so much distorted when translated into
images by a microscope that conclusions drawn about them
are entirely untrustworthy Such a state of affairs 1s betrayed
by changes m the appearance of the image under different
conditions of lumination

The definition of an 1mage may be improved by shortening
the wave-length of the hight used, but the advantage gamed
by using ultra-violet light 1s scarcely compensated for by the
elaborate and expensive nature of the apparatus necessary.
The Limit of resolving power using ultra-violet light 1s about
1,500 A,1e ponts nearer than this distance cannot be seen
as separate. A great m lution 1s obtamabl
however, by the electron microscope A beam of electrons 18
employed mstead of light, and focused by means of magnetic
couls 1nstead of lenses As moving electrons may be treated
as a process of wave motion (p 47) the action resembles
the passage of hight through a microscope except that the
“‘wave-length’ 1s very much smaller. Actual resolution down
to 60 A has already been attamned.

The above remarks on the resolving power of lenses refer
to their power of rendering visible particles of extremely
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small size. Where images of larger objects are concerned
quite different considerations apply.

Lenses are subject to a number of imperfections which
reduce the defimition or sharpness of the 1mage, and this is
particularly so when a large lens of short focal length 18
employed to focus an object of considerable size. To satisfy
all the conditions necessary for perfect focusing 1s often im-
possible, and lenses must be designed for the particular pur-
pose they are required for by balancing the errors to bring
them to a mmimum When fields of varymng depths are
viewed through a lens, sharpness of image will be improved
by stopping down, m contra-distinction from the necessity of
using the full aperture of a correctly designed lens for effect-
ing the maximum sharpness of focusing of a small flat object
In the latter case, if any stop 1s used, 1t should cover the
centre of the lens and not the outer parts, to secure the
maximum ‘crossing’ of the rays at the image The ‘Lght-
gathering’ power of a lens 1s expressed by the ‘f ratio’, the
number placed as a denommator to the symbol f bemng
the focal length of the lens divided by 1ts diameter or that
of any stop used with 1t.

The following f¢ lae govern the fc on of images by

thin lenses
11 1 1 1
el == (u—1)f=—=
R

and magnfication = image height/object height = v/u,
where v and % are the distances of the image and of the
object, f 1s the focal length, p the refractive index of the
materal of the lens, and r; and r, the radu of curvature of
the first and second surfaces of the lens In these distances,
the convention of signs 1s that they are all measured along
the axis from the centre of the lens, lengths measured from
that pomnt in the direction the light travels are counted
negative, and in the reverse direction positive.

The passage of light in of oriented pa
4748 o




10 WAVES AND MATTER

tropic matter—is of importance to chemists. The concept of
light as wave motion 18 based on the observed phenomena
of interference and diffraction, and those of polarization
indicate that the waves are of the transverse type The
property of light of being polarizable 1s of the greatest use
in the optical exammation of crystals and other systems of
oriented and regularly arranged particles If the arrange-
ment 1s one belonging to the cubic system, polarization phe-
nomena do not differ from those for isotropic media, but
for crystals of lower symmetry the velocity of light varies
according to the angle the direction of polanzation makes
with the crystal axes This leads to the sphtting of the
meident hght mto two rays traveling with different velo-
cities—double refraction or burefringence Tetragonal, trigonal,
and hexagonal crystals are termed uniazial because along a
certam axis—the optic axis—light behaves as if 1t were
traversing a cubic crystal In other directions there 1s double
refraction The ordinary ray always travels at a fixed veloaity
(for & fixed 1), that of hight along the optic axis, so that the
Iight 1magined to spread from one pownt within the crystal
has a spherical wave front The ray 1s plane polarzed with
the electrie vector at right angles to the plane of the ray and
to the optic axis The extraordinary ray, plane polarized at
nght angles to the ordinary ray, travels with a veloaity
varying with direction  Laght of this type therefore starting
from a pomnt within the crystal spreads as an elhpsoid of
revolution instead of as a sphere As the result of this, the
wave front 1s not at right angles to the direction of the ray
itself there 1s a certamn crab-wise movement of the light, and
the relation u = sin4/sin7 does not hold for the ray directions
when hight enters the crystal Positie birefringence means
that the extraordinary ray travels slower than the ordmary
ray, and negative birefringence the reverse The difference in
velocity between the two rays 18 most marked i directions
at right angles to the optic axis.
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Crystals of lower symmetry than the above classes are
bazial. Here, m general, entering hght rays are split into
two ext; diary rays of duffe 1 except along
two optic axes where the values become the same.

These effects amnse from the anisotropy of the molecules
themselves The forced vibrations imagined set up by the
electric vectors of the hght wave (p 21) are unequal in
different spatial directions owing to the non-spherical electric
structure of the molecules If all the molecules were arranged
1n parallel onientations in the crystal the electrical properties
of the molecule could be inferred from the optical properties
of the crystal The application of this 1s inited by the fact
that most crystals are built up of groups of molecules, within
the group (of several molecules) the fixed orientations are
not those of simple parallehsm.

" The absorption of hght by crystals may also be strongly
amsotropic It 18 found, from examples of crystals of known
structure (X-ray analysis), that the strongest absorption
takes place where the electric vector of the hight 15 correctly
related (generally parallel) to the direction of the chromo-
phoric groups, e g along the lengths of such chemical hnkages

C=C
as —N=N— (azo) and =C/ \C= which give rise to
\C:C/

powerful absorption If, as1s not always the case (see above),
molecules of this type are arranged 1n the crystal in approxi-
mately parallel arrays. the crystal will show strong pleochro-
ism,t 1e the hight absorption will depend on the direction
of polanzation of incident plane polanzed hight Ordinary
and extraordinary rays will be absorbed m different amounts.

 The torm dichrowm, apphed to a pleachroic ervstal showing two well-
marked colours, should not be confused with dwAromatism, which 15 used
to descnibe a substance which absorbs, e g , green hght and partally trans-
muts red and blue, and having unequal absorption coefficients for the latter
colours Such a substance changes 1ts colour when viewed by transmission,

either when different thicknesses are taken or by using white hght of
different, wave longth dustributions
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Thus 18 markedly shown by crystals of tourmaline, and by
‘Polaroid’, a film contaming orented crystals of an iodine
derivative of qumine Of madent unpolanzed light, only
light polarized in one plane is transmitted (with feeble ab-
sorption), that polarized mn the other being absorbed by the
oriented chromophoric groups m the crystals Similar aniso-
tropic properties are shown when molecules in crystals emit
hght as fluorescence* The emtted light may be strongly
polarized and of varymng intensity m different directions
This 1s particularly the case in crystals of parallel molecular
asm p uranyl sulphate, or in
cene 1n solid solution n chrysene Here again the polarization
and the mtensity of the absorption and the emission are
related to the or of the fl group 1n the
molecule  Photochemical changes i crystals may also be
amsotropic  Solid o-mitrobenzaldehyde, for example, under-
goes intramolecular change into o-mtroso benzoic acid under
the mnfluence of ight The rate of change in these crystals
has been found to depend on their orientation when exposed
to polarized light Laght with the electric vector m a certam
direction relative to the crystals will be most strongly ab-
sorbed, and therefore brings about more chemical change;
but 1t 18 not known whether more feebly absorbed light of
different electric vector orientation 1s less effective when
considered on an equal absorption basis
The optical properties of crystals mn polarized light are
important aids in chemical investigations As already men-
tioned, umaxial erystals show double refraction except along
the direction of the optic axis A plate of such a crystal cut
perpendicular to the axis 1sotropic 1 parallel ight.
Between crossed Nicols in convergent hght, however, a
characteristic interference pattern 18 observable, consisting
of a black cross and dark rings, with rings of colour if white
light 15 used owing to the varation of refractions with wave-
length. Biaxial crystals in convergent light between crossed

hih
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Nicols, viewed along a d bisecting the angle b

the two optic axes, show a different but typical pattern. In
skew crystal sections the effects are still recognizable, and
afford a means of distingwishing the two crystal classes.

The passage of parallel light through umaxial crystal sec-
tions 1n directions not along the axis leads to the formation
of ordinary and extraordmary rays following in general
dufferent paths One special case 15 of great importance.

A plate cut from a umaxial crystal parallel to the optic
ax1s does not divide into two directions a ray incident
normally on 1it, but the ordnary and extraordinary rays
follow the same path at different velocities. If ight, plane
polarized at 45° with the optic axis, 1s incident normally on
the plate the displacements of the two components of the
hight resolved along and at right angles to the axis will get
mn and out of phase as the light reaches different depths in
the crystal When the thickness of the plate s such that one
component 1s retarded by A (1e by iz i phase) over the
other, the displacements of the two Lnearly polarized com-
ponents combine to produce circular displacements These
can be right- or left-handed. Such a plate, termed a ‘quarter-
wave plate’, turns hnearly polarized hght mto circularly
polarized hght Circularly polarized hight, passed through a
Nicol, resembles ordinary hght 1n that its intensity 1s un-
changed by revolution of the pnism If however, another
quarter-wave plate 1s interposed, the two hnear components
are altered a further 37 1n phase to = or 0 1e they combine
to a single plane polarized ray detectable by the Nicol.

The importance of circularly polarzed hght is that sub-
stances with a ‘screw-like’ structure, as compounds with four
different groups tetrahedrally attached to a central atom, or
crystal lattices of certain forms (as quartz), transnut nght-
and left-handed circularly polarized vibrations with different
veloaities. Smce a combmation of night- and left-handed
circular vibrations compound mnto a plane vibration, and
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difference of velocity means alteration of phase and altera-
tion of the direction of the Itant plane vibrat: such
bodies rotate the plane of linearly polarized light. Substances
showing this behaviour are termed optically active and have
dezxtro and laevo forms of opposite ‘screw’ structure, rotating
the plane to the nght and to the left in equal but opposite
amounts. The amount of rotation 1s proportional to the
distance travelled by the hight, but not exactly to the con-
centration. The molecular rotation of a solution

_ rotation (in degrees) per decimetre ot: solution
~ gram molecules of active solute per cubic centimetre of
solution

This is constant only 1f the rotation 1s proportional to the
concentration In strong solutions effects may occur causing
serious deviations, e g brucine d-1 methyleyclohexyhidene-
4-acetate 1n ethyl alcohol rotates the plane of polarized hight
laevo n weak and dextro 1n strong solution The molecular
rotation varies with the wave-length of the hght employed
(rotatory dispersion)

Light circularly polarized in opposite directions 1s not only
dufferently refracted but, if absorption occurs, 1s absorbed 1
different amounts by a dextro or laevo molecule Conse-
quently, if it should happen that hight absorption decomposes
the molecule, a mixture of equal numbers of such molecules
exposed to cireularly pol 1 hight 18 qually affected, so
that an excess of one form appears It 1s thought that this
process may be the origin of the characterstic ‘optical
activity” of molecules of hving If so, all hving
matter must be imagined as derived from one or a very few
chance syntheses from non-hving matter, or equal amounts
of optical 1somers would be found 1n nature. This is in accord
with the very small probability of the spontaneous formation
of a very complex molecule.

In the general case of a thin plate of a uniaxial crystal
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cut parallel to the optic axis, and transmitting light plane
polarized at 45° to the axis, elliptically polarized hght is pro-
duced. With a second Nicol prism interference effects are
observed. This 18 because the second prnism again splits each
component into two, and transmits one pair polarized in the
same plane but retarded one over the other. Smce the vibra-
tions are 1 the same plane interference 18 possible A re-
tardation of 4A or an odd multiple produces darkness The
analysing prism 1itself introduces a retardation of A, so that
retardation of 0 or a whole number of wave-lengths in the
crystal plate results in hight of that wave-length being extin-
guished. If white hight 13 employed, that range of wave-
lengths of appropriate retardation 18 removed and the
residual hight 18 coloured These effects are made use of 1n
the optical examimation of crystals ¢

In addition to the quarter-wave plate above mentioned,
half- and full or umt retards plates have 1m-
portant properties They are all cut from uniaxial crystals
parallel to the optic axis of thickness such that the retarda-
tion of one ray over the otheris }A (i), 3A (=), or A (27), and
when placed in hnearly polarzed monochromatic hght with
polanzation plane at 45° to the optic axis they transmut
respectively circularly polarized light, hnearly polarized light
with the plane of polarization turned through 90°, and
hinearly polarized light of unaltered plane. The necessary
thickness of the plate depends on the wave-length for which
it 18 to be used For use m white hght a mean A of about
5,750 A 1s chosen Viewed through a second Nicol, also at
45° to the optic axis, plates for white hight show the following
terference colours

Plate Nucols crossed Nicols parallel
Quarter-wave Pale grey Brownish
Half-wave Yellowish-white Indigo
Full-wave Violet Greemsh-yellow

Plates of mica, selenite, or cellophane having the above
retardations may be selected by the colour phenomena of the
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table. The half-wave plate has the property of changing
the plane of the electric vector of mcident polarized hght
from one side of 1ts optic axis to the same angle on the other
side, and 1s so used m Laurent’s polammeter The umt
retardation plate between crossed Nicols (optic axis at 45°
to polarization planes of Nicols) 1s a very sensitive detector
of double refraction in any transparent substance placed
between the first Nicol and the plate The double refraction
in the matenal 1tself may produce interference colours as
above described when viewed between crossed Nicols, but
the unit retardation plate enhances the retardation and
transforms weak colour effects mto very marked changes of
tint With thicker crystal plates the coloured imterference
effects vamish when white hight 1s used, as several colours are
simultaneously retarded a wave-length Between crossed
Nicols with white hight illummation a thick doubly refract-
g plate merely produces a hghtening up of the field if its
optic axis 1s not parallel to either of the Nicol directions,
when set n the latter directions the whole field 18 dark
(extmnction positions)

.~ Flow and stress in materials often brings about double
refraction ® Models constructed 1n glass or transparent resins
and loaded show the distribution of internal stress gradients
by double refraction effects (photoelasticity), and this has
important engineering apphcations Thermal strains in glass-
ware are observable in the same way The effect 1s recogmized
by a hghting up of the material when cxamined between
crossed Nicols. A umt retardation plate (see p 15) used m
addition mncreases the sensitivity of the method of detection.
A sihicate crystal contains a three-dimensional network of
oxygen-silicon links regularly arranged. and has the usual
optical properties associated with the crystalline state. Glass,
while having the same type of internal network of links, does
not 1ly possess the unifc y of 1 orientation
to behave like a crystal When stress gradients are present,
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h , the k 1s dist d so that light travels at
different velocities in the material d ding on the d

of the electric vector Films of cellophane, produced by
rolling out viscose dope, are highly doubly refracting; the
molecules having set in the orientations induced by the flow.
The optic axis 18 parallel to the fine Lines observable on the
surface, the sheet behaving as a umaxial crystal. Substances
with long molecules, as p-azoxyamsole,

CH,0. —N=N. CH,,

mn the hquid state, show a tendency to onent through the
action of van der Waals’ forces n groups in the direction of
their lengths bet particular )¢ Limits. The
hqud 15 generally turbid owing to the presence of swarms
of oriented molecules which have different refractive indices
n different directions and diffuse the hght Each swarm is
doubly refracting and behaves as a umaxal crystal, hence
the term ‘hquid crystal’ apphed to these bodies

Certain viscous hquids as gelatine or oils become doubly
refracting when flowing The materal is semi-sohd and
during slow flow 1 a tube may be regarded as subject to
forces of compression and dilation at 45° to the tube axis.
These forces partly orient the molecules ‘Optic axes’ are
developed at 45° to the tube axis, and the tube appears
bright (except at the centre linc) when observed between
crossed Nicols at 45° to this, 1e parallel and perpendicular
to the flow direction Each half of the tube resembles a uni-
axial crystal plate cut parallel to its optic axis (see p. 13).
Many colloids having amsotropic particles, as vanadium
pentoxide and calomel sols, soaps, dyes, myosin and virus
proteins, show streaming double refraction, but the effect is
more complicated Here the systems contain large aniso-

tropic particles mn a medium of low viseosity The measured
s D
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“viscosities’ of these sols are high and ‘anomalous’, 1e they
decrease at high rates of flow If the particles are visualized
as rods the observed effects are explamned as follows The
laminar flow of the solvent tends to orient the particles along
the stream lmes, and this 1s opposed by the rotational
Brownian movement, which results in a precessional motion
of the rods about the lines of flow Increase i the rate of
flow (below the turbulent region) favours orientation, in-
creasing the double refraction and decreasing the viscosity
by lming up the particles Very small particles can be
oriented only shghtly, but larger ones of neghgible Browman
movement may be almost completely oriented at moderate
flow rates Still larger particles, however, become unstable
m lammar flow because their two sides tend to travel at
different rates owing to their appreciable widths, and a revo-
Iution opposing orientation 1s agan set up In some systems
contaning polymerized rod-like particles the longer rods are
broken down nto shorter ones by the effects of high rates
of flow. Stll further complexities arise from the flexibility
shown by many rod-like particles, particularly by the soaps
and protems. At low flow rates, where the solution has a high
viscosity and a enss-cross arrangement of particles, the
streaming double refraction 15 then of the ‘strain’ type, and
the ‘optic axis’ appears at 45° to the flow direction The
material behaves as a sohd or semi-solid At higher flow
rates or with ‘aged’ sols (larger particle size) the particles
are distorted 1nto the stream hines by stretching and bending,
and the ‘optic axis’ 1s developed along the direction of flow
The double refraction 1s then best seen with crossed Nicols
at 45° to the flow direction. Another source of uncertamnty
in the interpretation of the observed results 1s the relation
between the ‘optic axis’ of the particle, treating 1t as a uni-
axial crystal, and its geometrical long axis which determines
its omentation 1 flow. Though 1t may be expected that in
the majority of cases the axes approximately coincide, this
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may not always be so. Where the sol consists of micro-
crystals of strong optically amsotropic character, or where
the particles are plate-like mnstead of rod-like, difficulties of
mterpretation due to thm cause may be serious

An effect caused by ori tion in solu-
tions 1s also observable i the Tyndall or hghc scattering
phenomenon The scattering 18 greatest when the electric
vector of the ight 1s correctly orented to the line of greatest
refractive index of the particles. The scattering of plane-
polanized ight, passing either along or across the direction
of flow, 18 changed when the amisotropic particles are oriented
by streaming, and from the nature of the changes informa-
tion may be ganed as to whether the particles approximate
to rod or disk-hke shapes The mterpretation of the results
18 subject to some of the obscurities discussed above.

Visible hght may be polarized by reflection (p 25), by the
use of the dichroic properties of tourmalme or Polaroid, or
with a Nicol prism The latter gives the most perfect polan-
zation, but the size of the prism 1s hmited by the ranty of
large crystals of Iceland spar The prism consists of a crystal
of this substance cut across diagonally at a certain angle and
cemented together with Canada balsam The entering hght
18 split 1nto two rays, and the ordmary ray 1s reflected away
sideways at the internal junction while the extraordinary ray
18 transmutted as plane polanzed hght, the electric vector
being along the short diagonal of the prism when viewed
from one end. Various modified designs have been made, of
mproved aperture, with end faces at right angles to the
beam, or, for economy of calcite, comprsing a plate of that
material set skew in a rectangular glass pnism. Some trans-
mit the ordinary ray and others the extraordinary For the
most perfect extinction it 1 necessary to use enturely parallel
light and prisms with night-angled end faces. For long-wave
ultra-violet Light prisms with an air film instead of the balsam
are used, but thewr transmmssion 1s poor and aperture small.

Noidal
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‘When unpol: d hght of i d by 2
passes a Nicol prism 1ts intensity 1s reduced to umty, and
after passing a second prism to cos®d, where 6 13 the angle
the second prism 1s turned beyond the angle of maximum
transmission (or to sin®$ if ¢ 1s the angle from the position
of extinction) This result neglects all hght losses through
imperfect transparency of the prisms

For the detection of & small amount of polarization in hght
use may be made of a Savart plate or a combmation of
Polaroid and cellophane 5 A more sensitive method 1s the
‘half-shade’ principle An example 1s the use of a ‘half-wave’
plate (p 15) coverng one-half of the field, i conjunction
with Nicols a few degrees from the ‘crossed’ position The
field 1s seen fantly illuminated, and the two halves are of
equal mtensity only when the electric vector plane of the
partial polarization 1s set parallel to the edge of the plate.
Other ‘half-shade’ devices 1n the form of prisms may be used
as polarizers or analysers for the same purpose Elhptically
polarized light behaves simlarly to partially polarized hight
when examined by these methods The distinction between
partially polanzed hght and elliptically polarized hght 1s
made by means of a ‘quarter-wave’ plate (p 13) For the

)s m of elhiptically polarized light the ratio
of amphitudes and the d of the axes of the plane-
polarized components must be determmed This 18 effected
by the use of a ‘compensator’ (Babimet or Biot) whereby
prisms of quartz are employed to convert the elliptically
polarized light into plane polanzed light by introducing
further phase duff the comp The
Wollaston prism separates a beam of ight nto two diverging
beams plane-polarzed at right angles to each other When
used 1 conjunction with a Nicol 1t affords a means of
measuring the relative of the two 7 s 1n
a partially polarized beam. If [, and I, are the intensities
of the parallel and perpendicular components in a beam of
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partally plane-polarized light, the fraction of light polarized

f +§ , while L is called the depolarization of the light.

When the degree of polarization of light 1s to be measured,
as 1 the examination of Raman or of fluorescent radiation,
or when light intensity 18 controlled by the use of polarizing
devices, care must be taken to avoid errors due to the
unwanted introduction of polarization by the passage of hght
through lenses, plates, etc , 1n optical mstruments

When hght falls on matenal objects 1t 15 reflected, trans-
matted, or absorbed When a particular wave-length 1s chiefly
transmitted the body 1s called transparent to that hght.
Opaque bodies either reflect or absorb the chief part of the
incident hght The differences may be explained by the ways
electromagnetic radiations can interact with matter n 1ts
various forms The wave vibrations are concerved as of the
nature of alternating electric currents Matter 18 treated as
built up of electrically charged particles In these an electro-
magnetic wave 1s assumed to generate varying electric move-
ment by ‘electromagnetic induction’, 1e the electrical
structure of the atom or molecule 18 distorted The mathe-
matical theory of wave-motion requires that the induced
electric moment shall vibrate at the same frequency as that
of the wave, but retarded n phase. The vibrating electric

ts of the molecul te new waves of the same
frequency which radiate out mn all directions n space This
process 1s called ‘coherent scattering’, since the ‘scattered’
radiation has the same polanzation state as the madent
radiation and a fixed phase relation to 1t.

The electrons, atoms, or molecules 1n matter are bound
by forces (electrical attractions) which endow them with
‘natural’ periods of vibration. hike a spring or pendulum.
The variation of these periods with the type of process
occurring has already been mentioned (p. 4). The nearer
the incident radiation frequencies agree with a natural period
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of the matter the greater will be the induced amplitudes of
the ‘forced vibrations’ induced, when there is close coinci-
dence the induced vibrations are styled ‘free’ and become
very strong. At this pomnt 1t 18 necessary to distinguish care-
fully between two modes of behaviour of ‘natural periods’
of matter Certain natural periods are ‘highly damped’, that
15, when they are excited the energy 1s converted rapidly
mto other forms, 1t may be partly reradiated as fluorescence
(which 1s not of the same frequency as the incident radia-
tion), 1t may go into chemical energy by dissociating the
molecule, or 1t may become heat energy (through colhisions
or by mternal molecular processes) by being converted into
translational, vibrational, or rotational energies When this
happens matter 1s said to absorb the radiation Processes of
absorption cannot be dealt with by electromagnetic theory,
and are discussed later It 1s the ‘undamped’ natural periods
of matter which are of interest here These vibrations give
all the energy they have received back nto the radiations
agam.

We conceive then of matter, bemng traversed by electro-
magnetic radiation, as having induced i 1t forced electrical
vibrations 1 the period of the radiation, lagging in phase by
an amount determined by the difference between the wave
frequency and the undamped frequency of the matter These
mduced oscillations generate new waves i all directions
which unterfere with the incoming radiations to produce new
waves The nature of these waves depends on whether the
radiation frequency 1s equal to or different from those of
the el atoms, or molecules mn the matter If 1t 18
equal, the incident hght 15 scattered m all directions after
traversmg a very small amount of matter even in the low-
P g state. An le of this 1s when mercury
atoms are illuminated by a beam of hght of wave-length
2,636 52 A, a wave-length charactenistic of this atom. Even
under the low-p dition of d mercury vapour
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at ordinary temperature the light cannot penetrate far into
the vapour, 1t 1s re-radiated mn all directions and is called
‘resonance radiation’, from the ‘resonance’ between the fre-
quencies When the vapour 1s under very gh pressure so
that the atoms are very close together compared with a wave-
length, the hight 1s not scattered, but the waves combine to
give selective reflection, that is, the surface of the vapour
behaves like a reflector, but only for hight of exactly the
correct wave-length, for others 1t 1s transparent

When there 1s no b the frequency of
radiations and of the matter the scattered waves mterfere
with the ncoming waves 1n a different manner Let a mono-
chromatic ray of radiation be imagined as mncident from a
vacuum on to the surface of a transparent matenal at an
angle 1 (between beam and normal to the surface) As 1t
penetrates the materal, secondary waves are generated which
mterfere with the primary ones to produce complete can-
cellation m all directions except one (or m the case of doubly
refracting crystals, two, ordinary and extraordinary ray).
This 15 the ordinary refracted ray, having an angle of refrac-
t1on r between ray and normal to the surface Theory shows
that the refracted ray 1s in the same plane as the normal and

meident ray, and that ? = E, where ¢ 1s the veloaity of
mr u

radiation 2 vacuo and u the velocity of propagation of the
electric vector in the material The ratio c/u 1s called the
refractive index (p) of the material. Since u varies with
the wave-length of the mcident radiation, owing to the varia-
tions of phase lag of the secondary waves with the difference
between the two frequencies of the matter and the radation,
1 is a function of wave-length It normally increases with
shorteming of the wave-length, but as the radiation frequency
approaches, equals, and then exceeds an undamped charac-
teristic frequency of the matter 1t passes through a maximum
and then a minimum. The wave theory of radiation thus
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ts for the observed ph of refraction, dispersion,
and lous dispersion (near a freqp y of the matter).

The velocity u above 1s the phase velocity of the final waves
resulting from the mterference Under some circumstances
(e g. m metals) 1t may exceed ¢ Energy 1s not carried by
the wave, however, at the velocity « but by the group velocity
v This comes about from the following considerations Wave
trams are not of infimte length Unless some singularities
(‘beginmings’ and ‘ends’) are present the velocity cannot be
ascertamed Radiation cannot then be treated as strictly
monochromatic, 1t must be regarded as a collection or group
of waves of frequencies varying between v—dv and v+dv.
In a medum of refractive index p the phase velocity w 18
¢/p, but the veloaity with which energy 1s transferred, or
group veloaity v, depends upon the superposition of the above
)

dv
The two velocities are equal only when u 1s constant, 1e in
& non-dispersive medium, where there 1s no change of velo-
city with frequency.

In addition to the pt of disp and refrachon,
reflection takes place when radiation 1s incident at the surface
of matter, while scattering and absorption are observed in the
body of the medium Reflection 1s of two kinds, general and
selective. Selective reflection has already been mentioned,
and differs from general reflection mn bemng confined to a
narrow range of wave-length General refl from a trans-
parent surface 1s a natural consequence of the alteration of
the wave velocity, and has a mathematical interpretation i
terms of mterference of secondary with the primary mecident
waves A simple mechanical example 1s when waves are sent
down a long string composed of two sections, one thin and
one thick The retardation produced m the waves when they
reach the thick part causes partial reflection of waves back
along the thinner section Only a fraction of the light energy

waves of different frequencies, and is given by b4
v
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is reflected, depending on the diff of velocity produced
at the boundary. From a vacuum (or air) surface of a trans-
parent body, a fraction (u—1)%/(u-+1)* of hght ncident
normally 18 reflected back This amounts (for the visible
region) to about 4 per cent for glass and to 17-5 per cent.
for the diamond

The fraction of hght ncident obliquely which 1s reflected
from transparent surfaces depends on its state of polariza-
tion If the hght 1s plane polarized so that the electric vector

15 paralle] to the plane of madence, a fraction

tan2(:—7)

tan2(1+47)

18 el { and 4 s’ cos®
smn2(1+r)cos?(2—7)

refracted mto the medium, whle if it 18 perpendicular to the
plane of incidence a fraction

sm3(2—r)

sm?(2+7)

4sm?% cos%

sm3(1+4r)

refracted The electric vector of unpolarized hight may be
regarded as having all possible orientations at right angles
to the direction of the wave during the time of observation,
and the light may be treated by resolving the vectors mto
two equal polarized vibrations, one parallel and one per-
pendicular to the plane of mcidence At an angle of incidence
where (:+r) = 90° or tan: = y, no light 18 reflected whose
electric vectors are parallel to the plane of incidence Un-
polarized hight reflected at this angle, the polanzing angle,
18 completely polarized such that the electric vector is per-
pendicular to the plane of incidence (1.e. parallel to the sur-
face) The hight itted obhquely tk h the surface
is partly polarized.

4748 E

18 reflected and
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When the hght is mcident on a thin transparent plate,
two surfaces must be considered, which give multiple reflec-
tions. If R the fraction of lhight reflected from

2R 1-R ro-
1+R 1R
fracted The calculation must be made separately for the
parallel and perpendicul: D ts of light d
obliquely 1f 1t 1s erther unpolarized or polanzed at an angle
to the plane of mcidence. Imperfections of surface and of
transparency somewhat alter these values for real plates.
For normal maeidence, the fraction transmitted 1s approxi-
mately given by the expression (1— R)%-%, where ¢ 1s the
thickness of the plate and a the absorption coefficient. Since
the latter 1s a function of wave-length, the relation 1s only
valid for monochromatic hght

The deposition of a thin film of eryolite (1 = 1 35) on glass
(1 = 1-5-1 65) effects a notable increase n visible hight trans-
mitted from air through the surface, owing to the stepwise
reduction m the abruptness of the transition A boundary
having a gradual transition from one transparent medium to
another would show no hight losses by reflection By forming
a film of such a refractive ndex on glass that reflections
from the front and rear surfaces are equal and of thickness
such that interference occurs between them, a non-reflecting
glass for normal mcdence can be made This has been
achieved by the use of ‘bwlt up’ multilayers of salts of long
chain fatty acids

If incident at an angle greater than the cmtical angle
sm~*(1/p), bght passing through a transparent substance
cannot emerge through a boundary with a vacuum or air
beyond It is totally reflected back mnto the substance. In
general a phase change in the hght occurs at the surface,
different for the parallel and perpendicular components,
‘whereby it becomes elliptically polarized.

The optical behaviour of metals shows peculiar features.

P

one surface, is reflected from a plate and
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They differ from other subst by © ing electrical
conductivity Toa ﬁrst approximation they may be regarded
as an bly of tamed withm the crystal

lattice of positive 10ns Two effects of hight must be distin-
guished Absorption of hght may cause electrons to jump
to higher energy levels in the metals, and at sufficiently short
wave-lengths they may gain enough energy to leave the sur-
face—the photo-electric effect. The absorption bands of these
processes lie mn the infra-red or visible regions for the alkali
metals and in the ultra-violet for others The mobile elec-
trons i metals lead to other effects. A cloud of free electrons
would be completely opaque to radiations since an electro-
magnetic wave cannot be propagated mn matter which has
no ‘elastic’ electrical properties For longer waves the mobile
electrons n the metal will behave as if they were free; for
shorter waves the attraction forces in the metal will not per-
mut the electrons to follow the rapid electrical alternations.
If the metal 1s treated as resistanceless, 1t should be com-
pletely opaque for longer wave-lengths and become trans-
parent at shorter The opacity 1s not due to absorption (free
electrons cannot absorb radiation, they can only undergo
the Compton effect), but to scattering (p 22), which appears
as perfect reflection since the electrons are very near together
and are set mto forced vibrations in phase with each other.
We then have the phenomenon of selective reflection not
confined to one wave-length but extending over a wide range.
Taking the electrical resistance of the metal nto account,
these 1deal results become imperfect reflection at longer
wave-lengths and incomplete transparency at the shorter.
Thin films of the alkali metals are transparent in the ultra-
violet region. Silver films have a transmussion band (and
feeble reflection) at about 3,000 A separating the long-wave
‘conduction electron’ opacity from a shorter-wave region of
absorption due to change of energy levels.

Phase changes 1n the hght occur on reflection from the
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surfaces of metals At normal incidence the phase changes
by = and the reflected waves form a system of standing
waves with those mcident, while at grazing incidence there
is no phase change. At other angles of incidence the phase
change 15 different for the parallel and perpendicular com-
ponents of the hght, so that eliptical polarization results
This effect may be treated by the electromagnetic theory
to give information about the optical constants of the
metals.

1t has already been mentioned that a ray of monochromatic
hight a parent med 1nduces electrical vibra-
tions 1n the matter which themselves generate new waves,
travelling 1n all directions, these mterfering with the primary
waves with destruction 1 all directions except one—that of
the refracted ray If the medum, however, 1s not optically
homogeneous the destruction of the secondary waves 13 not
complete, and a certain amount of the scattered lght 1s
observable in other directions than that of the refracted ray
The effect 18 most marked 1n turbid media, 1e media con-
taming small particles of size somewhat smaller than a wave-
length of the hght Molecules and atoms, however, though
much smaller than light waves, may be regarded as offering
to the hght waves fluctuating regions of different optical
density, and very famnt scattering from them 1s observable
The Rayleigh scattering, as the phenomenon 1s called, 1s thus
determined by varations of refractive mdex within the media
and 1s subject to the same considerations as those used to
explam dispersion. The problem 1s treated as one of forced
vibrations set up by the light n the ‘particles’ Each particle
takes up a hight vibration (having a certain electric vector
orentation) and emuts 1t agamn with the orientation un-
changed. The emutted light has a circular distribution round
the electric vector direction.

Since hght displacements are always transverse, no hght
is scattered 1n a direction at right angles to the direction of
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the incident light and parallel to 1its electric vector. The
scattered light distribution 18 given by the inner curve of
Fig 3 (r = cos? 1n polar coordinates), 1if the electric vector
18 1n the plane of the paper The scattering particle 1s located
at O, and any radus OP 18 proportional to the amount of
scattering at the angle 6. Light in this direction 1s polarized
with 1ts electric vector i the plane of the paper and per-
pendicular to OP. The spatial distribution of the scattered

Direction

'1' " o Xof Ight

Fic 3

Iight 1s given by the surface formed by the rotation of
the curve about a vertical axis (1e about the direction
of the electric vector of the inaident light) Radu, as 0Q, of
the outer circle rep the of hight i
1f the original electric vector had been at right angles to the
plane of the paper For unpolarized hight, the total scattered
mtensity along OPQ is OP+0Q (oc 14-cos®), the separate
values giving the mtensities of the components of the polar-
1zed scattered light, and 1ts spatial distribution may be
obtairied by rotating the curve given by the sums of these
radu about the light direction The degree of polariza-
tion along OPQ 1s given by (0Q—OP){(0Q+OP). If the
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scstbermg is feeble, the hght distribution round a small
herical volume el t will be identical with that shown
m the figure for 4 single particle in the system.

In a theoretical analysis of the problem Lord Rayleigh
showed that the total scattering m a direction making an
angle § with that of the hight from a transparent sphere of
radiws r and small pared with a length (less than
500 A diameter) 1s proportional to

78(14-cos?0)
A )

It is also dependent on the refractive mdices of the particle
and the medium The nverse fourth power of the wave-
length relation explamns the use of filters passing only red
and nfra-red hght as a means of obtaimng long-distance
h hs under misty condit and also the blue of the
sky The scattering varies very steeply with the radius of
the particle, that from dust-free iquids and gases 1s normally
extremely small, but for colloidal particles 1t 1s much greater
(the Tyndall effect) Scattering from pure fluids 1s referred
to local fluctuations in density, and 1ts degree of polarization
is mcomplete The law of scattering from small metallic
spheres 18 somewhat different, here the directions mn which
the scattered ight 1s plane polarized 1s at 120° to that of the
merdent hght Light scattering from particles n colloidal
solution 18 only ideally rep d by the above exy
The scattering fails to obey the equation owing to lack of
sphercity 1n the particles, to orentation effects (p 19), and
when the particles are of large size  When the size approaches
that of a wave-length of the light the scattering becomes
complicated both n respect to distribution around one
particle and for an assembly of particles With feeble scat-
tering the light distribution around a small spherical volume
of the material resembles that round a single particle, but
where the scattering 1s large it becomes multiple, and more
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light is thrown backwards than forwards since what goes
back escapes from the substance more easily. Scattering
then passes nto diffusion In the hmiting case of large
particles, as m ground glass, the diffusion may be pictured
as the light actually entering the particles and suffering many
nternal reflections to emerge n directions determined by
the laws of chance. Here the scattering varies much less
steeply with the wave-length

The hght distribution from a pomnt on an 1deal diffusing
surface 1s represented mn polar coordinates by a sphere tan-
gential to the surface at that pomnt This 1s independent of
the angle of incidence of the ight falling on the surface The
length of any chord from the pomnt to the surface of the
sphexe 18 proportlonal to the mtensity of diffusion m that

apprc most closely to this
behaviour are magnesium carbonate and magnesium oxide.
The former diffusively reflects 90 per cent at 2,500 A and
97 per cent m the visible region Fig 4 shows the polar
diffusion curves for magnesium oxide at different angles of
meidence. They approximate to the 1deal shape at incident
angles of 0° and 45°, but at much larger angles they are
distorted ds the other case of specular reflec-
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tion (cf. the curve for 80°), 1e. the surface begins to show
surface gloss mstead of being matt If the particle size lies
between certan magnitudes there will be a change-over from
diffusion to specular reflection as the wave-length of the
radiation 1s increased, 1e a surface matt to visible hght may
reflect infra-red rays

The 1deal law of distribution of diffused hght round a sur-
face applies also to the brightness of an element of a self-

surface, g hght by temperat diation or

by phosphorescen The quation giving the polar curve of
Tig 415 I) = I, cosf, where 618 the angle between the dwrec-
tion of observation and the normal to the surface, and J; and
I, are the mtensities at angles 6° and 0° A whole surface
emtting or diffusing light has a brightness (p 34) indepen-
dent of the angle § at which 1t 13 viewed, as the reduction
due to the cos 8 term 1s exactly compensated for by the larger
number of emitting elements subtended by the eye at obhque
observation

The colour of pigments (when 1t does not arise from the
comparatively rare effect of selective reflection) is due to
the removal from white Light by absorption of certain colours
with diffusion of the remainder. The finer the particle size,
the shorter the hght paths before back diffusion occurs, and
so the less the absorption Fmme grinding of pigments,
especially those of low absorption power, will therefore
dimimsh their depth of colour, as red glass may be crushed
to a white powder

The accuracy of estimat of luble ch 1 sub-
stances by the degree of turbldnty of the hquid—nephelometry
—s affected by the pl hips between scattering

and diffusion and the amount of matenal. In the molecular
(dissolved) form a given amount of matter scatters little
light, the scattering greatly increases as particles of colloidal
or fine precipitate form are produced, nsing to a maximum
As the particles grow larger still the total effect dimmishes
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agamn to a Ligible li value corresponding to the
formation of one transparent lump from all the precipitated
particles. In analytical work all factors mfluencing the size
of the particles must therefore be carefully controlled if con-
stancy of relationship of turbidity to concentration 1s to be
achieved.

4748 ¥
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LIGHT AND LIGHT SOURCES

For the measurement of 1llumination, hight 1s evaluated in
terms of 1ts capacity to produce visual sensation The umt
of intensity of ight sources 1s the International Candle Power,
defined 1n terms of the emussion of certamn electric lamps
preserved as standards The Hefner Candle, a continental
European umt, = 09I CP The umt of luminous flux 1s the
Lumen, and 1s equivalent to the flow of light mn umt sohd
angle from a umform pomt source of 1 CP The total flux
from a source of 1 C P 1s therefore 47 lumens, and for a non-
uniform source (emitting light flux varymg with direction)
we have Spherical Candle Power = Total lumens emitted/ds.
The unit of Wllumination, 1e. of the density of luminous flux
recewed on a surface, 15 the Lux or Metre Candle, and 1s
equal to the illummation received by a surface, normal to
the hight direction, from a pomnt source of 1 CP 1 metre
away Another umt, the Foot Candle, = 10 764 lux

The brightness of a surface, whether acting as a primary
emitter or as a reflector (diffuser), 1s measured m Lamberts.
One lambert corresponds to the emission of 1 lumen from
1sq cm of the surface Objects in sunhght have a bright-
ness of the order of 1 lambert, mdoor brightness may be
1-10 milh-lamberts Brightness may also be expressed as
candle-power per umit area One CP per sq em = # lam-
berts. The brightness of a surface in candles per sq metre
= ER/n, where E 1s the llummation received by the surface
1 lux and R 1s the ratio of the total ight reflected from the
surface to the amount of light 1t receives

At the wave-length of maximum photopic eye sensitivity,
5,560 A (reckoned on an energy basis), 621 lumens equal
1 watt No hight sources are so efficient as to produce any-
thing near this ght flux per watt of power consumed (see
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p. 171) The ordinary tungsten filament lamp produces 12-15
lumens per watt, and newer high-pressure types of mercury
ares may give about 50

Many light sources are based on the temperature emission
of hot bodies. An 1deal ‘total radiator’ (black body), capable
of absorbing all radiant energy which falls on 1t (experi-
mentally approxmmated to by an enclosed space with a small
hole for radiation to emerge), emts radiation according to
certamn laws The hemispherical radiation given out by such
a body may be calculated from the equations
Total radiation = 5 73X 10-57" ergs per second per sq cm

I y of radiat;

at length A (; d n em )
= Ldx
_ 3-703x 10-5A-5dA
T T (ermar )y
These expressions refer to radiation into space at the absolute
zero For surroundings at other p 1t must be
remembered that a radiating body recerves as much energy
from 1ts surroundings of temperature 7' as 1t would emit
mto space at the absolute zero 1f 1t were at the temperature
T, and this quantity must be deducted mn estimating 1its
emission

For each value of 7' in the relation above there 1s a value
of I which 1s a maximum, proportional to 7%, at a wave-
length A .. (cm) given by 02885/7 Curves of intensity
distribution are shown 1n Fig 5 It will be seen that very
high temperatures (= 6,000°K , about that of the sun) are
necessary to bring the maximum mto the middle of the
visible region Low-temperature radiation appears red, be-
coming white at higher temperatures and finally blue (e g.
certamn stars) Fig. 6 shows the relative brightness to the eye
of thermal sources at dufferent temperatures and emphasizes
the necessity for high temperatures to secure efficient light
production 1 this way.
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Actual solid radiators are not ‘black’, and thewr total
emussion is less than that of Fig 5 For wave-length regions
where they reflect or transmit the curve develops minima,
80 that the emission 1s partly selective For a given rate of
energy expenditure a non-black body may therefore rise to
a higher temperature than a perfect radiator, and give the
false appearance of bemng a better emutter if judged by 1its
racdiation mtensity at certain wave-lengths For example,
carbon particles mn a coal-gas flame are not as bright as a
‘Wellsbach mantle composed of 99 per cent thorum oxide
and 1 per cent certum oxide, the latter material 1s a bad
emitter i the infra-red region and therefore loses less energy
there by radiation than does the carbon, it 1s therefore able
to mse to a temperature more nearly equal to that of the
surrounding hot gas It 1s possible that catalytic activity
may play a part in addition, the combustion reaction gomng
faster on the oxides and the heat production there greater
The brightness of the light from alummum foil burning 1n
oxygen (photoflash bulb) arses from the high temperature
of the solid product Al,0, both by reason of the great heat
of reaction and to the poor emissivity mn the infra-red region

The visible part of the radiation of most high-temperature
hight sources may be represented by such cuives as m Fig 5
1f a somewhat different temperature from the true one, the
colour temy , 18 employed in the y distribution
equation to correct for imperfect emissivaty It wall be sgen
from the curves of Iig 5 that the (eftective colour) tem-
perature of a body can be estimated by the ratio of intensities
of radiation at any two wave-lengths This 1s difficult to do
by direct measurement, errors arise from hight losses m the
mstrument used for dispersing the hght, the use of thermo-
piles as energy detectors at the high sensitivities necessary
for narrow spectral regions requires delicate apparatus with
elaborate precautions; the alternative detectors, photographie
plates, photo-cells, and the eye have selective wave-length
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responses which complicate matters Standard electric lamps
are avallable whose spectral distribution of energy has been
carefully determmed with the special apparatus necessary,
and these may be employed for the determination of the
temperature of other sources using relatively simple appa-
ratus Relative compansons only of the two emissions are
required 1 1dentical wave-length regions Light from both
sources may be passed through a dispersmg system and
parrow wave-length regions compared by ordmary photo-
metric means, this 1s done for two or more regions In
portable optical pyrometers the hght fiom a hot body 1s
brought to a focus i the same plane as a heated carbon
filament and exammed with an eyepiece The temperature
of the filament can be adjusted by altermg the current
through 1t, when the image just disappears agamst the back-
ground of hght from the hot body the two (colour) tem-
peratures are equal The current-temperature curve of the
filament 1s known from previous calibration against standard
sources of known temperature For very lgh temperatures,
above that to which the filament can be taken, the brightness
of the hot body 1s first reduced by the use of a red glass filter
of measured transmission characteristics Temperature may
be measured optically up to thousands of degrees absolute
(e g m stars giving continuous radiation), and 1s here defined
by the radiation laws, though 1ts ordinary defimtion 1s based
on the expansion of a perfect gas’ Gases cannot be confined
1n vessels above about 1,300° K In the region where experi-
mentally the two scales can be made to overlap they are in
agreement, and their equivalence 1s also m accord with the
quantum theory of matter and radiation Such optically
determined temperatures are of course accurate only if the
body acts as a perfect radiator

For all purposes where instruments using lenses are re-
quired to give very high hght mtensities the ntrmsic bril-
hance of the hght source used must be high, since an extended
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source cannot be focused hike light coming from a pomt
Table I gives the brightness of some sources of visible light.

TaBLE I
Brightness 1
candles per
Source sg om
Sun (at earth’s surface) 165,000
Moon 025
Clear sky 08
Hefner lamp (colour temp 1,880° K ) 07
Gas-filled tungsten lamp, 2,780° K 600
Ditto, with overrun filament at 3,200° K 2,500
Sodum lamp 10
High pressure mercury arc (general use) 160-1,000
Dtto, special type 20,000-50,000
W ater cooled mercury are 60,000
Carbon are 15,000
Ditto, high current density 60,000
Glow-worm 0005
Ca$ (B1) phosphor 30 sec after illummnation 10-%

White light for scientific purposes may be obtamed from
a ‘Pomntohte’ lamp (temperature radiation from a knob of
tungsten n vacuo, heated by an arc between tungsten elec-
trodes) Where great mtensity 1s required, the sun or an
overrun tungsten filament lamp1s employed Monochromatic
light 1s obtainable from special sodium, cadmium, mercury,
and other lamps (see Appendix I) These depend on the
emussion from heated vapour under high-voltage electrical
discharge Except 1n the case of mercury lamps the mtrmsic
brilhance 1s not high The mercury lamp 1s an arc burning
1 mercury vapour between electrodes m a fused silica or
glass vessel If the discharge 1s constricted by the use of a
fused silica capillary tube the brightness 1s enormously m-
creased, up to 150,000 candles per sq cm n the hmit, but
the tube, even 1f water-cooled. only lasts a few seconds under
these conditions A new-pattern lamp has two electrodes
reaching close together in a large silica bulb contaiming mer-
cury vapour and a little rare gas The bulb 1s enclosed 1n
an outer envelope with an air buffer between to take the
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pressure The hght comes from the small space between the
electrodes with a brilliance of 20,000 candles per sq cm.

For the generation of ultra-violet hight down to 2,480 A
the mercury arc 1n fused silica tubes may be employed. Some
of the hines 1t emits are shown i Fig. 9, and in Appendix IT
are given filters to transmit certam of the lmes Capillary
lamps give hugher mntrinsic brightness Special mercury lamps
contamning a rare gas, and runmng off a 1,000-volt supply,
produce 90 per cent of their emitted raciation m the 2,537 A
line, and afford a convement and powerful source of mono-
chmmatxe hght Taght about 2,000 A 15 most convemently

d from cond d spark disch % and about 1470-
1,300 A by means of special dischaige tubes containing
xenon ?” When continuous ultra-violet light 1s required, as
for absorption spectrum work, special hydrogen discharge
lamps are available which make use of the continuous ems-
sion spectrum of that substance (p 79) Metalhc electrodes
(uranmum or iron), which give very close-packed series of
lmes, are also employed.

For work m which very finely monochromatic hght 1s
necessary, as when atoms are to be stimulated to excited
states optically, the above sources may be unsuitable The
lmes emitted by a mercury lamp, for example, are broad
owng to the high pressure of the vapour, and the centre of
a hne may be ‘reversed’, 1e¢ may be missing because of self-
absorption of a narrow range about the atomic frequency in
cooler gas near the walls of the tube Light from a hot
mercury lamp emitting a broad and ‘reversed’ or ‘hollow’
e at 2,537 A will therefore not be absorbed by cold mercury
vapour (p 22) Special lamps may be constructed to avod
this effect, but thewr mtensity 1s low

To secure constancy of light mtensity 1s not easy, and
requires maimntenance of steady electrical conditions, as well
as avoidance of change of the properties of the lamp with age

For purposes of general illumination the tungsten filament
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lamp 18 ly used Temp of about 2,800°K.
are made possible in ordinary commercial lamps by the use
of gas-filling and ‘coiled coil’ filament winding, which reduce
the evaporation of metal off the filament. Higher tempera-
tures, with very much greater brightness, are used in special
lamps where the life 1s of hittle importance The hght from
tungsten lamps 18 much yellower than daylight, 1t can be
approximately corrected to daylight quality by transmissive
or reflective filters (absorbing the excess red and yellow) at
a considerable sagrifice of the hght output Great economy
m electrical power 1s effected by using gas disch lamps
as sodium or mercury, which are more efficient hght-pro-
ducers Their disadvantage 1s the quality of the light, which
has a Line spectrum and 1s mcapable of giving proper colour
rendering of objects to the eye The sodum lamp, for
example, emits only the yellow D lines, and red or blue
objects viewed mn 1t may appear black All discharge lamps
are deficient n red This can be partly rectified for mercury
lamps by the addition of cadmium, and still more by the use
of fluorescent powders (zinc silicate or calcium tungstate pre-
parations) m the bulb In this way not only are approxima-
tions to white and other colours such as pik obtainable
the appearance of the light emitted, but the spectrum 1s
made much more continuous, and the ultra-violet portion,
otherwise lost, 18 largely turned mto visible hght Sixty
lumens per watt may be obtamed The lack of intrmsic
bnlhance of such lamps 18 a gain when they are used for
nterior hghting, as they do not fatigue the eye

The comparison of hight intensity, or photometry, 1s carried
out m a number of different ways Where the apparent
brightness to the eye 1s to be determined a visual instrument
1sused By means of prisms or other optical devices the two
lights to be pared are t ht toll a field viewed
with an eyep: Two methods are lable the two hghts
can be made to illuminate the whole field successively for

s @
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short mtervals of time, equahty being judged by absence of
‘flicker’, or they lluminate halves of the field and are so
viewed side by side The brighter light 1s cut down 1n mten-
sity by quantitative means until the illuminations appear
equal m the pt , the ratio of bright to the eye
1s then given by the extent to which the intensity of one 1s
reduced For this reduction m mtensity use 18 made of
distance (inverse square law for small sources), rotating sec-
tors of variable aperture, metal gauzes of known transmis-
ston, Nicol prisms, diaphragms or apertures of variable size,
or optical wedges (a plate varymg m transmssion by a
loganthmie law from one end to the other, made either of
a glass wedge of narrow angle filled with carbon black m
gelatine or of an antimony film evaporated on quartz).

Instead of the eye. the thermopile, the photographic plate,
or photo-cells may be used to measure light intensity Owing
to therr difference m wave-length sensitivity, however, they
are not generally swtable for the companson of lights of
different wave-lengths or of different wave-length distribu-
tions, except the thermopile, which accurately measures the
energy m the hght beam irrespective of wave-length, but
which 1s not sensitive enough for use with light of low mnten-
sity Because of the non-hinear response to hight of the photo-
graphie plate and under some cir ot the photocell
the lummnations should preferably be quantitatively altered
by one of the above methods until their effects on the
detector are equal, and when the plate 1s used 1t 1s further
necessary to arrange for equal times of exposure and to
confine the measurements to monochromatic hghts of the
same wave-length (p 146)

Instruments to compare the mtensities of the monochro-
matic el of sumilar length 1n two light beams are
called spectrophotometers The two lights are directed on to
the upper and lower halves of a spectrometer slit, and are
spread out mto two adjacent spectra which can ether be
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exammed by an eyepiece (all the spectra bemng cut out by
a slit except the monochromatic region chosen) or, for ultra-
violet work, may be photographed on a plate In the Hilger-
Nutting spectrophotometer for the visible region the two
1mages are brought to equalty by Nicol prisms, and from
the angles these are turned to the ratio of intensities 1s found.
Such an mstrument can be used to compare the spectral
distributions of two light sources, or of hght before and after
reflection from a ete Its most common
application 18 to measure absorption spectra, for this purpose
the two parallel beams of ight from the same source entermg
the spectrometer shit are caused to pass through two identical
glass cells, one contaming solvent and the other the coloured
solution From a series of measurements over a wide spectral
region an absorption curve of the extinct.on coefficient (or
1ts logarithm, p 92) plotted agamst wave numbers or wave-
lengths may be obtamed

Absorption spectrophotometry m the ultra-violet 1s best
performed with a Spekker instrument Here the two hght
beams from the same source agam traverse two cells before
reaching the sht of the spectrometer, and a number of photo-
graphs of the double spectra are made with different aper-
tures of an adjustable diaphragm mn the beam which passes
the cell with solvent only Pomts ate then found i the pairs
of spectia where the degrees of blackenmmng of the plate are
equal, the extinction coefficients at these wave-lengths are
then calculable from the reduction of mtensity by the dia-
phragm, the concentration of the substance, and the length
of the cell The determination of these pomts 1s faciitated
by the use of a mucrophotometer In an apparatus of this type
the photographic plate 1s mounted m a carriage controlled
by accurate screws and moved at a uniform rate past an
extremely fine pencil of ight rays which penetrate 1t and
fall on a vacuum thermopile o1 photocell The readings of
the galvanometer connected to the latter mstruments give

1 d subst:
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the light transmutted over successive very small areas of the
plate, and are recorded on a moving drum (covered with
bromide paper and receiving the beam from the galvano-
meter murror) which provides a graphical record of the

‘density’ of black of the photographic plate at every
pomt.
The relative trations of col d sut 1n solu-

tion are measured by colorumeters Light passes up two tubes
containing the liquds to be compared and illuminates the
two halves of the eyepiece field The depths of the hquids
are adjusted by movable dipping plungers until the fields
appear equal, the ratio of depths 13 then the mnverse ratio
of concentrations (if the extinction coefficients of the sub-
stance are mdependent of dilution) White light may be
used, but where the colour 1s feeble the 1llummation should
be confined by filters to a band of wave-lengths within the
absorption band of the substance

The Pulfrich photometer 1s an mstrument of great versa-
tihty Two beams of light to be compared are recerved
through two apertures controlled by adjustable diaphragms
and ilummate the two halves of the eyepiece field When
the halves are brought to equality the ratio 1s given
by the diaphragm readings When used as a colorimeter,
cells of fixed depth contaimng the solutions are mterposed
n the hght beams This possesses the advantage over the
ordinary colorimeter m that closed cells can be employed It
18 necessary, however, to use fairly monochromatic ight with
this to avoid diff of tint 1n the two halves
of the field due to preferential absorption of some wave-
lengths over others by the stronger solutions
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THE ABSORPTION AND EMISSION OF LIGHT
MarrErR As WavE MorioN

THE electromagnetic-wave theory of radiation 1s able to
explain the phenomena of refraction, dispersion, scattering,
reflection, iterference, and diffraction m very great detail,
simply by the assumptions that radiation consists of wave
motion with electric and magnetic vectors at right angles to
each other and to the direction of the light, and that matter
contains particles of an electrical character in which mduced
electric dipoles are produced by the passage of the wave It
fails completely, however, to mnterpret a number of other
phenomena, all associated with the actual absorption or
emussion of hight by matter One 1s the distribution of energy
from a total radiator (p 35), an expression for which can
be derived only on the assumption that radiation 1s absorbed
or emitted 1n energy units (quanta) equal to hv ergs, v bemng
the frequency of the radiation and h Planck’s constant Most
important, however, 1s the photo-electric effect, or the ibera-
tion of electrons from metals by the absorption of ight or
X-rays The energy of a hberated electron 1s found to be
hv—hy, ergs and to be mndependent of the mtensity of the
maident radiation, where » 1s the frequency of the radiation
and v, a ‘threshold’ frequency This can only be explamed
by assuming that a whole quantum hv is absorbed by an
atom, the energy hv, bemng that necessary first to drag the
electron clear from the atomic attractions, and the remamder
hv—hv, appearmg as kinetic energy of the electron.

If we 1magine one of radiation emitted by an
electron 1n the anti- cathode of an X-ray tube, for example,
and spreading outwards 1n all directions, ultimately reaching
a distant piece of metal, we do not find that many of the
electrons 1n the metal each take up a little of the energy of
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the wave, if any 1s taken up at all the whole energy of the
wave, however far 1t has got from the source, 18 entirely
swallowed up by one single electron again This mdicates
the clearest way that radiation must be regarded as an emis-
sion of particles mnstead of waves The assumption that light
proceeds m small *packets’ of waves rather hike particles fails
because of the observed phenomenon of the interference of
hight over very long path differences The ‘particle-like’
nature of hght 1s agamn shown by the Compton effect When
short-wave X-rays (radiation from heavy metals) impinge
on hghter metals they are scattered with a dimimshed fre-
quency which depends on the angle of scattering The scat-
tering law observed proves that the radiation--electron
system behaves as if there was a collision between two
particles, the mcident hght quantum rebounds with dimi-
mshed energy (lower frequency), while the election gamns
energy, the physical laws observed for large objects, the laws
of conservation of energy and of momentum, both bemg
obeyed

The way out of the difficulty 1s found m a fundamental
examination of physical concepts In observations on large
objects, such as steel balls, laws of motion are discoverable
which can be expressed m equations contamning measured
quantities such as mass, time, and distance By the abstrac-
tion of all the features of the steel ball n which he 1s not
immediately interested, such as size, surface appearance, ete ,
the physicist arrives at the concept of a particle possessing
mertia, a useful, purely mmaginative idea, which can be
utilized to take the place of the steel ball for certamn physical
purposes Sumilarly he derives from large-scale phenomena
1dealized and abstract concepts of electrical charge, magnetic
force, and wave motion Light 1s regarded as wave motion
because interference phenomena show 1t has properties simi-
lar to this concept The Compton effect shows that 1t pos-
sesges the property of momentum, characteristic of a particle,
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m addition. L de Brogle first made the suggestion that
matter also should be treated not only as particles, but also
as waves.

Direct experimental proof was then obtamned that elec-
trons, or protons, reflected from a crystal, behaved exactly
analogously to X-rays, and obeyed laws deducible for a wave
motion rather than for a stream of particles. Quantitative
agreement with observation 1s achieved 1f the assumption 15
made that an electron, atom, etc, regarded as a particle of
mass m and velocity v, has associated with 1t a wave of wave-
length A = h/mv The ‘phase velocity” of this wave 1s given
by w = Av and hv = mc?, v, the velocity of the ‘particle’ or
group velocity (p 24) of the ‘wave’, 1s related to « by the
equation uv = ¢® wu 1s therefore greater than c, but this
does not mean that energy 1s conveyed at that rate, 1t repre-
sents merely a mathematical quantity

At this stage m the history of physics the Uncertamnty
T ple was ted by He berg The fund: 1
constant h has the dimensions ml%-! If any physical
quantity such as energy 1s measured with a probable in-
accuracy of AE, the conjugate quantity, m this case time
(since mi%~2 X t = mi%-1), cannot be simultaneously measured
with a probable mnaccuracy less than A¢ such that the product
AE At~h Very accurate t of one quant
therefore leads to great uncertamty as to the value of the
other This conclusion, which 1s at the bottom of the neces-
sity for the treatment of both matter and radiation as both
‘waves’ and ‘particles’, follows from the known mteractions
of matter and radiat Suppose we were pting to

with great y the d bet two pomnts
with the aid of a microscope The least detectable difference
m position Al1s given by jAsma, where A 15 the wave-length
of the hight employed and « 1s the numerical aperture of the
microscope (p 8) When the particles of matter at the two
pomts scatter hight through an angle o (by which they
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produce their images) 1t 1s known experimentally (Compton
effect) that they suffer a recoil which changes their relative
momentum by an amount A(mv) = 2hsma/A The product
Al A(mv) 8 h  If we increase the accuracy of the measure-
ment of I by dimimshing A we effect a greater disturbance
A(mv) of the relative momentum of the two particles The
Uncertainty prineiple may be viewed as an expressnon of the
fact that in takmg on
etc , we make use of other electrons and radumons which
exert reaction effects so that after measurement the system
18 no longer what 1t was before, the amount of disturbance
being proportional to the closeness to which we press our
measurement Thus physies has come to be regarded as a
subjectwe and not an objectrve science, though for measure-
ments on large bodies of matter we can neglect changes
caused by the measurement
A free electron 1n space, regarded commonly as a particle,
pp on the al ve wave pt as a locahzed
‘packet’ of waves, in theory separable (by Fourier analysis)
mto a large number of superimposed wave motions Its
energy can be of any possible value As soon as restrictions,
1e boundary conditions or force fields, are imposed on the
electron, it can possess energies only of certan particular
values For example, an electron (or other particle as an
atom) may be imagined as confined m a box, and umdimen-
s1onal motion to and fro between the walls (distant a apart)
considered From the particle pomt of view the motion 1s
vibrational, and can assume all values unless quantum re-
strictions are artificially imposed, but when regarded as a
wave 1t can only persist if 1t fits the box, 1e 1if the wave
has a node at each wall. Only under these conditions can
a stable standmg wave occur The situation 1s precisely
analogous to that of the fundamental and overtone waves
on a stretched string, there must be nodes at the fixed ends.
The quantization of the motion 18 mmplicit mn the hypothesis
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of waves Thus, smce A = h/mv and nA/2 = a (where n 18
an mteger), the energy I (= $mv?) can assume values easily
shown to be n?h%/8ma® We thus arnve at the concept of
permutted (quantized) energy states of a system, a coneept
necessary to explain the results of a wide range of observa-
tions on atomic phenomena
The conclusion drawn from these considerations 1s that
matter and radiation are neither ‘particles’ nor ‘waves’;
what they ‘really are’ cannot be ascertained, as ‘objective’
measurements on them cannot be obtamed For certamn
kinds of measurement, as of energy or momentum, they are
best regarded as particles, for others, as frequency (= 1/time)
or wave-length, they must be treated as waves Deductions
made on the one view must not be combined with deductions
from the other to produce a synthetic picture, this would
violate the Uncertanty principle For example, we may
the of an electron, regarded as a particle,
with greater and greater accuracy if we have 1t 1n a larger
and larger box, since this enables us to determine v (= /f)
more precisely By so doing, however, we lose corresponding
accuracy 1n knowledge of 1ts wave-length A (A(m1) AX = h),
s0 that 1t ceases to be practicable to treat the electron as
a wave By imposing, mstead of removing, the restrictions
on the electron’s motion we find the wave view more useful
The difficulties already t; d about the interp
of phenomena of mterference together with those of the
photo-electric effect are simply due to the unwarranted
assumption that both phenomena are capable of simul-
taneous measurement 1n the same experiment with unlimited
aceuracy
These 1deas are enlarged and given a more comprehensive
g} 1 form by the equations of Schrodinger. A hypo-
thetical vibrating quantity ¢ of the nature of a ‘displace-
ment’, and varymg with time according to the equation
'l' = '/’o e2mEIn
4748 =
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(where E is the energy of the system), represents the wave
associated with any particle This quantity is also defined
by the equation

% %

4 | 8nm

+ o By =,

ax?
where 2, y, and z are spatial coordinates and ¥ the potential
energy of the particle of mass m This equation has finite,
contmuous, and single-valued solutions for i only for certamn
values of E, namely, those where the waves satisfy the
boundary conditions as regards nodes These boundary con-
ditions, or restrictions on the motion of the electron, aie
represented by the varation of ¥V with z, y, and z, 1e by
the distribution m space of the potential field in which the
particle 1s constrammed to move The solutions are charac-
terized by ‘q bers’ exy g the distribution
and number of nodes 1 the wave. Instead of one quantum
number, as 1 the problem of the electron in the umdimen-
sional box, each system requires as many quantum numbers
as there are degrees of freedom relating to the wave motion
For the solution of this equation 1t 1s first necessary to
express V as a function of the spatial coordinates, 1e to
insert into the equation a value for the appropriate ‘potential
field’ m which the particle moves Where more than one
particle 1s concerned the number of spatial coordinates must
be ncreased, e g. for a system of two particles (e g the two
electrons 1n a helium atom) six spatial coordnates are re-
quired. This emphasizes the fact that the ‘waves’ are not
to be visualized as waves m three-d 1 space n the
ordmnary sense The solution 1s then a problem belonging to
the theory of differential equations Except in very simple
cases, P! t-day math tical tech 18 unable to arnve
at exact numerical answers. The applcation of the theory
to real physical matters therefore first involves a simplifica-
tion of the system itself mnto an ideahzed form, followed
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commonly by processes of approximation in the development
of the mathematical side of the problem.

Aromic SPECTRA
The spectra of atoms consist of narrow lnes, showing that
they emit or absorb approximately monochromatic radiation.
The lines can be arranged n series, i each of which the
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Fio 7 Emssion spectrum and energy levels of Hydrogen atom
frequency v of any lne 1s expressed by a formula as the
difference between two terms This 1s most simply shown by
the emussion spectrum of hydrogen atoms, obtamned from
vacuum tubes contaning hydrogen gas (the molecules being
split up by electron impact). Three seuies are shown at the
top of Fig. 7, others are known further n the mfra-red
region. All the lLines are represented by the equation

1 1
v= R

R being a constant and n, and n, mtegral numbers For the
Lyman series n, = 1, for the Balmer seiies 2, and for the
Paschen seres 3, 7, bemg any integer above n, The seres
converge to Limuts given by ny = co (dotted i the figure)
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The natural interpretation of Ritz’s combination principle,
that the frequencies of lines are given by differences between
two terms, 1s to associate the terms with energy levels the
atom can assume This step was first taken by Bohr By
passing from one energy level to another the atom emuts or
absorbs a quantum of radiation given by the equation
hv = he(T"—T"), 7" and T" bemng the spectral terms ex-
pressed in em -1 At the bottom of Fig 7 the spectral terms
for the hydrogen atom are diagrammatically represented as
atomic energy levels or states, characterized by the mntegral
numbers 1, 2, 3, , which are called the principal quantum
numbers of the levels The oo level represents complete
10nization of the atom. The relationships of the lmes to
k2 t b levels 1s indicated

Since unexcited hydrogen atoms at the ordinary tempera-
tures are mn thewr ground-level, their absorption spectrum
will resemble the Lyman series only, which lies mn the far
ultra-violet region

The alkali metals have one ‘outer’ electron, and their are
spectra are like that of hydrogen with certamn important differ-
ences Spark spectra of the alkaline earth metals (one of the
two ‘outer’ electrons stripped off from the atoms) exhibit the
same charactenstics Fig 8 shows some of the lines in the
spectrum of sodium, together with the derived energy levels
Three new features appear Firstly, mstead of there being
apparently one set of levels there are four sets, denoted on
the left of the diagram by S, P, D, F The terms or levels
of the sodium atom are not closely proportional to 1/n2, but
to 1/(n+0)?, where 7 1s an mteger and o 18 a small quantity
which increases as we pass through the sets from S to 7.
Secondly, the P, D, and F levels are not single, but each
level is subdivided mto two very close together (The duif-
ferences are exaggerated m the diagram for clerity ) Thirdly,
1t 18 to be noticed that occur only t & and
P, Pand D, or D and F levels. Fig. 9 represents the more
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complicated spectrum and energy-level diagram of the mer-
cury atom Only the stronger emission hnes are shown Here
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we have three sets of singlet levels 1S, 1F,, and 1D,, and three
of triplet levels 38, 3P, and 3D,, each of which 1s subdivided
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into three neighbouring levels. Again only certan transitions
between levels appear as spectial lmes.

A spectral term (or corresponding energy level) of an atom
1s written as n”Ly, where n 1s the prineipal quantum number
(often d), r 18 the ‘multiphaty’, L 1s written as S, P,
D, F, etc, and J 18 a number mdicating the particular level
n the multiplet The ‘selection rule’, giving permutted
transitions between levels 1s that L must change by +1,
while J must change by 41 or remam unchanged unless
(in the latter case) J = 0 Transitions between terms of
different multiphicities are possible but are not of lugh pro-
babihty

A further subdivision of levels occurs when atoms are sub-
jected to powerful magnetic fields, as shown by the splitting
of spectral Lines into a number of components (Zeeman
effect) This effect 1s most important as a means of classi-
fying spectral terms according to the above scheme, as lines
of the same series show similar sphtting

The atomie theory of Bohr gave an interpretation to these
characteristics of spectra  An electron belonging to an atom
was assumed to rotate m cireular or elliptical orbit round the
nucleus according to the laws of ordinary dynamies, except
that certamn orbits only were permitted, these corresponding
to the energy levels of the atom The prmecipal quantum
number was related to the radius for circular orbuts, corre-
sponding to S terms, and here defined the energy of the
system P, D, F terms were assumed to come from orbits
of mereasing ellipticity, of degree characterized by a second
quantum number, the ‘azimuthal’ quantum number The
energies for the hydrogen atom were closely equal to those
of the corresponding circular orbits  For alkali metal atoms,
however, which had other electrons 1n mner orbits round the
nucleus, this was no longer so owing to the disturbing effects
exerted when the electron 1n its elliptical path was nearest
to the nucleus (causing 1t to precess as a whole round the
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atom). This explained the empirical constants o, mcreasmg
from P to F terms, necessary to correct the mtegral numbers
1n expressing terms as 1/n2. The multipheities of levels were
explamned by the experimental discovery that the electron
had an intrinsic magnetic moment, or ‘spin’ of 3 unit (k/27)
The J value of the sub-level was represented as the vector
sum of the angular mc due to p of elliptical
orbits (1e second quantum numbers 0 for 8, 1 for P, 2 for
D, and 3 for F terms) and that due to electron spin (+3
for each electron) The multipheity r 1s twice the sum of the
electron spins +1 and represents the mazimum number of
sub-levels obtamned by combinng the second quantum num-
ber with the spins

An atomic level was thus characterized by three quantum
numbers, the principal quantum number 7, the second (or
azimuthal) quantum number L, and the quantum number J
expressing the resultant of L and electron spins  The further
subdivision of levels produced by a magnetic field required
the use of an additional quantum number 37, the magnetic
quantum number, representing the component of J 1n the
direction of the applied field This means that there are a
number of sub-levels of the same energy represented by
a spectral term Ly (2J+1 1n fact), which only reveal thewr
differences by the Zeeman effect

Atoms heavier than hydrogen contain more than one elec-
tron, and to edch electron may be assigned four quantum
numbers The quantum numbers characterizing the atom as
a whole are derived from the individual quantum numbers
of the clectrons This 18 governed by the Pauli prmciple,
which states that no two electrons in any atom can have all
four quantum numbers equal, a conclusion arrived at by a
general survey of the features of atomic spectra

The atom of helum contams two electrons, these may
have principal, azimuthal, and magnetic quantum numbers
the same, 16 occupy the same orbit or shell, but then must
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differ in spin Lathium, having three electrons, must (in 1ts
ground state) have two (as hehum) mn a shell of principal
quantum number 1, and the third in an outer shell of prin-
cipal quantum number 2 Berylhum, boron, carbon, etc,
have mncreasing numbers of elections m this shell, until 1t 15
“filled’ when the atom neon 1s reached. In sodum, the next
atom, a new shell must be begun The Pauli principle thus
explams the periodic characteristics both of atomic spectra
and of the chemical valencies of the elements The atom of
sodium may be written 152, 252pS, 35, which 1s read as follows
Nearest the nucleus 1n an orbit of principal quantum number
1, are two ‘s’ electrons (s?, small letters being used for second
quantum-number symbols of single electrons),* in the next
shell of prineipal quantum number 2 are two electrons (s) of
second quantum number 0 and six (p) of second quantum
number 1. and 1n the third shell of principal quantum num-
ber 3 15 one s electron The spin of the electrons and the
angular momentum due to precession of p orbits cancel for
the mner shells The term designation for the whole atom,
referring to lines produced by change of state of the outer
electron (optical spectra) 1s written 32S;—principal quantum
number of outer shell 3 second quantum number 0 (S term),
multiphaty = 2, spin-1=2%141=2, J value } On
the absorption of yellow hght (D lines) the atom passes into
two higher levels having P terms (by the selection rules)
For this transition the prineipal quantum number does not
mncrease, and the new spectral terms are 32F; and 32F, The
multiphieity 15 unchanged, but the J values arise fiom the
change of the second quantum number to 1 The single
electron has a spin of }, this can combine with the L value
of 1 m two ways, giving two terms of J value § and § In
a strong magnetic field, all terms with a subscript § separate
into two terms, simce the component of J n the field may

* Thiy conventional symbolism quamntly gives the number of s, p, ete ,
electrons in the form of an wuler
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be +%. Terms with the subscript § divide mto four levels,
the component of J being 4§ or 4-}.

A divalent element, with two outer electrons, has odd,
mstead of even, multiplicities, and integral, mstead of frac-
tional, values of J As an example the P terms of mercury
may be considered. The multiplicity 1s given by twice the
sum of the spns +1=2(}+3)+1=3 or 2(}—§)+1=1,
that 18, the terms are 1P and 3P The J values represent the
vector sums of L and the spins, = 1-+}4-} = 2, 0or 14+3—4
=1, or 1—}—3% = 0. The singlet term *P 15 therefore 1P,
and the triplet term 3P has the three sub-levels 3F,, 3P, 3P,.
Extending this result across the Periodic table we see that
elements m group 1 have doublet terms, i group 2 singlet
and tnplet, n group 3 doublet and quartet, in group 4
singlet, triplet. and quartet, and so on to group 7, which has
doublet, quartet, sextet. and octet

The Bohr theory, although accounting very well for the
features of atomic spectra, had a number of imperfections
The assumption of circular orbits for S level of atoms mtro-
duced difficulties as to why the electrons did not constantly
radiate, and no orientation detectable by double refraction
was observed when hydrogen atoms were subjected to strong
magnetic fields This indicated spherical symmetry of S
levels The empirical use of mtegral numbers to define the
permitted orbits, and the appearance of fractional quantum
numbers m the anomalous Zeeman effect was unsatisfactory
These theoretical difficulties disappeared when the methods
of wave-mechanics were applied

The application of Schrodinger ‘s equation to the hydrogen
atom mvolves the msertion of the Coulombic potential of
the electrons —(e?/r) for the potential energy term ¥V The
values of the energy £ which permut of solutions of ¢ are
2mtmet

then found to be — T .where m and e are the electron
n

mass and charge, and » 1s any integral number. These values
4748 1
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closely express the levels of the atom, as determined by the
spectal terms m energy difference from the state when the
electron and atom are separated, 1e. the ionized state
The existence of these states and of no others depends upon
the assumption of wave motion restuicted by the boundary
conditions of the potential field of the electron The standing
waves must satisfy nodal conditions just as the ends of a
vibrating stung must be nodes The quantum numbers
appear as the number of nodal pomts n the functions which
give 4 The four quantum numbers necessaty to define the
level of an clectron 1n an atom originate m the three direc-
tions of space m which 1t moves, and n 1its spm The
assumption of spin, or of an ntrinsic magnetic moment of
the electron, has been shown by Dirac to be a necessary
consequence of the relativistic trcatment of wave mechames
A free electron has no spm, 1e no experimental method can
detect 1t (Uncertainty principle), but when restramed by
force fields, as mn an atom, an electron confers a magnetic
moment on the atom enabling 1t to take up energy from an
inhomogeneous magnetic field (Stern-Gerlach experiment)
The Pauli principle appears as an empiical fact that the
only wave functions observed m mnatwie are those which
change sign when the coordmates of any two particles of the
system are interch d More q numbers are re-
quired 1f other matters are taken mto consideration For
example, under extremely high dispersion the spectral hines
of atoms are found to have a hyperfine structure, due to
a fine subdivision of levels caused by the interactions of the
nuclear sp;n To distinguish these levels a fifth quantum
number 18 necessary

In atoms more comphcated than hydrogen the potential
energy term V 1s not of simple form The exact solution of
Schrod: '8 now b excessively difficult,
and progreas can only be made by approxunative methods.
It 15 curious that problems based on the inverse square law
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of attraction should be so easy when two bodies are involved
and become msoluble by present-day methods when three
(or more) are dered Simple fund: 1 laws do not
mply smple mathematical solutions to the behaviour of
systems which are far from complex, in fact, very greatly
increased complexity often simplifies the problem agamn We
may perhaps conclude from this that the fundamental laws of
physics are only the appearance of smpheity due to greater
complexities behind The result 1s that wave mechamcs,
while providing a unified mterpretation of quantum pheno-
mena 1n atoms, quantitatively correct for very simple
examples, 18 held up by mathematical dufficulties from exten-
sive further advance of a numerical kind, which n principle
could extend to the ded of all the ble pro-
perties of matter from the fundamental constants m, e,h etc ,
and a knowledge of the laws of force between the particles.
The teat-books of physies, chenistry, or even biological sub-
Jeets, are far as yet from beng reduced to mathematical
tables, as there appears hittle hope for the early discovery of
a radically simpler mathematical technique Steady advance
will contmmue to be made m the guantitative treatment of
simpler systems, where the results are already known fiom
observation, so that the vahdity of approximations made
can be cheched and on the more qualitative side the equa-
tions are capable of furmshing information about the sym-
metry of the wave functions where they cannot give exact
numerical solutions

The wave-mechamcal treatment of the electrons m an
atom regaids the system as a complex of standing ‘waves’
of a vibrating quantity (i three times as many dimensions
as there arc electrons) with an mtricate arrangement of
nodes, the number and arrangement of which are specified
by the quantum numbers of the atomic state  An essential
pait of the concepts is that they reject the possibiity of
representing the atom m terms of a mechameal model where
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the electron is imagined to an orbit as m the theory
of Bohr. A partial answer to the forbidden question as to
what an atom really ‘looks hke’ is found by a consideration
of the properties of the quantity ¢ Its square depends only
on spatial coordinates, and not on time, and may be regarded

3 Dy,
m=l2or-Y2

- - 25,00 3‘?,,
male o&&'k' m=Y20r-Y2
Fio.10 Hydrogen like atoms Axes defined by a woak magnotic
field with axis vertical and i plane of the paper

as a measure of the ‘probability’ of an electron being mn any
specified position in the atom for which ¢2 1s evaluated An
atom may then be pictured as a nucleus surrounded by an
‘electron cloud’, the density of which at any pomnt repre-
semmg the probabxhzy of electrons being found there in

P 6. R of high density are the
places where a ist, with cruder pts, regards the
electrons as actually located Fig 10 depicts some energy
states of a hydrogen-like atom 1n terms of ‘electron density’,
and illustrates how far one can go in trying to represent an
atom in a simple manner It must be realized that in so
squaring ¢ much of the wave structure necessary to explain

ex]

h
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atomic energy levels disappears The ‘electron density’ dis-
tribution in space of an ‘S’ electron 1n an atom, and of one
atomic level given by an S term, 1s spherically symmetrical
P levels and ‘p’ electrons have functions more extended
along one axis It is the presence of ‘p’ electrons in the outer
shells of atoms which t for their ‘d d’ val
(e g as n carbon) which the chemist had assumed to explain
the facts of stereo-1somerism

The process of emission or absorption has the followng
interpretation mn wave mechamecs The energy values of
atomic states rep b} d sol of thed ial
wave equation Mathematically, linear combmations of
energy levels also permit of solution of the equation. If two
states are so taken together, the electron density (square of
) appears to vary with &ume with a frequency given by
hv = E,—E,, the E’s being the energies of the two states Itis
the fluctuation of electron density, or electric moment change,
which gives nise to the electromagnetic radiation emitted.
The quantum relation 1s implicit 1n the wave equation and
the production of radiation of fiequency v appears as a mathe-
matical consequence of the interrelations of energy levels

The equations of wave mechanics aie able to predict the
‘selection rules’ defiming the ‘permitted’ and ‘forbidden’
transitions between levels Any state, defined by appropriate
quantum numbers, can only ‘combine’ with other states
whose quantum numbers bear certamn relations to those of
the first. The property of combination depends on symmetry
considerntions of the wave function ¢ of the states, and if
combination cannot occur there can be no fluctuation of
electron density necessary for the generation or absorption
of radiation The ‘selection rules’ depend on the type of
system (atoms 1n various kinds of level, molecules, ete ) under
consideration and are found to be completely m accord with
observation When the exact symmetry properties of levels
are disturbed by colbsions, powerful electrical fields, ete.,




62 THE ABSORPTION AND EMISSION OF LIGHT

‘forbidden’ transitions may become partly ‘permitted’, and
corresponding lines m the spectra appear at a strength
depending on the disturbing cause

The rates of transition from one level to another are dealt
with mn w; 33 1 theory by dering the effect of
radiation on the potential eneigy V of the system The
introduction of an extra radiation term mto the equation,
whose solution 1s taken as a linear combmation of the upper
and lower pair of levels considered, causes a time variation
m the coeflicients of the lineat combmation The system thus
appears to swing from one state to the other, and the rate
15 interpreted as a measure of the ‘hfe’ of upper states before
radiating This ‘lfe’ 13 connected with the mtensity (of
emission or absorption) of a spectral line due to a transition,
and also to its breadth. By the uncertamty prmeiple (p 47)
AE At =h, so that a fimte hfe-time = of an excited state
means an uncertamty in the enerzy difference of the upper
and lower states, whence 1t may be deduced that = = 1Ay,
Av being the breadth of the spectral line A hine, m fact, 13
represented by a cutve from v = 0 to o, with a steep maxi-
mum at its expenimentally observed position Other causes
also bring about hne broadening, of which the chief 13 the
Doppler effect, due to the thermal motion of atoms m the
line of sight, affecting the ohserved frequencies as the note
of a train whistle to a stationary observer depends upon the
train’s speed.

No hfetimes of excited states less than about 10-8 see
have been observed, at the other end of the scale periods ot
the order of seconds sometimes occur in the case of levels
from which transitions downwards i cnergy are forbidden

MOLECTLAR SPECTRA
Molecules can exist in different electrome states m the
same way as atoms, and transitions hetween states mive rise
to their spectra As molecules contain more than one heavy
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nucleus, however, they can possess quantized energies of
rotation and vibration, changes i which during electrome
transitions mtroduce great complexities mto their spectra
The mterpretation of molecular spectra, though exceedingly
complicated, 1s somewhat simplified by the fact that mole-
cules can assume fewer electromic states than atoms, as in
higher states they usually decompose into atoms or radicals

The ngid application of wave-mechanical treatment can-
not be made to molecules except i the very smplest
examples, owing to mathematical difficulties, and an ap-
proach 1s made by three approximate methods, each of which
has certain advantages and hmitations and which, of course,
would all give the same 1esult if the degrees of approximation
could be pressed far enough

The first method 1s to examine the hypothetical formation
of a molecule by the sphtting of the nucleus of an atom mnto
parts sepaiated by the appropriate distance A helium atom
may thus be imagmed to produce a molecule of deuterrum
By this method the electronic states of a diatomic molecule
appeat as similar to those of the atom but modified by the
mtense electrie ficld produced by the nuclear separation along
the molecular axis (Stark effect for mtense fields) This
viewpomt 1s of value in consideration of the symmetry of
the molecular electronic states

The second method 1s to consider the effect on the energy
of the combined system when two atoms 1n particular elec-
tronic states are gradually brought nearer and nearer together
fiom an mfimte distance In this way Hertler and London
showed by caleulation that two normal (2S) hydrogen atoms
so brought together gave two potential energy-distance
curves The first, when the electron spimns of the atoms were
parallel, was wholly repulsional (*°T} state of Fig 11), while
the second, when the electron spins were anti-parallel (1Z7),
gave a mimmum corresponding to the normal state of the Hy
molecule It was found that in addition to the  Coulombic’
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energy due to the ordmary law of attraction between an
electron and a nucleus the chemecal binding was ncreased
by a larger quantity called the ‘exchange’ energy due to
‘resonance’ As long as the two atoms are separate they are

N
8
T

3
38
T

Kilo-calories per gram-molecule

described by two separate similar wave functions, when they
are brought together, however, the wave functions combine
through ‘resonance’ and by their mutual interaction couple
i manner not expressible as the simple sum of the two
functions The separation of the energy of the system mto
‘Coulombic’ and ‘exchange’ 1s an artificial result of the
mathematical method used The chemical co-valency 1s
shown by this mvestigation to be not only a shared pair of
electrons but a pair with opposed spins The mere attrac-
tions due to the opposed spimns 18 not, however, the force
‘which causes the binding
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A third method 1s to pt & T tical
of the molecule by placing the nucle: of 1ts component atoms
(together with such mmner electron shells as do not affect the
optical spectrum) at various distances apart and to add the
outer shell electrons The simplest example 1s the H3" mole-
cule (2 nuclex and 1 electron) This and the H, molecule
represent the farthest pomnts the rigorous apphcation of wave
mechanics can be taken at present Other molecules need
approximations of varymg degree. The Hy molecule can be
shown by calculation to have a lower and an upper electronic
state (Fig 11), of which the former gives a stable molecule
and the upper 18 repulsional It follows from this that bond-
g does not necessarily require fwo electrons of paired spin;
a single electron has bonding powers, or 1t may, as m the
Tugher state, be ‘anti-bonding’ Applying this method to the
H, molecule, 1t can be shown that both electrons are ‘bond-~
mg’ only if (by the Pauh prinaiple) their spins are anti-
parallel, n ag with the 1 of the second
method If the electrons have parallel spin they must occupy
different levels, and 1f the molecule 1s derived from atoms
with 1g electrons (3§ states) one level 13 bonding and the
other anti-bonding, whence 1t 18 not surpnsing that a repul-
sional state results

The molecule of benzene 1s much too complex for precise
treatment, but because of 1ts high symmetry 1t may be
approximated to by considering 1t as & regular hexagon with
unit positive charges ab the positions of the carbon atoms,
neglectmg the hydrogen atoms, and exammmng by wave-

1 thods the sy 't and of the

states of six electrons forming a shell round the central core
Fig 12 shows diagrammatically the phases of the wave fune-
tions of two energy levels of such a molecule It 15 believed
that the normal molecule (ground level) has a wave function
with perfect hexagonal symmetry represented (in symmetry
notation) by '4,,. The upper level to which 1t passes on

4748 K
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absorption of a quantum of ultra-violet hght has an electron
wave function of lower symmetry, 1B,, The transition 18
a ‘forbidden’ one, but 1s possible when the symmetry 1s dis-
turbed by vibrations of symmetry E;, corresponding to
length and contraction of the hexagon The difference

g

'Bau
Fic 12 Diagram of levels of the Benzene molecule

of symmetry between the two levels only resides i the time
varahon of the wave function ¢y The average electron
density, which 1s proportional to the square of the wave
function, corresponds for both levels to a fully symmetric
hexagonal structure of the molecule The approx:
which have to be made n obtamning results of this kind for
complex molecules mean that calculated numerical values of
energy levels must be accepted with reserve.

From this pomt of view the electrons m the molecule (or
some of them) are regarded as forming a shell round all the
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Tocnl,

nuclei, as if the were a ‘mult; lear’ atom The
chemical 1dea of Lewis and Langmuir, that a bond between
two atoms 1s a ‘shared pair’ of electrons, 13 now recognized
as an over-simplification 1n one direction, just as the ‘com-
munal electron’ theory above (generally called the molecular
orbital theory), though funda,menta]ly accurate, often intro-
duces y in other d The

h t, m groupmg bonds as h lar or heteropelar,
depending on whether the electrons binding the atoms to-
gether are nearly equally ‘shared’ on the one hand, or so
unequally on the other as to turn the molecule mnto an ‘1on
paur’, 1s forced to the conclusion that many bonds are mter-
mediate between the classes, and though not onic have a
defimte dipole moment of the ink The molecular orbital
theory compels him to adopt a still more vague attitude
towards the ‘chemical link’ Instead of clear-cut shared
electron pairs forming each link the molecule 1s held together
by the general action of all the electrons m the outer shells
of the component atoms These may be divided up crudely
mto bonding, non-bonding, and anti-bond lectrons, but
no sharp himits exist between these classes The methane
molecule has a structure very closely represented by the
simple shared pair concept, benzene however, refuses to be
described by means of single or double bonds its bonding 18
fractional By a d of the spectra of the simpler
types of molecules 1t 15 possible to form an estimate, of
accuracy limited by the difficulties of the method, of the
actual electronic distribution mn the molecule For example,
Mulliken has shown that the CO, molecule has a structure
almost half-way between the homopolar form O=C=0 and
the zomc one O G 0, 1e nearly 0-25—C+—0-95. The
azide 1on 18 almost ble to rep: t by a ch 1
formula, 1ts structure hes between N-95—N—N-%% and
N-025__N-05_N-025, The Heitler-London method of dealing
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with molecular structure, as developed by Pauling and others,
and which in its simplest form regards a link as a shared pair
of electrons with opposed spins which do not stray from their
positions, goes some way to meet these deductions of the
molecular orbital theory by the concept of resonance It can
be shown that if a molecule can be given several alternative
structures on the over-simphfied shared pair interpretation
of a chemical hnk whose internuclear distances and angles
are almost the same (as mn the cases of carbon dioxide and
b for le), then a ‘compound’ str1 f all these
formulae has a lower energy (greater stability) and shorter
mteratomic distances, and therefore approximates more
nearly to the ‘actual’ structure This 1s the same result as
that from molecular orbital theory expressed n different
language

Molecules with 16 outer electrons, as CO,, N,0, CNCI, Ny,
etc, are all inear, and the s electrons of the central atoms
are occupied chiefly in the bonding If another electron 1s
added to the system 1t must go mto a strongly anti-bonding
orbital, unless the nucler take up a non-hnear arrangement,
ie 1f p mstead of s electrons are concerned 1 the bonding
This 18 the case with such molecules as SO, Oy, NO,, and
ClO, The ultra-violet absorption spectra of these substances
have not yet been fully interpreted, but work along these
lmes of approximate mathematical methods based on wave

hecked by expe: tal observation, 1s slowly
affording mmportant information of the way atoms lnk
together to form molecules.

‘While atomic spectra consist of lines, each corresponding
to an electronic transition between different levels, mole-
cular spectra occupy broad spectral regions Molecules have
quantized energies of rotation and of nbration, and when they
undergo an electronic transition by absorption or emission,
changes 1n these energies also take place. The changes are
determuned by ‘selection rules’, as are the electromic transi-
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tions, hhe rules bemg deducible 1 simple cases from the
q and d ding on the sy

of the molecule The energy difference 1n electrome transi-
tions 1s about 20 to 200 k calories per gram molecule, while
the magmtudes of vibrational quanta are of the order of units
of k calores, and of rotational quanta tenths or hundredths
of a k calorie per gram molecule The thermal kinetic energy
of a molecule at ordinary temp 18 about 1 k. calorie
per gram molecule Consequently molecules i thermal equi-
librium with normal temperature surroundings will almost
always possess a number of quanta of rotation, and a few
may have vibrational energies gher than the ground vibra-
tional level To produce appreciable electronic excitation by
heat alone dingly high t

A typical molecular band spectrum 1s due to the many
transitions (governed by selection rules) from various rota-
tional and vibrational levels of one electronic state to those
of another. The whole broad region of the spectrum (or
more accurately system) corresponds to a particular jump
from one electrome level to another, 1t 1s divided up mnto
a seres of ‘ partial bands’ corresponding to changes of vibra-
tional quantum numbers, and very high resolution of the
partial bands shows that they are eomposed of a fine struc-
ture of narrow lines due to 1 m
levels In simple cases this tuple structure can be analysed
and mformation ot d about the molecules from which
1t comes The interpretation, however, 1s rarely easy, 1t is
commonly a very elaborate problem to solve, and in many
cases the necessary information cannot be obtained, as the
structure 18 absent because of molecular dissociation or
because of overlapping of very great numbers of lines

In the far infra-red region molecules absorb radiation with
simple change of rotational energy. The region 1s extremely
dufficult to investigate expenmentally In the nearer infra-
red molecular absorption spectra correspond to vibrational
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energy ch onwhich are posed 1 chang

giving & band composed of Iines with a frequency difference
that of the frequency of the far infra-red band Absorption
18 shown only when an electric moment change occurs, e g.
diatomic molecules with two equal atoms do not absorb.
Only the ground electronic state of the molecule 1s here
involved The moments of mertia of the molecule may be
obtamned from the rotational structure of the band, whence
the internuclear distances (and angles) may be calculated
from the known atomic masses From the vibrational fre-
quencies, if they can be correctly assigned to particular
vibrational modes, force constants of vibiation may be de-
rived This 1s very simple for diatomic molecules, more com-
plex ones are difficult These derived data are mmportant
molecular constants Visible and ultra-violet spectra are
compheated by the fact that each line in the spectrum
depends on a transition between two electronic states of the
molecule, each of which has different molecular constants.
Approximately, since the orders of magnitude of the cnergies
are different and there 1s httle interaction between them, the
energy of any molecular level = E,+ E,+E,, where E,and E,
are energies of vibration and rotation (equal to those corre-
sponding to the infra-red bands for the ground level of the
molecule) The spectroscopic term of a level, proportional to
the energy, may be wntten 7' (cm ~1) = 7,4-7,+7, and the
wave number of any hine 1n the spectrum = 7,4 (7', —Ty)+
(T,—T7), where terms with one dash refer to the upper
electronic level and those with two to the lower

For the sumple case of a diatomic molecule the following
formulae apply If m, and m, are the actual masses of the
heavy nucles, distant r, cm apart, then p (‘reduced mass’)
m my
my+my

terms take quantized values given by
T, = BJ(J+1)—DJXJ+1)% em -1,

and 7, the moment of wertia, = urj Rotational
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where J 18 the rotational quantum number (any integer

including 0), B = ’:c#(:z) 7, being the mean mternuclear
d mn the mbrating molecule, and D a correction term
to allow for the of this d at high ional
=ML DT -
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quantum numbers From the variation of Band D with vibra-

h
tional and rotational t be: t)
1 ational quantum numbers a quantity -——,
28x 10
T —rf — , somewhat larger than B, can be evaluated and
Lkl

the internuclear distance 7, for a molecule undisturbed by
rotation or vibration obtained Fig 13 shows an example of
the rotational fine structure of a vibration band forming part
of an electronic spectrum of a molecule The selection rule
permuts of transitions only when AJ = 1 and m certain
cases AJ = 0 There are thus three possibilities, a decrease
of 11n J n passing from a lower state to an upper, no change
m J, or an mcrease of 1 These produce three series of lmes
called the P. @, and R branches, shown separated in the
figure and marked with the changes of J on absorption.
The change in moment of mertia i the passage between the
electronic levels, together with the fact that the energy levels
of rotation are proportional to the square of J.{J(J+1)},
produces a pecubar arrangement of these bands. The origin
of the band, corresponding to a transition between two
non-rotating levels (0—0) occupies the position shown m
the dotted line, while the ‘head’ of the band, on the left
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of the figure, is merely a crowding together of lines in the P
branch of no sigmficance ansing from the parabohc relation
of J with v The ‘head’ can be on the long- or short-wave
side of the vibration band, depending on whether the moment
of mertia of the upper state 1s smaller or larger than that of
thelower More commonly the latter is the case, as molecular
distances are usually i d on tion of the molecull
The vibrational terms of a diatomic molecule given by

T, = w(v+h)—wr(v+1)P+oy(v+1)°%
where v 1s the vibrational quantum number (any mnteger

mcluding 0), @ (cm ') = v/c, v beng the frequency (sec ~)
of vibration of the molecule at small amphtudes, and equal

to (1/2m) J (f:), where k 18 the ‘force constant of vibration’

(= 589X 10~%uw? dynes per cm ) The terms z and y are
corrections for the anharmonic nature of the vibrations at
the large amphtudes of vibration met with mn electrome
transitions. The force constant and the amplitudes of vibra-
tion can be derived from the spectral data TFig 14 shows
diagrammatically a sumple band spectrum  Each hine, repre-
sentng a vibrational change in the transition, 1s really a band
which at higher resolution would resemble Fig 13 The
different widths of the lines as shown 1s merely an attempt
to represent their intensities n the spectrum  There 1s no
restriction on changes of v, but 1n an absorpfion spectrum at
ordinary temperature, which Fig 14 illustrates, most of the
transitions must begin from v” = 0 In emssion spectra the
determmation of the absolute values of v’ and v generally
needs recourse to considerations of the relative intensities of
bands from molecules containing 1sotopic atoms. The inten-
sity ratio of bands corresponding to different 18
an important matter in the theory of these spectra  Problems
the vib of d lecules are most
easily visualized by means of potential energy diagrams.
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If the amplitudes of a vik d lecule derived
from spectral data are plotted as abscissae agamnst the
potential energy of the molecule as ordinates, one atom bemng
defined in j by the ord axis, the exp Iy
d ined phtudes of the g d vibration levels

v

Vibrational levels

O = NWANO
ited electronic state|

Exc

Now b
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Ground electronic state
Vibrational levels
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shown asaa’ bb’ cc’ m Fig 15 can be jomed by a continuous
curve BAC Though expenimental pomts cannot be found
for the whole of the curve, 1ts general shape can be sketched
m The .4 B arm corresponds to compression of the molecule,
while 4 (" represents stretching and curves round to a hori-
zontal asymptote owing to weakemng of the attractive force
at large distances. The vertical height D therefore equals
the energy of dissociation ot the molecule mto two atoms
each 1n some definite electrome state This lumt may be

derived 1n some cases by the convergence of vibrational
448 L
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bands, or in others by thermock 1 of the
normal heat of dissociation of the molecule supplemented if
necessary by spectral data giving the energies of excitation
of the atoms not 1n their ground levels The accuracy of the
values obtamable varies over a wide range, depending on
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the amount of extrapolation necessary The minimum of the
curve 18 ‘half a quantum’ below the first vibrational level
(zero-pomt energy of vibration) At the top of Fig 15 1s
another curve representing the vibrations of a higher state
of electromic energy E above the lower

Potential energy curves are usefully approximated to for
calculation purposes by the empirical equation due to Morse:
V = D(1—e-2—"9), ¥ bewng the potential energy of vibra-
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tion, D, the dissociation energy+the zero-pomt energy, and
o giving the ‘spread’ of the two arms #

A most important principle relating to transitions by the
absorption or ion of radiation from one p ial energy
curve to another 18 that due to Franck and Condon. On the
agsumptions that the atoms spend most of their time during
vibrations at the limits of their swings and that the electronic
shifts are very rapid compared with nuclear movements, it
18 evident that the most p: (correspond:
to wnlensity mazyma 1 the spectra) will be along vertical lmes
as dotted in the figure Usually absorption of radiation pro-
duces a compressed excited molecule which at once starts to
vibrate, while ion leads to the stretched form of a lower
state The absorption spectrum will be most intense at wave-
lengths corresponding to energies near the upper levels v’
to 22’ with a maximum at the z2’ level By using the prn-
ciple, information about the position of the upper curve can
be ob d from the mtensity distrik of vik 1
bands 1n the spectrum

The classification of electronic states of molecules 15 an
extension of the system used for atoms In the language of
the Bohr theory, smce that of wave mechanics 15 difficult to
understand, the orbital angular momentum m an atom of an
electron of azimuthal quantum number I 18 kJ{I(14-1)}/27
For more than one electron, each with its value of 7, the
resulting momentum L can have a number of values obtained
by switable combination of the individual values. The total
angular momentum J for the atom 18 the vectorial sum of
L and 8, the sum of the electron spmns J can assume (28+-1)
values, equal to r, the multiphaity A diatomic molecule
differs from an atom n the strong electric field acting along
1ts axis, owing to the two nuclei, and for each electron the
value of ? and of its component X along the molecular axis
must be considered Atomic s electrons have their counter-
part n molecular so electrons (I and A = 0), while atomic
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p electrons (I =1) become 1n molecules po (A = 0) or pm
(A = 1) electrons, etc The vector sum A of A for more elec-
trons than one gives the component of L for the molecule
along the axis, and as for atoms the terms for L equal to
0, 1, 2 are §, P, D, so for molecules the terms are written
I, I1, A for A = 0, 1, 2 The multipheity of diatomc mole-
cular levels 1s 2s-+1, equal to the number of values the total
angular momentum may assume, obtamed by vectorial sum-
mation of A and the sum of electron spins §

To ascertain whether diatomic molecular levels are I, 11,
etc, and to find the multiphaty requires a study of the
rotational structure of bands due to transitions The value of
A 1s given by the quantum number of the first rotation term
in the spectrum, and the multiplieity 1s found fiom the num-
ber of P, Q, and R branches observed Whete the number
of electrons m the molecule 1s even the multiphaty 1s odd,
and this corresponds to most chemical molecules, but NO, or
Cl0, with odd numbers of electrons have even multipherties.

The apphcation of wave mechanics shows that other con-
siderations arise from the symmetry properties of the wave
functions about the centre and axis of the molecule States
are thus classed as — or -, depending on w hether the wave
function does or does not change sign on reflection about
a plane through the molecular axis If the molecule 1s of the
form X, with two identical atoms, there are odd (x) and
even (g) terms depending on whether the wave function 1s
changed or unchanged n sign on reflection of all the co-
ordinates about the mid-pomt of the molecular axis This
18 illustrated by the rotational states of the ground level of
the hydrogen holecule

The electron spins are anti-parallel, but the nuclear spins
may be either parallel or anti-parallel Hydrogen molecules
with parallel nuclear spins of the atoms can assume only odd-
numbered rotational states and are called ortho hydrogen,
while those with anti-parallel nuclear spins and the even-
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bered ional states (including 0) are named para
hydrogen The transitions from one to the other cannot occur
unless the molecule 1s either dissociated or highly distorted,
8o that hydrogen behaves as if it were a mixture of two sub-
stances. At low temperatures and 1n the presence of a cata-
lyst of the transition, the molecules take the rotational state
of 0, and become all para, but at high temperatures where
plenty of rotational energy 1s available the ratio ortho to para
becomes 3.1 This s because the statistical uerght of the ortho
state 18 three times that of the para this quantity again be-
1ng derived from derations In the case
of deuterium the ortho states take the even numbers of rota-
tional quanta and the para the odd while the statistical gh
temperature ratio of ortho to para1s2 1 These effects mam-
fest themselves mn features of rotational line spacing in the
fine structure of molecules of the type X,

‘We may now discuss the molecular spectra of a few simple
molecules mn terms of their derived potential energy curves.
The molecule of hydrogen has a large number of energy
levels, at least 17 singlet and as many tnplet states bemng
known Some of these are shown i Fig 16 The ground
level has the spectroscopic designation X7, and 1s formed
by the chemical union of two atoms mn 12; (or more shortly
1) states (the ground level of the atom), the two electrons
having opposed spins Hence the multipheity 1 (superseript
to I), which 1s twice the vector sum of the spins + I,1e
2% 0+1 The symbols + and g refer to the symmetry pro-
perties of the wave function of the state about the molecular
axis If the two atoms are combmed with parallel spins we
have a triplet state (multiphaty 2(3+4)+1), but no stable
molecule results and the level 3T 1s repulsive (p 635).
Hgher levels are formed by the union of 28 or 2P atoms
with a 18 atom, etec. In the hydrogen atom there 1s only
a minute difference m energy between S and P levels; the
difference 18 much larger in other umvalent atoms. Where
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a molecule is formed from a P atom and another, isomeric
lecules are possible with diff po ial energy curves
1ly app hing the same d tion energy, as

the put,enmal energy between the two atoms imagined as

) HUS)I*H2Sor2P)
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gradually brought together from a great distance varnes
(ow1ng to the non-spherical character of a P atom) with the
relative orientation of the two atoms

The sel rules for tr: forbid molecules passing
durectly from smglet to triplet levels (or the reverse) The
upper levels in Fig. 16 are separated by very high energy
values from the lowest level, and consequently hydrogen
molecules can absorb radiation only m the far ultra-violet
‘When they are raised to these levels, however (generally by
electron 1mpact in vacuum tubes), the shorter transmitions
between upper levels generate the very complex emission
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spectrum of the hydrogen molecule in the visible (and ultra-
violet) region. Very clean vacuum tubes, with highly cata-
lytically active walls, favour the emission of the molecular
spectrum and suppress the atomic spectrum by effecting the
rapid recombination of atoms formed by dissociation Under
appropriate conditions the transition 3%, —3ZF can be
observed This differs from other transitions, which show
a compheated appearance of ‘partial bands’ due to changes
of vibrational levels, each with a finer line structure due to
changes of rotational quantum numbers In this transition
a continuous spectrum (i the near and middle ultra-violet
region) 18 produced, as the 3Z; molecules dissociate nto
atoms with kinetic energies of any value It forms a valuable
hight source for ultra-violet absorption spectrum work

The great complexity of the energy levels of the hydrogen
molecule would make 1t seem that those of polyatomic mole-
cules would be too numerous to deal with Actually, however,
complicated molecules are rarely stable enough to exist in more
than one or a very small number of electromc configurations

Fig 17 shows molecular levels of oxygen ‘Forbidden”
transitions, allowed to occur to a shght extent by the dis-
turbance through collisions of the exact symmetry properties
of the molecule, are observed between the ground level 3%,
and neighbouring ones A and 1T, these give rse to famt
absorption bands (in the mfra-red and visible region) ob-
served 1 sunhght which has passed through the earth’s
atmosphere Absorption 1n the ultra-violet region produces
the 35} and 3% (or ®I1,) levels. which dissociate mto atoms
if they have sufficient energy These transitions are “for-
bidden’, and are therefore not characterized by very strong
light absorption There 1s some uncertainty about the inter-
pretation of experimental data referring to this region

"The absorption spectrum of chlorine 1s of special interest
because of 1ts relation to photochemical problems. Its inter-
protation by Franck afforded the first and the clearest
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expl of how molecules may be d iated by hght.
At the ordinary temperature Cl, molecules are 1n various
rotational levels of the lowest vibrational levels of the !X
electronic state, 1 e near the mmmum of the lower curve of
Tig 18 Absorption of hight raises them to the 3II, state
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By the Franck-Condon principle we must imagine the mole-
cules as starting from near the bottom of the 1, state and
jumpmng to the upper state by paths represented by vertical
lines (dotted) The most probable transitions are to points
near X, and the wave-length (3,300 A) corresponding to the
energy value (85 k calories per gram molecule) 1s where
the absorption 13 a maximum, on either side the extinction
coefficients (p 92) dimimsh. In the blue region, where the
absorption first by ble, t cor i
1ng to the right-hand side of the dotted hines occur, producmg
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compressed, *I1, molecules which begin to vibrate (amplitude
represented by a horizontal hine across the P E. curve) The
absorption spectrum here 18 composed of extremely finely
spaced lines (changes of rot: 1 level), ped into band
systems corresponding to vibrational level changes. At
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shorter wave-lengths equmivalent to energies above the asymp-
totic horizontal (I) the excited molecule has more than
enough energy to dissociate On ts first outward vibrational
swing 1t separates mnto atoms (one m the 2P, ground state.
the other mn the 2P, level), any excess energy appesrng as
kinetic energy. A confinuous spectrum, devoid of structure,
characterizes this region of absorption At energies above ¥
(69+4 k. calories), the pomnt where the structured spectrum
converges and sharply changes to a continuum. the molecule
418 M
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photodissociates in the primary act of absorption It will be
seen that the spectral convergence hmut affords an exact
means of estimating the heat of dissociation of the molecule
mto atoms, one normal and one excited Subtraction of the
energy of the atomic exatation gives the normal molecular
heat of dissociation There are stable vibrational levels of
the 31, state of energy greater than that required to dis-
sociate chlorime mto two atoms in ground levels (56-9 k
calories per gram molecule, asymptote of lower curve) They
cannot break up spontaneously, but by collision with other
molecules, whereby the energy levels may be distorted by
the strong atomuc electrical fields so as to cross, a proportion
may dissociate Between certamn energies in the structured
absorption region, then, dissociation into normal atoms may
occur as a dary pr nduced d Bromine
and 10dine have absorption spectra of similar characteristics
Their convergence limits, 55 6 and 56 8 k. calories, are close
to that of chlorne, but they have lower heats of normal dis-
sociation (452 and 352 k calories), owmg to their larger
atomie excitation energies  They have therefore wider ranges
of potential induced dissociation

The potential energy curves of hydrogen 1odide are shown
m Fig. 19 The uppcr 1evel 18 repulsional, and the absorption
band str Phe tion mto atoms, both n
therr ground level, always occurs on absorption The long-
wave edge of the band (about 4,000 A) corresponds to the
calculated energy value of this process of dissociation, hence
the assumption of the type of curve shown

The curves for the S, molecule (Fig 20) bring out other
spectral charactenistics The absorption band has a sharp
structure from 1ts beginmng about 4,100 A to 2,799 A Be-
yond this point the rotational fine structure becomes blurred,
but the spectrum 18 not continuous, as the coarser vibrational
structure remains  After 2,715 A the rotational lines become
sharper, but at 2,615 A are agam blurred out. The first
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diffuse region is affected by pressure, the blurring not occur-
ring at very low pressures, but the second region is always

diffuse This bl of 1 fine 18 com-
monly d with a d; of the molecule, not
100+
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occurring 1mmediately, but after a period longer than a
vibrational period (=2 1013 sec ) and shorter than a rotational
period (= 10-1! sec) The rotational structure thus dis-
appears to a greater or less extent, but the vibrational bands
remain. Such a delayed process 1s called predissociation, not
a very happy term. As the actual blurring 1s also called by
the same term we will avoid confusion by naming this
spectral predissociation. The electromc change occurning 1n
the S, molecule on absorption is a jump from a 37 to a 3Zg
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level Absorption mn the second, non-pressure-sensitive dif-
fuse region, causes the molecule to vibrate at energies near
the horzontal hne through X The molecule executes a num-
ber of vibrations, and then passes through the crossing-point
to a repulsional 311, level, which at once dissociates mto two
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normal atoms This behaviour 1s styled true predissociation.

At lower energies of excitation, near Y, the 33, curve crosses

that for 1£;. A direct passage between the curves, however,

18 forbidden by the sel rules Coll by distorting

the levels, permit the change and consequent dissociation;

hence the pressure sensitivity of the diffuseness. An effect
of this kind 18 called wnduced predissociation

According to the strict 1 of wave mech 1t

is not correct to visualize potential energy curves as actually

‘crossing’ When two curves approach one another wave

mechanics predicts a change from one to the other (see p. 81)
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with a low freq ble with the v ional fre-
quencies Under these circumstances the total energy of the
molecule is no longer separable nto three terms E,+ E,+E,
(p 70). The energy-distance relation loses 1its precision and
the ‘pont of crossing’ (or of near approach) becomes an
indefinite region

The interpretation of the absorption spectra of polyatomic

lecules p great difficult; Many of them are dif-
fuse or A poly lecule of 7 atoms can
wibrate in 32—86 modes Tts representation needs potential
energy surfaces m many-d 1 space A pts to
elucidate the vibrational modes from the observed bands are
complicated by the anharmonicity of the vibrations, whereby
they couple together and cause the molecule to execute mtri-
cate Lissajous figures over 1ts potential energy hypersurfaces.
Mechanically this means that each chemical link 1n the mole-
cule does not vibrate independently, the vibrations interact,
and the energy passes to and fro through the molecule 1n
a very complicated manner. The possibility of ‘predissocia-
tion’ o 18 thus d, since the molecule passes
through phases where the bulk of the vibrational energy finds
1tself on one hink. The inadequacy of the spectral data may
be supplemented by a study of the photochemical changes
produced, but the resuits are never simple The wave-length
where spectral predissociation (induced or otherwise) sets mn
gives an approximate figure for the energy of rupture of the
hink which breaks Owng to the frequent lack of sharpness
1n the onset of diffusion 1n the spectrum, to lack of knowledge
of the forms of the potential energy surfaces, and to con-
siderations mentioned below, where 1t appears that diffuse-
ness does not always indicate dissociation nor fine structure
absence of dissociation, great accuracy or even certanty of
mterpretation is impossible, but if the energy of a link 1s
known from other data (e g. thermochemical), certain photo-
Pprocesses, 1 particular spectral regions, may be provisionally
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ruled out as requirmg too much energy, and the number of
possibilities to be considered reduced 1 number

The spectra of certamn polyatomic molecules have special
features of mterest Sulphur dioxide shows a pressure-
sensitive blurring of rotation structure at an energy value
less than that required to dissociate the molecule into SO+0
This has been explamed as the close approach of two
potential energy surfaces, between which transitions are m-

duced by coll Wave 3} dicts a b
of rotation levels under these condxhons, sumulating * pre-
di ’ Insome oir then, diffuseness does

not indicate actual dissociation It also appears that a fine
structured spectrum may occur with primary dissociation
(independent of colhsions), if the delay between absorption
and decomposition is longer than a rotational period The
formaldehyde molecule has a fine structure spectrum m the
long-wave ultra-violet, the spectrum becomes diffuse, and a
continuous absorption underlying the diffuse region obscures
all structure at still shorter wave-lengths There 18 photo-
chemical evidence that primary dissocation occurs at all
wave-lengths absorbed, and the spectrum may be interpreted
in terms of different hifetimes of the excited molecule before
rearrangement of its energy permits it to decompose Ap-
parent diffuseness of fine structure may also result i the
case of complex molecules from the overlapping of the great
number of closely spaced hnes The interpretation of exper-
mental data 15 often uncertamn or impossible from these
causes

The seat of light absorption 1n a molecule 1s not always
a particular bond in which one electron 1s excited Aldehydes
and ketones all have an absorption band at about 3,000 4,
this 18 evidently due to an electronic change n the structure
of the carbonyl group The upper levels of molecnles such
as benzene or porphyrn correspond t
structures of the whole conj d sy . Sub mn
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these molecules makes httle difference to the wave-length
range of the electronic bands (absorption or fluorescence),
unless the added group exerts a powerful effect on the con-
jugated system. The band structure due to associated vibra-
tional level changes in the excitation of highly conjugated
systems as the porphyrmns 1s scarcely affected by substitu-
tion, in other cases changes of varymg magmtude are
observed, ncluding the appearance of new vibrations through
the change of symmetry after substitution In favourable
examples the absorption spectrum may afford evidence of
the existence 1n a molecule of some particular type of con-
Jugated structure, but preuse knowledge of the effects of
substitution on the wave-length range, the vibrational struc-
ture, and the extinction coefhicients of absorption bands of
molecules such as benzene are lacking *?

Absorption of Condensed States

The absorption spectra of the hqud and sohd forms of
substances with well-defined molecul lly closely re-
semble those of the gas except that all rotational and much
of the vibrational structure 1s obhterated by molecular dis-
tortions due to thermal energy destroying the sharpness of
levels The sharpness 1s mncreased if the optically exeited
electron comes from some way down m the atom, and not
from the outermost shell as with manganese, chromium, and
uranyl salts, and still more with rare earth salts, which show
quite fine lines on absorption owing to the small mteraction
of the transitions with lattice vibrations Extremely low
temperatures mcrease the structure observable in the spectra
of condensed substances In most cases it 1s found that the
effect of changing from vapour to a dissolved state, or of
inereasing the dielectric constant of the solvent, of an ab-
sorbing substance 15 to cause the absorption curve to move
towards the longer wave-lengths. This 1s because the solvent
attracts and electroncally disturbs the dissolved molecules
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(with consequent lowermng of level by the amount of the
interaction energy), having a greater effect upon the higher
than upon the lower level of the substance. The magmitude
of the effect depends upon the polarizability of the molecular
level and the forces the solvent can exert It is particularly
well shown 1 the absorption (and fluorescence) spectra of
dimethylnaphtheurhodine dissolved m hexane, benzene,
ether, alcohol, etc , which move from the green region to the
red as the dielectric constant of the solvent 1s mereased
Where the solid state 1s concerned there are two modes of
approach to the problem, each an ideahized conception and
representing two extreme pomts of view In the first place
the electrons 1n the outer atomic shells may be regarded as
localized 1 chemucal bonds or on separate atoms Solid me-
thane, or diamond, approximates to this model The other
mode regards all the outer electrons as ‘pooled’ m the sohd,
and 1t 18 found that the properties of metals are much more
readily understood on this basis The development of the
latter 1dea proceeds by a series of approximations A metal
may be regarded as a lattice of positive 10ns mn which elec-
trons are embedded It has already been pointed out that
electrons 1 a box can assume only certamn energy levels,
depending on the size of the box Neglecting, then, the effect
of the positive 1ons we arnve at the same conclusion for a
metal A fixed series of energy states exists mto which
electrons can ‘go’ These depend on the size of the crystal—
ncreasing 1t mncreases both the number of states and the
number of electrons For crystal sizes well above atomic
dumensions the number and density of states becomes so
large that for practical purposes the energy of the electron
can vary continuously By an extension of the Pauh prm-
ciple, no more than two electrons can occupy any one state,
each moving oppositely Thus even at the absolute zero the
electrons will have energy, since the states will be filled by
paurs of electrons up to a certam energy value, which may be
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as high as 230,000 calories per gram-atom of metal. The above
theory takes no account of the influence of the positive 1ons
of the lattice Their effect 1s to change the electric field in
which the electrons move from one of umform potential to
one of periodic potential, the period being that of the lattice
distance. This has an important consequence on the dis-
tribution of allowed energy states In the neighbourhood of
values of electron momentum mv = h/A, when the wave-
length A becomes comparable to the lattice distance, it can
be shown mathematically that a band of energies between
certain fixed limits 1s forbidden The limits vary with the
durection of the electron i the crystal Energy states form
an allowed band up to a certam value, then there 1s a blank
region, followed by another band of states, with further
bands and gaps at still higher energies In univalent metals
1t appears that the lowest band 1s not filled—there are more
states than pairs of electrons When an electric field 1s
apphed to the metal, electrons are forced to vacant higher
states i the band, gaining energy and moving m the field.
So can be explamed the high electrical conductivity of a
metal It d hes with nise of ture because the
electron waves are mcreasingly scattered by the thermal
vibrations of the positive 1ons Impurities similarly act as
scatterers In other metals where the lowest band 1s filled,
1t 1s overlapped by the next highest band, 1e there 1s no
gap between the bands, so that electrons can pass to higher
levels On the basis of these 1deas an understanding of many
of the properties of metals—conductivity, ductihty. thermo-
electric behaviour—and alloy formation 1s obtaned, and a
semi-quantitative mathematical treatment of the optical
properties of metals (p. 26) becomes possible ®

The typical wnsulator, e g sohd salts, sihca, and orgamec
compounds, has 1ts lowest energy band of levels exactly filled
with electrons, with a wide gap between 1t and the next level.
It 1s mcapable therefore of conducting an electric current,

A48 N
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and an explanation 1s afforded of the enormously large factor,
about 104, L the electrical d 1ty of silver on
the one hand and quartz on the other. The hght-absorption
bands of an msulator are treated from two pomts of view.
If we take the over-sumplified picture of the sohd as con-
sisting of atoms or molecules with hittle electromc mteraction
we see why, m some cases, the energy levels of the gaseous
and sohd forms are httle different, the latter bemng merely
broadened by crystal forces (e g organic compounds) A salt,
however, has strong mnteriome forces The absorption may
be due to the anon, as n alkah and many other hahdes and
sulphides, or to the cation, as mn such cases as copper, chro-
mium, nickel, or cobalt, etc The energy bands of the crystal
and of the corresponding gaseous constituent 10n are now so
different that 1t may be difficult to correlate the two In
some examples, however, experimental evidence may be
found to 1dentify the type of electronic change associated
with particular absorption bands From the ‘pooled electron’
concept, the absorption of ight by an atom, 10n, or molecule
m a crystal moves an electron to a higher level, and leaves
behind a ‘positive hole’ At high excitation energies the
electron passes into an unfilled band (the conductance band)
and the crystal becomes ‘photo-conducting’” Both the elec-
tron and the positive hole are mobile t This 1s the nner
photo-electric effect (At very much higher energies the
electrons may be able to leave the metal surface, overcoming
the potential difference there Chap X-—outer photo-electric
effect.) With the absorption of smaller quanta the electron
does not escape from the field of the positave hole, around
which 1t can take up energy levels similar, m a simple case,
to those round an atomic core i a free atom This associa-
tion of electron + posuitive hole 18 called an ‘exciton’, and 1t

t Actually photoconductivity 1s found st lower energies of excitation,
and as 1t 13 more marked with imperfect crystals 1t 18 concluded that the
photo-clectrons anse from at cracks where the energy lovels
8o lower
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can be shown to be mobile. We can thus understand the
experimental facts that absorption of light by a crystal 18
closely analogous to that of 1ts gaseous constituents, with
the addition of change of energy values of the levels and
their broademng by lattice vib The spectral structure
18 sharpened by lowering the temperature. From the view-
point of the ck the free el +p holes be-
come 10ns or molecules m varymng states of exeitation (up
to 1omzation), and the mobility of positive holes or of
18 lated as the handing on of energy
from umt to umt mn the erystal structure.1®
To complete this survey of newer modes of looking at
crystals, semi-conductors and the effects of impurties on
msulators may be mentioned If the gap between the lowest
and the next band of permitted energy levels 1s very small,
some electrons may jump mto the higher band and become
‘conduction electrons’ by thermal energy The same effect
may be produced by impunties which have energy states
lymg m a gap of those of the bulk substance. In these
crystals there will be a small electrical conductivity which
with temy 1 or cuprous oxide.
The absorption of hght by sumla.r systems 1s discussed later
1 connexion with photo-cells and problems of phosphor-
escence.
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THE TRANSFORMATION OF ABSORBED
RADIATION

TrE absorption of monockromatic hght 1s given accurately by
Lambert’s law, —-% oc I, where z 1s the distance traversed
by the hight through a substance, and approximately by

Beer’s law, —~‘1§ oc I, where ¢ 18 the concentration of absorb-~

de
ing material (or pressure of absorbing gas) Deviations from
the latter law occur when the absorption spectrum of the
substance 1s affected by concentration, as by disturbance of
electronic energy levels through collisions or the grosser cause
of new compound formation (eg NO, N,0, system) In
the mtegrated form they are combimed to give the expression

Light transmitted through thickness d
Light mncident

or 10-<cd (¢ = 2 303¢)
The fraction of light absorbed 1s therefore (1—10-¢4), which
approximates to ecd when the absorption 1s feeble «1s called
the molecular extmction coefficient (c in gram molecules per
litre), and €' the absorption coefficient t These quantities
vary with wave-length, and the above expressions hold only
for light sufficiently ‘monochromatic’ for them to be constant
over its range. This may not be so 1f ‘ordinary’ mono-
chromatic hight 1s absorbed by atoms having very sharp
energy levels (p 40) ‘Absorption curves’ of substances are
obtained by plotting values of ¢ (or logy,e if the range of
values 13 wide) against wave-length or frequency.

When light 18 absorbed by a substance 1ts energy may be
transformed m various ways. It may be re-emitted as

 These terms are used in different senses by different nvestigators

— p-ecd
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resonance or fluorescence radiation, the excited molecule
may enter into chemical reaction or may dissociate, or the
electronic energy may be degraded by collisional or other
processes mto heat-energy Chemical and dissociation pro-
cesses are considered later The conversion nto heat may

Potential energy

El

Ep

AB-CD distance
a 21

be visualized by means of potential energy curves Imagme
an excited diat lecule AB* colhding with another
molecule CD They repel at all distances. and the potential-
energy-distance diagram of the system AB*4CD (treatmg
the molecules as atoms for simpheity) bas the form shown
by the higher curve on the right-hand side of Fig 21. If the
molecules impinge with enough energy E, to cause them to
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reach the pont P, the system may change to the other curve,
and the two molecules may separate as unexcited AB and
CD with excess translational energy F, Alternatively the
energy may be taken up by CD partly or wholly as electronic,
vibrational, or rotational energy; processes not so easily

Pobential energy

A-B distance
Fie 22

shown on a potential energy diagram (cf Fig 37) The
behaviour of a frictionless marble roling mn the curves illus-
trates the processes occurring. Another type of deactivation
of an mternal as contrasted with the above external nature
18 shown 1n Fig. 22. The potential-energy-distance curves of
the atoms 1n the molecules AB* and AB are assumed to cross
at P An excited molecul 11 d by a point
near S, may pass to higher vibration Ievels near P by chance
thermal processes It may then change from vibrating along
PQ to the hne PR, and become a highly vibrating form of
the ground level AB The wabration energy rapxd.ly comes
mto Tk with tional and
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by coll with other molecules. Internal d 18
clearly much more probable m polyatomic molecules where
the sunple curves are replaced by complex hyper-surfaces
The degradation of electronic energy m sohds may be repre-
sented similarly to Figs 21 and 22 if the abscissae of the
curves are replaced by lattice distances (energy bemg de-
graded into vibrations), and m hquds by regarding them
ether from the gaseous or the solid pomnt of view, smce the
distinction b vik land 1. 1 energy can-
not be mamntamed clearly

Important information about the nature of collisional pro-
cesses has been obtaned in a varety of ways.!! One type
of expertment consists n exciting sodium atoms, for example,
by bght 1n presence of other atoms which have energy-level
duff near to duff b sodum levels Under
these conditions the foreign atoms freely take up energy from
the excited sodium atoms and emit their own charactenstic
lines Another experimental method 1s to mvestigate the
quenching of the emission spectra of sodium atoms or 10dine
molecules excited by ‘ight when other molecules are added.
The degree of quenching vanes both with the nature of the
added gas and with the actual levels to which the sodium
or 10dine 18 excited, or rather with the relation of these levels
(electronic, vibrational, or rotational) to those of the added
molecules In the actual performance of these experiments
care must be taken to use as exaiting hight a sufficiently
monochromatic source, smce ordmary sources are wider than
the absorption lines of the substances, and these lines are
broadened by the added gas, altering the amount of hght
absorbed unless the above precaution 1s taken Work along
these lines has established the following generahzations:
Energy changes on collistons are most probable when there
18 approxmnate r b the colliding bodies, 1.8
when elect energy 1s transferred mostly as electronic
energy, vibrational energy as vibrational, or rotational as
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rotational, the amount of kinetic energy hiberated in each
step being as low as possible. Rota,tlonal changes are more
readily produced than vib h and coll
rarely change the wit 1 bers by more
than one umt at a time The select.wn rules which hold for
spontaneous transitions are not closely obeyed, though they
commonly mdicate the most likely changes Naturally these
expermmental observations are more clear-cut with simple
diatomic molecules It thus appears that energy degradation
on collision to heat 1s a stepwise process occurring m a large
number of stages These results are practically what would
be expected 1f the systems are regarded as vibrators obeying
the laws of ordmary dynamics, collisions between such bodies
bemng ‘elastic’ 1f they have no internal frequencies 1n com-
mon, but ‘melastic’ and nvolving energy transference 1if
there 13 approximate comcidence of frequencies Inelastic
collisions are often termed ‘collisions of the second kind’ In
degradation processes electronic energy 1s often transferred
from one molecule to another over distances several times
larger than those of ordinary ‘molecular diameters’ which
are obtained from experiments on the transfer of momentum
on collision This effect 1s marked where the molecules have
approximately equal energy -level dufferences

The alternative to the degrad i d
above 18 that an atom or molecule mav lose 1ts energy by
radiation Atoms or simple molecules can rarely resist for
long the deactivating influence of collisions The mean hfe
of an undisturbed excited particle 1s usually about 10-8
seconds The life may be much longer if the excited level
18 one which cannot return directly to a lower state because
of the selection rules If it suffers a collision within this time
mterval 1t 18 exposed to the chance of deactivation In a gas
at 760 mm. pressure the mterval between collisions 1s about
10-19geconds C quently of rachation from simple
particles 18 not often. observed at gas pressures above 10 mm.
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There are certain types of complex molecules, however,
which are pecubarly resistant to deactivation In these the
electrons concerned 1n the excited levels seem to be shielded
from external mfluences They re-emt hght, after bemng
excited, as fluorescence radwation, even 1 the dissolved or
solhd state where colbsions are much more frequent than
a gas However, they show a vamation of behaviour under

d

b d that deactivating mfl
external or mternal, occur when the molecule 1s smitably
affected by 1ts envir Among b

the uranyl salts and the platmocyanides are strongly fluor-
escent 1n the crystalline state, much less so when dissolved.
Organic substances of aromatic structure, such as benzene
and anthracene, and particularly molecules contaming the

ring system,
9

O

10

where the atoms of the ring at positions marked 9 and 10
may be CH, O, N or 8, show fluorescent properties in solu-
tion and sometimes 1n the sohd state 12 The fluoreseent dye-
stuffs belong to this class (Fig 23) The formulae given do
not mdicate their true structures, which are resonance
hybrids of a number of chemical formulae The molecule
must be m the correct electrical state (neutral molecule,
anion or cation) to give the required electronic configuration
for fluorescence to be shown On this 1s based the use of
cortamn fluorescent substances as titration indicators Sub-
stitution 1n the molecules affects their fluorescent power,
e g —NH, generally increases and —NO, or —Cl diminishes
1t, these effects can be explamed (p 103). but cannot be
a prion predicted owng to our lack of knowledge of the
energy levels of complex molecules

The system of morg; fluorescent suk is

a8 o
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probably a single electron which has been excited to higher
levels. In the aromatic subst: typified by t 1t
seems that six (or more m some multi-ring molecules) simul-
taneously take part n the exatation and emission Fig. 12,
showing 1 simplfied form two of the electronic levels of
benzene, 1s relevant to this pomt

N
(m HN NH,
H,N ‘o
( I}i ) A (ISI )‘NH, [

Anthracene 3 0 Daminoacriding Thionine {chioride)
HO. CHIN MC R O
NHY
o O d)
Sudwm fraorescan Wane)  Rhazamine B (chlordd) Magdala red (chlorider
&y @0 09}
HY -0

W cr o
14 Dnh\_ﬂ'axy Glucosce of ato2

anthraquinone Aeszalin

Gsa)quinoie redihlor.ce) dissoved incare 1,50,
Fro 23

The relation between scattering, the Raman effect, reso-
nance radiation, and fluorescence 1s a matter of importance

We may pt to 1ll these T by refc
to the effect of light on 1odine First let the 1odine atom be
dered. Light of length 11,300 A causes 1t to pass

from 1ts ground level to the first excited level When the
atoms are at so low a pressure that collision intervals are
longer than about 10-8 seconds, the ‘lfetime’ of the excited
state, the situation may be treated as one of ‘free’ vibrations
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The atoms take up the light energy, but give 1t all out
aga,m as radiation of the same frequency, scattered m all
1e d (p 22) If,h , the
vib are ‘d d’ by coll as when foreign gases
are present, the absorbed radiation 18 converted mto heat
energy of the atoms (p 93) and no re-radiation occurs.
Light of other wave-lengths sets the atoms mto forced vibra=
tions n the frequency of the hght, they re-emt this Light,
and the mnterference between primary and secondary waves
produces the phenomenon of dispersion 1n the gas
Now we may consider the 10dine molecule This can take
up hght over a wide band of wave-lengths i the visible
region Its spectrum 13 sumilar to that of chlorme (p 79).
At wave-lengths on the red side of 4,995 A the absorption
has a fine structure of rotation lmes grouped m vibrational
band systems, beyond 4,995 A the spectrum 1s continuous
smce the molecule suffers photodissociation At very high
gas pressures all the ‘electrome vibrations’ induced by ab~
sorbed light are ‘damped’ and no re-radiation occurs, as with
the ‘atom’ gas At lower pressures, vibrations from wave-
lengths shorter than 4,995 A are still damped, smee the
energy 1s converted mnto energy of separation of the atoms,
but when illummated by hght of a lower frequency the mole-
cules pass to exaited levels The molecules recerve electrome
energy, causing them to pass from the T to a II level
(Fig 18), vibrational and rotational energy changes also
occur depending on the particular frequencies absorbed by
different molecules The molecules now re-emt mn all direc-
tions the hight they have taken up and produce their reso-
nance radiation They not only emit the exact frequency
they have absorbed, however, but new frequencies differing
from that absorbed by the vibrational and rotational fre-
quencies of the molecule Molecules which do this are left
m different rotational or vibrational levels from those before
they took up the hght Since at the ordinary temperature
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the bulk of the molecules are in their lowest vibrational level,
there is & much greater chance of their gaimng a vibrational
quantum after the above process than losing one For rota-
tional level changes the chances are more equal The reso-
nance radiation thus consists of a spectrum, mostly of longer
wave-length than the exciting radiation, composed of a fine
structure of lines of frequency difference fiom the exciting
line equal to vibrational and rotational frequencies of the
molecule When the exciting light 1s not monochromatic 1t
18 complex 1n appearance, but 1s resolved nto sepatate series
of lines by using hght corresponding to one line (of the rota-
tion structure) only 1n the molecular absorption spectium.
Molecules of greater plexity than the 10dine molecule
are subject to so many processes of deactivation (p 95)
that they can rarely be brought to execute ‘undamped’ fiee
vibrations Consequently their resonance spectra cannot be
obtained with Light which they absorb If, however, they
are 1lluminated with hght which they do not absorb, a new
sort of scattering appears In addition to the coherent scat-
tering (p 21) which produces the phenomena of dispersion,
and the Rayleigh scattering (p 28) due to fluctuation of
optical density, 1n both of which no change of wave-length
occurs, there 1s a very famt emission of the resonance
spectrum, called, under these conditions, the Raman effect
Monochromatic 1llumination 13, of course, necessary All the
molecules execute forced vibrations, and those that emt
them unchanged 1n frequency merely assist in the dispersion
effect A fraction of the molecules, however, emut light
quanta of changed magnitude, since they retan or contribute
energy equal to their rotational or vibrational quanta As
this emission occurs in much shorter time intervals than
10-8 seconds, because of the lack of comeidence of hght and
molecular frequencies, 1t 1s not subject to collisional or other
deactivating mfl This rad 18 I or m-
capable of interference with the primary radiation, and there-
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fore escapes m all directions from the system Owing to 1its
famtness 1t needs special for 1ts di

especially for the rotational Raman lines, which he very close
to the Rayleigh scattered ine The vibrational lines are the
ones lly mvestigated, and suppl t data ob d
from infra-red spectra The selection rules are entirely daf-
ferent for the production of vibration bands m these two
types of spectra, so that for polyatomic molecules assistance
18 provided m identifying the symmetry of vibrations ob-
served m spectra by their occurrence under one or other of
these st The sel rules ly make nfra-
red spectra show P and R b hes ( or d of
rotational quanta by umty during the vibrational transition)
while Raman spectra are mostly @ branches (p 71)

To understand the difference between the resonance spec-
trum and the Raman spectrum on the one hand (which are
1dentical 1n nature except for the mode of production) and
the fluorescence spectrum on the other we return to a con-
sideration of the absorption of hight (of wave-length longer
than 4,995 A) 1n the structured spectral region of 10dine
Under low-pressure conditions we have emission of resonance
radiation, and under high pressures this 1s extinguished by
the deactivating influence of collsions At intermediate pres-
sures the molecules are robbed of their excess vibrational
energy and still retain their electronic energy This may be
illustrated by Fig 15 On excitation from the ground vibra-
tion level aa’ of the lower curve the diatomic molecule passes
to the upper electronic state vibrating along levels between
v’ and zz’  Collisions remove the vibrational energy. so that
the molecules all assume the v»’ level If now they are not
electromcally deactivated by processes described on pages
93-5, they will drop (after about 10-8 seconds) to the lower
curve between vibration levels aa’ and dd’ The vertical
distance 1s less than that of the excitation, consequently
fluorescence spectra Le on the long-wave side of the
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absorption region, though there 1s generally an overlap The
fluorescence spectrum (in this simple example) 1s ndependent,
of the frequency of the hight absorbed, since whatever pomnt
the molecules reach on the upper curve, they all emit from
the single level v»” The resonance radiation differs mn being
attached, as 1t were, to the exciting frequency Scattering
is represented by a transition from the aa’ level, say, to the
a2z’ level and back again; 1n resonance radiation the return
is to the b’ level The diagram does not show the changes
1 rotational energy also chaiacteristic of these spectra
It 1s evident from the figure that the vibration band
spacing of a fluorescence spectrum gives directly the fre-
quencies of the normal molecule, m an absorption spectrum
(Flg 15) the spacing ehneﬂy relates to frequencies of the
lly excited mol E: n spectra of molecules
(excited m a vacuum tube for example) are more comphcated
to nterpret, as transitions occur from several vibrational
levels of the excited state to several of the lower, giving
nterpenetrating series of band spacings The fluorescence
processes of polyatomic molecules may also be more complex
than the two-dimensional representation of Fig 15
It 18 possible from these 1deas of fluorescence to see more
clearly what are the conditions under which 1t will be ob-
served i hquids and sohds, where collision frequencies are
high The electron system which acts as the emmtter must,
as already stated, be ‘shielded’ from external influences
This means 1t must not be strongly ‘coupled’ with the vibra-
tional processes in the condensed phase, 1e its energy level
should be scarcely affected when changes take place i these
vibrations It 1s found that quinine sulphate, uranyl salts,
etc., have their emission quenched by hahde 1ons, the order
of effectiveness bemg Cl- < Br- < I-, that of increasmg
polarizability, or degree to which the 10n 1s distorted by an
external field. The ion 18 affected electromcally by the
excited molecule, and reciprocally affects 1t, so that the
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“1solation’ of the fi lectron 13 d and con-
version of 1ts energy mto vibrational energy between the 1on
and the molecule 18 facilitated In the same way the intro-
duction of halogen atoms mto fl dye-stuff molecul
causes a reduction of efficiency of emission—cf the sub-
stances fluorescem, eosin, and erythrosin—the polarizable
property of the atom within the molecule bringing about a
couphng of the electrome exeitation and vibrations. The
mtro-group 1 an aromatic molecule 1s a very powerful
quencher of fluorescence

An explanation of the fact that some substances are more
fluorescent 1n the solid state than in solution, and some the
reverse, and of the observation that at low temperatures
(hqud air) fluorescence becomes a much more common pro-
perty of condensed phases than at the ordinary temperature
must also be qualitatively sought mn terms of ‘couphng’
mechamsms The transformations of the electronic energy
1nto vibrational or translational energy as depicted i Figs
21 and 22 are over-simphfied rep ations for poly
molecules because of the use of only two coordinates The
curves should show hypersurfaces of distances plotted
agamst potential energies, and 1t 1s not the total value of
the latter which 1s important for quenching but the effect on
that part of the energy associated with the fluorescent centre
of the molecule. At the present time we must reman content
with purely qualitative iterpretations of the complex state
of affairs m actual molecules We can attempt however, to
distingmish betw een ples of by
mtra-molecular processes (Fig 22) and those dependent on
collisions (Fig 21) 13 For example, the fluorescence efficiency
of anthracene of about 025 scarcely varies mn different
solvents, 1t 1s hkely then, that 75 per cent of the excited
molecules are quenched ‘mternally’ In common with other
aromatic hydrocarbons 1its fluorescence 1s strongly quenched
by dissolved oxygen* This effect must be collsional
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Though peroxides of the form AO, where A = hydrocarbon

(pmbably of structure such as g ) are formed
J
in llumi d oxyg d solut of aromatic hydro-

carbons, the quenchmg of their fluorescence 1s not wholly
due to this reaction. as in many cases 1t 1s much greater than
can be accounted for by photo-oxidation The fluorescence
of dye-stuffs s not so affected by oxygen, but quenching can
be detected, and photo-oxidation also occurs slowly, at a
rate greatly dependent on the dye An interesting form of
quenching 1s shown by the action of ferrous 1ons on certain
dye solutions, as of thiomne or methylene blue 1 A reversible
reduction-oxidation occurs whose net effect 1s given by

Ight
D+2Fe—+4-2H+ f:k DH,+2Fe+++ The dye 1s reduced to
ok

the leuco form n hight and 1s oxidized back by a thermal
reaction so that an equilibrium 1s set up The mechamsm
of the process seems to be
D+hv > D*
D* > D+h
D*4Fe+tr— D-+Fer++
D-+H+* = DH (semi-quinone)
2DH - DH,+D
It 1s possible to explam the phenomena of photosensitized
oxidations by reactions of this kind Fluorescent substances
under the mfluence of light often bring about the oxidation
of reducing agents by dissolved oxygen when all three sub-
stances are present together in solution The fluorescent
substance 1tself shows httle permanent oxidation The pro-
bable mechanism 1s that the excited dye molecule oxidizes
the ‘acceptor’ or reducing agent, passing to a reduced form
which is re-oxidized by the dissolved oxygen in the solution.
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The relationsh L f q )} photo-
sensitization, and other photoprocesses have been recently
discussed by Franck ¢

The kinetics of hing of fl m solution have
peculiar features which distingwish them from those of ordin-
ary thermal reactions The excited molecule has an average
“‘life’ before radiating, and 1ts chance of being quenched by
collision with another dissolved molecule depends on the rate
at which diffusion brings the molecules together during that
lfe The activation energy required 1s small, and quenching
often occurs m every collision with a powerfully quench-
g molecule The quenching 1s therefore a function of the
viscosity of the hquud This effect 1s clearly marked ex-
7 tally, but an te th 1 treat needs
more complete knowledge of a number of factors of which
we are at present ignorant

Quenching often occurs i more concentrated solutions of
the fluorescent substance Among the aromatic hydrocarbons
1t 1s found for anthracene and rubrene, and in the former
case seems to be quantitatively connected with the photo-
chemical formation of dianthracene Fluorescent dyestuffs
in water show marked quenching at concentrations over
about 1 g per hitre, for coproporphyrm the effect appears
at less than 5 mg  per itre  Thus 1s due n large part to the
fact that these substances exist m dimeric and more highly
polymerized forms 1n strong solution, the absorption spec-
trum 1s thereby considerably changed, though 1t overlaps
that of the ted dye, and the fl poly-
mers act as mner filters so that quenching 1s simulated ¥
As the effect 1s greater mn water than in other solvents 1t
cannot be ascribed to dipole attractions, 1t 1s almost certainly
due to ‘dispersion forces’ London!® has pointed out that the
van der Waals forces holding hquids together comprise per~
manent dipole attractions, induced dipole attractions, and
“cispersion forces’ The latter play the chief role in hquid

?
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formation An atom or molecule has an electric distribution
determined by the square of the amphtude ¥ (p. 60); 1t may
be symmetrical and have no external field This quantity,
however, 1s only a fame average The zero-point energy of the
molecule produces quickly varying dipoles 1n the electrical
structure which can mduce 1n neighbouring molecules other
dipoles 1n phase and m mteraction with the first An attrac-
tion therefore exists where the madequate treatment based
on a neglect of the time variable predicted none Thus force
18 the stronger the lower the characteristic frequencies of the
molecule and the greater the ‘transition probabihity’ to igher
states, 1e roughly, the greater the extinction coefficient
Both these conditions hold for dye molecules, which may
therefore be expected to show peculiarly strong intermole-
cular attractive forces m solution The ‘polymers’ are non-
fluorescent presumably because of a greater chance of internal
degradation of the electronic energy Polymer formation, and
heref 18 d by the addition of electro-
lytes to the solutxon this effect bemng distinguishable from
ordinary quenching, by added substances, by 1ts dependence
on the dye concentration
Fluorescence emitted by crystals 1s highly polarized, owing
to the orientation of the absorbing centres of the molecule
to the electric vector of the hight? (p 12) Some polanzation
may also be shown by viscous solutions, or by those whose
fluorescence 18 short-lived and feeble through quenching
The molecules i the liquid are chaotically arranged, and
therr absorbing centres can take up hght only mn proportion
as they are correctly oriented to the electric vector, and the
polanzation of the hight they emut 1s sub]ect. to similar con-

ditions If the molecule remains stat: b absorp-
tion and emlsswn 1t can be shown t}mt for fluorescence
excted by plane-pol d light a degree of

polanzation of 0 5 18 observable at nght angles both to the
hght beam and 1ts electric vector. The polar curve of Fig. 24
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illustrates the phenomena observed A ray of light of direc-
tion XY, polarized with the electric vector in the plane of
the paper, 18 supposed to be absorbed by an assemblage of
fluorescent molecules at O The lengths of the radu 0Q, OP,
and OR rep the of fi light making
an angle § with XY polarized with the electric vector at right
angles to the paper, in the plane of the paper, and the fotal

Fre 24

light respectively (both polanzation directions being at right
angles to OQPR) For the three-dimensional light distribu-
tions the curves must be mmagmed to be rotated about an
axis through O 1 the plane of the paper and at nght angles
to XY (cf Fig 3)

If now the molecule rotates mn the period between absorp-
tion and emussion, the degree of polamzation 1s reduced
Perrin and Lewschin?® deduced the equation (employimng the
theory of Browman movement of rotation)

1 1 ( 1 __l_) RT~
p P \po 3 Vn®

where p 15 the degree of polanzation observed at right angles
to the beam of plane-polarized exciting hght, 7 the viscosity
of the solvent, = the ‘mean life’ of the fluorescent molecule,
and V 1ts volume p, 1s the hmiting value of the polarization
1n the absence of molecular rotation, and equals } if the
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“oscillator’ forming the absorbing centre of the molecule is
linear (ie a fixed chemical bond) or } if 1t 1s circular (lmear
11 rapidly rotating within the mol
By varymg the viscosity of the solvent (water-alcohol-
glycerine mixtures) 1t 1s found that for dyes p 1s nearly 1},

and values of 7 1n good ag] with those d
directly are obtaned

Such direct of the ge time I
absorption and emission are made by the use of Kerr cells 20
This device is a glass cell purified b

and two electrodes to which strong electric fields can be
applied Under the influence of the field the polar molecules
orient themselves and the cell behaves as a umaxial crystal
The hght used to excite fluorescence 1s plane polarzed and
passed through a Kerr cell and a Nicol prism The fluor-
escence hght then agam passes another Kerr cell between
crossed Nicols When rapidly alternating electric fields are
appled to the Kerr cells the fluorescent ight 1s elliptically
polarized, and from 1ts degree of elhpticity the mean hfe of
the excited molecules may be calculated For highly fluor-
escent solutions times of about 10-8 seconds are obtained,
when quenching 1s present the times are shorter, since the
molecules of longer individual period are quenched pre-
ferentially Mean lives may also be estimated from the area
of the absorption band of an efficient fi g subst:
and 1n other ways 13,21

The efficiency of the fluorescent process (ratio quanta
emitted quanta absorbed) 1s a matter of mterest It is best
determined by the method of Wawilow 22 A spectro-photo-
meter 18 employed to the fi tted

+ Anomalies 1n the degree of polanzation are found when the exciting
Iight 18 of & Wave-length near tho end of an absorption band  As the effect
varies with concentration 1t may be due to complox processes of absorption
and re-emussion of the fluorescent bght It should also be noted that
viscosity produced by s fibrous structure, as in gelatie solutions, 1 not
very effective in hinderng molecular rotations.
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normally from a cell of solution illuminated by white light
from a lamp of known energy distribution with a diffusing
screen of MgO 1lluminated with the sameight The total hght

Fie 25

absorbed 1s found by graphical integration from the absorption
spectrum of the substance and the spectral distmibution of the
exciting light The total fluorescent hght 1s obtamed by mnte-
gration of the mtensity comparisons of screen and cell at
different wave-lengths For a ‘perfect’ diffuser and 100 per
cent efficient fluorescer the curves of Fig 25 apply The m-
cident hght here reaches the diffusing surface 4 OB at 45°, and
the large circle represents the polar curve of scattered hght
(cf Fig 4) Along the normal to the surface the mtensity 1s
0OX Now let a fl be d to be at O.
The theoretical light distributions for complete hght absorp-
tion are shown by the smaller curves, the circle S for freely
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rotating molecules and the approximate ellipse F for non-
rotating molecules The latter has not so long an axis as the
outer curve of Fig 24 since the incident hght 1s unpolanzed.
Along the direction OX the fi ties are equal,
wrrespective of the small pol effects of r , and
O0Y = }0X. When the efficiency 1s less than umity OY 1s
smaller The well-known fluorescent dyestuffs in dilute solu-
tion are found to have quite high efficiencies, that of the
sodium salt of fluorescemn (uramn) practically equalling unity.
It 15 necessary to use solutions dilute enough to ensure that
the light absorption 1s small to avoid error caused by re-
absorption of the short-wave part of the fluorescent hight
before 1t emerges from the liquid, as the fluorescent band 1s
overlapped by the absorption band The observed fluor-
escence 15 therefore somewhat feeble and the experiments
cannot be made with ligh accuracy

A number of precautions must be taken when fluorescence
15 to be used as a measure of the concentration of a solution.
The solution should be so dilute that concentration quenching
15 small, and dissolved oxygen ehmnated 1f this acts as a
quencher The hiqud 1s contammed m a small flat-walled cell
illummated from the front Observations may be made from
the front, at the back, or at the side The wave-length of
the exciting hight should be chosen so as to be not too strongly
absorbed over the concentration region to be covered The
fluorescence should be observed through a filter (a suitable
solution of the substance 1tself may be used) transmitting
only the longer wave-lengths This avoids differences of
colour of the fluc at duff ons due to
reabsorption of the shorter wave-lengths of the emitted light
(overlapping of absorption and fluorescence bands). The
effect of reabsorption of these wave-lengths followed by re-
emission makes the vanation of the emitted light with con-

plex, dep g on the i

wave-length, and on that part of the fluorescence band under
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t Ths, together with possible effects of con-
centration quenching, means that concentration-fluorescence
curves must be empincally determmed The estimation of
e by fluc 15 superior to the direct
measurement of the light absorption only for solutions so
dilute that the latter method 1s impracticable, and 1t 1s also
subject to many errors due to the possible presence of other
coloured non-fluorescent substances, etc
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THE LUMINESCENCE OF SOLIDS

MANY solids re-emut light after illumination, though generally
the effect 1s feeble and of very short duration At low tem-
peratures (hquid ar) 1 1s even more and
ntense, evidently because quenching processes, 1e conver-
sion of electronic energy nto vibrational energy of the crystal
lattice, mcrease mn effectiveness with temperature
Two classes of substances are to be distinguished 1n any
d on of the 1 of 1 those that
exhibit the phenomenon 1n the pure state and those which
do so only when they contam certan impurities In the
first class are the platinocyamides, the uranyl salts (though

curiously uranyl pl yamde 15 non-l ), and to
a lesser extent salts of manganese The electron excited by
the hght m all these subst 18 m an plete mnner

shell, and the emission must be ascribed to the feeble quench-
mng m the crystal since this electron 1s not 1n strong inter-
action with the lattice vibrations, 1e 1t 1s shielded from
external electrical effects There 18 some coupling, however,
since the uranyl compounds have a well-marked vibrational
structure m both the absorption and emission spectra This
probably relates to vibrations of the UO3+1on The platino-
cyamdes show broad structureless spectra at ordinary tem-
peratures. The duration of the ‘afterglow’ 1s short, though
longer than the very short periods (10-8 sec ) observed for
fluorescence phenomena i hquds The ‘impunty activated’
class 18 much the larger and more interesting, and compounds
of this type often show luminescence lasting for a long time
after the exciting hight 18 cut off. Many munerals and in-
organic substances made by heating belong to this class,
P larly oxides, sulphid I and carb the
impunty responsible not always being known, and there 18
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also the pecuhar effect of traces of water in conferrmg
luminescence on such materials as NaCl, S10,, CaCOy, and
filter-paper 2 Systematic work has, however, been carried
out on very few systems, and we will discuss only the cases
of the ruby, zinc orthosilicate (willemite), zmnc sulphide, alkal:
halides, and the alkaline earth sulphides

The ruby consists of chromic 1ons (Cr+++) in solid solution
m crystalized alumimum oxide The emission 1s of very
short duration and furmshes a spectrum of comparatively
narrow hines or bands m the red which become sharper at
lower temperatures and change n relative intensity The
spectrum may be interpreted in terms of a known transition
of the Cr+++ 10n, the same as that producing the absorption
spectra of chromic solutions, occurring between electronic
levels obtainable from the spark spectrum of Cr, though
‘forbidden’ n the gas The actual frequencies of the limes
are changed by the alterations of the energy levels produced
by solution of the chromium i the solid, and other lines are
observed of frequency difference almost equal to a known
lattice vibrational frequency (obtaned from the Raman
bands of Al,0,), resembling the vibrational structure of
simple molecular electronic bands The excitation is therefore
coupled to the lattice vibrations, but m a way which does
not destroy the sharpness of the hnes or produce complete
quenching

Zmnc orthosilicate contamng traces of manganese emits
a blue luminescence of short duration when illumimated by
ultra-violet light (A =~ 2,540 A) The activator 1s 1 solid
solution m the lattice The decay curve of the emission 1s
‘unimolecular’ or exponential m character, and no photo-
conductivity 1s shown, whence 1t 1s concluded that the
activator 1ons are exeited to higher levels by the hight and
that no mobile electrons are produced The system resembles
the ruby except that the spectrum consists of a diffuse band
which cannot be correlated with known transitions It 1s also

4748 Q
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clear that the lattice and activator mutually contribute to
the emussion in much greater degree This example illustrates
one of the difficulties 1n mterpreting luminescent processes
The diffuse nature of the absorption and the emission spectra
make 1t 1mpossible to gain accurate information about the
electron levels mvolved The sharpening of bands at very
low temperatures provides the clue to further work on this
question

Alkali hahdes contaming a trace of thallous hahde show
fluorescence attributable to changes 1n the electron levels of
the TI* 1on The absence of photo-conductivity shows that
mobile electrons are not produced by the ight The system
resembles 1n these respects those already mentioned At high
thallum ations, h , & phosphorescence 13 ob-
served which 1s d hed 1 two resp from the
fluorescence firstly, the duration of the effect 1s much longer,
and secondly, the d 18 very dependent on ture
The effect of temperature on fluorescence 1s often to change
1ts intensity, due to the competition of quenching processes,
but the mean hfe of the fluorescent molecules 1s hittle affected,
except mn so far as quenching preferentially removes the
molecules of longer hfe The hfetime of a phosphorescent
process 1s always greatly dimimshed by rise of temperature,
indicating that the system 1s i a shallow mmmum of
potential energy, or ‘metastable’ state, fiom which 1t 18
ejected to fall to lower levels only when 1t receives thermal
energy sufficient to ift 1t out The metastable state respon-
sible for the phosphorescence of this system 1s supposed to
arse from a peculiar arrangement of the potential-energy
curves of two thalllum 10ns ocecupymng neighbourmng lattice-
pomts, or, viewed from another angle, to the formation of
Tl, molecules 1n the crystal. This type of phosphorescence,
however, 18 rare, in almost all other known substances which
show p ) mobile el are hib d by the
hight, a,nd the metastable states appear to be due to the
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trappmg of these electrons at certam pomts in the lattice.

To d these p 1t 18 y to describe
recently investigated fo of 1ome \! crystals, to
which class Juminescent sohds belong The electrons in a
crystal of NaCl or ZnS, for example, are all in ‘bound’ states;
regarding the crystal as an assemblage of 10ns we visualize
them so forming closed shells round the 10ns, while from the
more general standpomt, treating the perfect crystal as one
system, we say that the electrons occupy a ‘full band’ of
energy levels in which their motion mn an electric field 1s for-
bidden by the Pauh prmeiple The crystal 1s an msulator
The absorption of a hght quantum causes the ejection of an
electron from an 10n, this electron can carry a current (shown
by the app of photo vity) and m this state
18 said to be mn the ‘conduction band’ of energy levels The
electron 1s mobile and freely moves about 1n the periodic
electric field of the lattice It leaves behind a ‘positive hole’,
which 1s also mobile (since the lower band of electron levels
18 no longer full) This does not mean that 1ons or atoms
move m the lattice, if a S= 10n loses an electron m ZnS and
becomes S~ 1t may regain 1ts electron from a neighbourmng
8= whereby the ‘positive hole’ or electron deficit wanders
about Absorption of somewhat smaller quanta may take
the electron to excited states just below the ‘conduction’
levels, but so near that electrons may be raised to the latter
by thermal energy (p 90)

The next pomt of importance 1s the fact that the lattices
of crystals are never perfect Owing to the thermal motion of
the 10ns they will sometimes be displaced fiom their 1deal
positions to others There are two kinds of ‘lattice defect’
(Fig 26) In one the displaced 10ns take up interstitial posi-
tions (@ passing to b) and m the other vacant lattice-points
only occur (1ons ¢ and d moving to ¢ and f) Now a crystal
1n a state resembling IT can take up metalhc atoms, e g NaCl
crystals heated mn sodium vapour take up excess sodium and

duct
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become coloured yellow The sodium atom becomes 10nized
and the Na+ goes to d while the electron goes to ¢ It 1s the
electron at ¢ which produces the colour, since 1t can exist in
the p 1 field of the surrounding positive 10ns n a series
of excited states converging to a limit corresponding to ejec-

2@
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tion of the electron mnto the conduction level of the lattice
Such an electron m a vacant (—) lattice-pomnt 1s called an
F centre

‘When exposed to hght which they absorb, the F centres
dimimsh 1 number and thewr place 1s taken by F” centres,
recogmzable by a shift towards the red of the absorption
spectrum  Warming the crystal or exposing 1t to light ab-
sorbed by the F’ centres makes the crystal temporarly
electrically conducting and reforms the F centres Experi-
‘ments and theoretical calculations on the change show that
the phenomena are explamed by the assumption that hight
hiberates mobile electrons from the F centres, and many of
them are trapped m other F centres to give the F’ centres,
which therefore contain two electrons. The extra electron 1s
fairly easily ejected agan by long-wave light or heat from
the F” centre, whereupon 1t wanders about until 1t finds a
vacant lattice-pomnt to reform an F centre

The mmportance of these centres 1s that they provide a
mechanism whereby mobile electrons hiberated mn crystals
can be trapped mn a metastable state, from which they are
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slowly ejected by temperature or mfra-red hight, and so form
one way of exp 1 phot g
crystals They are not, however, the only trapping processes.
Electrons may also be trapped at surfaces (internal cracks)
where the periodic field of the lattice 1s mterrupted and
potential-energy minima oceur, or in the field of an mter-
stitial positive 1on It 18 not yet possible to decide for actual
phosphors which mechanism 1s effective, but 1t should be
noted that they all depend on rrregularties of structure m
the crystal. Phosphorescence, mn fact, 1s only well developed
m erystals which have been given peculiar heat treatments
lhikely to produce such irregularities.

Zme sulphide contaming a trace of copper (1 m 10%) or
calcum (Sr or Ba) sulphide a trace of I b
(1 m 5% 103), show both fluorescence (especially intense with
ZnS) and very long-duration phosphorescence (1-3 hours for
ZnS, many hours for CaS) The phosphorescence differs from
the fluorescence 1n 1ts longer hfe, i the great sensitivity of
1ts life to temperature, and m the phenomena of ‘saturation’
The fluorescence 1s proportional to the exciting hight inten-
sity, but the phosphorescence never rises above a certain low
level This may be due to the filling of all the available
metastable traps (probably for ZnS) or to exhaustion of the
primary emutters (possibly for CaS) Both systems show
photo -conductivity on illummation, and the rate of decay of

and phosph cence 15 ‘bimolecular’ (or hyper-
bolic) in character and not exponential T The decay curves
for CaS phosphors are comphcated by the fact that several
emission processes of dufferent mean lives occur together.
The above facts show that the primary process 1s the pro-
duction of a mobile electron which can return to a different
atom from the one 1t origmally left.

In the case of zinc sulphide the presence of the activator

+ At ugh hght mtensities there may be a very rapid utial exponential
decay.
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does not make any marked change in the absorption spec-
trum of the substance Also, when caused to fluoresce by
« rays, almost 100 per cent of the energy appears as lumin-
escence The « rays cannot affect the copper atoms pre-
ferentially, and 1t 1s therefore concluded that certamly for
« rays, and probably for hght quanta, the mobile electrons
responsible for the emission come from the zmc sulphide
itself The substance emits freely when excited by a wave-
length of 3 650 A This 15 n the long “tail’ of the absorption
band Its interpretation 1s not settled, it may be due to
nterstitial Zn atoms (since the substance always contains
an excess of zinc after the necessary heat treatment) or to
8= 10ns on the surface of cracks In shorter wave-length hight
the duration of the glow 1s reduced, probably owing to the bi-
molecular decay and higher density of emission due to the
smaller depths penetrated by the hght It appears 1eason-
able, then, to attribute the behaviour of ZnS phosphors to
the following processes

1 Absorption of light by the material either by imnter-
stitial atoms or S= 10ns, liberation of an electron nto
the conduction band Both electron and positive hole
move, the latter setthing on"the impurity atom
Fluorescence (coming from the impurity atom) due to
the bimolecular recombmation of electrons and positive
holes Therate of this process scarcely varies with tem-
perature,1e fluorescence cannot be ‘frozen m’, since 1t 18
dependent on nner transition probabihities of the 1ons
Phosphorescence due to the temporary trapping of the
mobile electrons in F centres, on interstitial atoms, or
cracks, from which they are hberated by heat At alow
temperature light can be ‘stored’ and emitted by warm-
g up the substance

)

e

‘When manganese 1s used as an activator mstead of copper
new absorption bands appear. If the phosphor is lluminated
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in these bands there 1s fl and no phosph
dlummation with shorter wave-light absorbed by the lattice,
¥ , gaves phosphorescence In the first case no mobile

electrons are liberated and the Mn*+ 1on 1s raised to an
excited state directly by the hght

In ZnS the fi and the phosphorescence have
1dentical spectra The alkaline earth phosphors are more
compl d m that the fl 18 somewhat differently

coloured from the phosphorescence and 1s excited by different
spectral regions The emission 15 also made more difficult to
mterpret because 1t 13 made up of several processes of dif-
ferent wave-length ranges and hfetimes Another difference
18 that their absorption spectra are clearly due to the activat-
g mmpurity added, and this absorption fades (reversibly)
under the influence of hight and 1s replaced by another set
of bands (cf F centres) The hght 1s probably absorbed by
a complex of a B 1on surrounded by sulphur 1ons which 1s
photochemically decomposed by hght hiberating a mobile
electron, but the details of the processes occurring are ob-
scure, as 15 the precise fixing of the trapping mechamsm and
the explanation of the ‘saturation’ effect of phosphorescence

Two other features of these subst must be d
The first 1s the effect of red or infra-red ight on a phosphor
which has previously been illummated Dependent on the
wave-length of the infra-red light two effects may occur the
emission may be accelerated, and the stored hight rush out
quickly, or the phospk may be qt hed The first
effect 1s explaned as the ejection of electrons from their traps
by nfra-red quanta, the second 1s due to the stimulation of
lattice vibrations in such a way that the mobile electron
returns to 1ts positive hole without 1adiation The process
can be given a qualitative interpretation in terms of potential
energy curves analogous to that of Fig 21, where movements
along the horizontal axis refer to vibrational, instead of to
translational, changes
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In the preparation of phosphors the gieatest care must be
taken to avoid unwanted impunities, which can exert power-
ful effects 1n reducing both the mtensity and the duration
of the emission. They evidently introduce new electron-
removing centres mto the crystal, at which recombmation
of electron and positive hole occurs without the emission of
light.



VI
PHOTOCHEMICAL REACTIONS

TuE aim of the gation of photock 1 reactions 1s
to d the I of the ch 1 changes which
take place when a system 1s exposed to light Generally,
these reactions are complex mn nature, and the actual
measured change 1s rarely that directly produced by the
hight 1t 18 necessary, therefore, to distimgmsh between the
‘primary’ effect of the hight and the ‘secondary’ thermal
reactions which follow In gaseous systems, the nature of
the spectrum, whether fine-structured, diffuse, or continuous,
or whether fluorescence 1s emitted, will subject to the con-
siderations discussed in Chapter III, enable a decision to be
made as to whether the molecule dissociates or not This
nformation 1s not so readily obtained for reactions occurring
mn hquids

Photochemical reactions usually differ from thermal ones
n that the energy of activation is wastefully employed For
example, the thermal decomposition of HI takes place by
the mechamsm 2HI — H,+1I,, the two colhding HI mole-
cules needing a joint energy of 44 kilo-calores to react The
enercy needed for thermal activation 1s rarely large enough
to 1ase the molecules to electromeally excited levels, photo-
chemical activation always proceeds through such a mechan-
1sm  In the photochemical reaction at least 67 7 kilo-calores
are required for each HI molecule, which reacts by the
prmary change HI+-hy -~ H+I  This illustrates a very
common teature of photochemical reactions, the formation
of free atoms or radicals, whose subsequent react)ons give
nise to the aty of the d cl 1
The subsequent 1eactions 1 the above example are relatlvely
simple, namely, H-+HI - Hy+1 and I4+I(4+M) — I(+3)

The following of a photochemmal change 1s a very difficult
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matter. In the first place the complexity of the secondary
reactions often makes the mere observation of a pressure
change, or estimation of one product by titration, msufficient
for the purpose, and an elaborate analytical procedure at
various stages of the reaction 1s usually necessary This 1s
made pecuharly difficult by the second consideration, that
the amounts of chemical change are small Ordinary mono-
chromatic hight sources do not commonly send more than
10-3-10~* Nhy per hour to a cell under the experimental con-
ditions If the number of molecules reacting 1s comparable
with the number of gram-molecular quanta, a hundredth
normal solution only changes in concentration by a few per
cent m this time

The arra t of a p 1 experiment 1s usually
as follows 2¢ A powerful and constant hight source 1s provided
with a short focus condensing lens to give an approximately
parallel beam This 1s rendered monochromatic (or nearly
so) erther by the use of a specially designed monochromator
or by filters (see Appendix II) For the visible region a
Chnistiansen filter may be used 2 This 1s a cell containing
granules of glass 1n methyl benzoate which 1s placed 1n a con-
trollable thermostat The two materals have very different
dispersions, and at a fixed temperature the refractive indices
comeide at one wave-length only Light at or near this wave-
length 18 then freely transmitted, while other wave-lengths
are scattered away 1n all directions  With a smitable arrange-
ment of lenses and stops, narrow bands from any part of the
wvisible region may be 1solated The ight beam then falls on
a parallel-walled cell, usually of fused silica, 2-6 cm m dia-
meter and 0 5-5 cm from front to back Stirring, mechanical
or electromagnetic, 18 often required for solutions The
chemical change 18 followed by methods adapted to the
nature of the reaction, pressure changes, with or without
condensation of volatile fractions, chemical analysis, and
changes 1n the hight absorption. When the light 1s feebly

hotook
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absorbed the rate of the primary reaction 1s proportional to
the product of the extinct: flicient and the it
tion (‘ummolecular’ rate law), while for total absorption the
rate 15 constant (‘zero order’ law) with time (p. 92) The
presence of other (inert) hight-absorbing substances m the
system (‘mner filters’) introduces complications If ¢, and ¢;
are the extinction coefficient and concentration of the photo-
active substance and ¢, and ¢, those of the mner filter, the
fraction of the hight absorbed by the former 1s

€0
€0tecy

Two quantities relating to the Lght beam have to be
measured, the total ight falling on the cell and the fraction
absorbed by the system The former may be done i two
ways by the use of a thermopile (Appendix III) or by acti-
nometry. For details of these methods references must be
consulted.?627 The fraction of hght absorbed may also be
found by thermopile measurements, but if 1t 1s small 1t is
better d d with a photo-cell or by the hods of
absorption spectroscopy (p 42) The ‘quantum efficiency’,
or rat10 of number of molecules changed to quanta absorbed,
18 then calculated from experiments made over as wide a
range of hight intensity, wave-length range, temperature, and
concentrations of reactants (and other substances which may
affect the reaction) as possible These results constitute the
“kinetics’ of the change, 1¢ the laws of dependence of the
photochemical rate with the above variables The next step
18 to attempt to elucidate the reaction mechamsm Except
in simple cases, this can rarely be done without ambiguity.
The secondary reactions must be treated by reaction veloaty
theory, of which the following 1s a simple account

In the first place, two atoms or small molecules cannot be
assumed to combine directly to give a single molecule, e g
A+ B~ O, since the only energies C can have are quantized,
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and 1t 15 very unlikely that the energies of 4 and B together
with the energy of reaction will be exactly equal to one of
the permitted levels of ' Another molecule M must be
mtroduced mto the reaction, unless the reaction occurs n
solution (M always available) or C 1s of some complexity
(more than about 5 atoms) Reactions may be exothermic
or endothermic, but at ordinary temperatures strongly endo-
thermic reactions are improbable The factor chiefly deter-
mimng whether a reaction proceeds at a measurable speed
or not 1s the ‘heat of activation’ (E), or extia energy above
the normal a molecule must possess before 1t 1s capable of
reaction In the simplest case 1t may be assumed that
reaction rate = (total colhsion rate)(fraction of collisions of
energy > E) From the kinetic theory of gases 1t may be
shown that the total number of collisions per ¢ ¢ per second
between the molecules of two substances 4 and B at pres-
sures p, and p, mm

= 4Z, =1 078X 10%p, 1,(d, +d,,)2( Myt ‘}”‘)‘T -1

or for a gas consisting of one kind of molecule
3052 < 1012p*d2 31~ T-1,

where d 4 and d g are the molecular diameters of the molecules
(=~ 10-8 cm ) and M, and Mp their molecular weights The
average tume between collisions suftered by a single mole-
cule at normal temperature and pressute 1s about 10-1° sec
(varying inversely as the pressure), while the ‘duration’ of
a collison 1s approximately 10-12 sec The collisional rate
b two molecules i dilute sol 1 a solvent 1s of
about the same order of magmtude as 1if they were n the
gaseous state (01 N solution corresponds roughly with
p = 1,500 mm.), with the difference that there will be more
‘repeated’ collisions between the same pairs of molecules and
fewer collisions between different molecules

The fraction of collsions where the molecules have an
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energy greater than E, the heat of activation, 1s more difficult
to determime. On the assumption that one of the molecular
species must have a vibrational energy of one of its linkages
greater than E (expressed in kilo-calories per gram molecule)
10 become reactive the fraction 18 e~(£/0001387)  For g bimole-
cular reaction dz/dt = k(a—=z)(b—=z), where (a—z) and (b—=z)
are the ations of the reactants at the end of time ¢
The sumple reaction theory above indicates that

= 4Z e~ (El000187)

1f £ 18 expressed as (sec )~ (molecules)*(c ¢ ), oras1 7 10-%
times this quantity if £ 1s (sec )~ (gram molecules)~? (litre)

This formula 1s found to be approximately correct for
bimolecular reactions t atoms and very small mole-
cules 2 For large molecul L difficult to t
for quantitatively occur firstly, the exponential factor for
the fraction of activated molecules must be replaced by
another expression to allow for the energy available for
activation being distributed over a number of lnkages mn
the molecule and also for the fact that not all collisions
between activated molecules are fruitful some other condi-
tion of a spatial or other character may have to be fulfilled
durmg the collision The energy of activation of a sumple
reaction such as AB+C - A+ BC can m principle be cal-
culated by formulae developed by London for the relations
between the eneigies of the diatomic molecules and the tri-
atomic complex A BC' The former are given by the potential
energy~distance curves of the molecules AB and BC The
approach of the atom C' to the molecule 4 B along the B-4
line 1s considered, this will give the lowest energy necessary
for reaction since the atom A then exerts the least repulsive
force on € A three-dimensional potential-energy cagram
15 then constructed with two atomic-distance axes, the dis-
tance of A from B and of C from B TFig 27 shows such
a diagram for the reaction Hy+ Br-> HBr+H The distance
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axes OY and OX are in the plane of the paper and the
potential energy of the triatomc system HHBr at all separa-

tion dast: are shown as bered The diag
A 8
g l‘ 70
S TR, molecle
- Y
0
\ 10
Y ~ 28
Yy T T
!
2
3 =
s =
& 3
2
&
= El
N
0 H H ditance — X, X Potental energy

Fio 27

should be pictured as a sohd model At a great distance
along the OY axis the section (shown flat as A BCY) 1s the
potential energy-distance curve for the H, molecule derived
from spectroscopic data (1 e. H, with Br at a great distance),
while far along the OX axis the section 18 the curve of the
HBr molecule (EFXD), also derlved spectroscopically As
the t atom 18 d to be brought up to the H,
molecule, the system follows the curve of lowest possible
potential energy, i.e. from P 1t goes up the valley past the
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5, 10, 15, and 20 contours till it reaches an ‘energy pass’ at
Q, representing the transitional state H H..Br, whence
it can pass downhill towards R, 1e towards an HBr molecule
with an H atom at mfinite distance As the bulk of the
reacting molecules take the easiest path from P to R, ie.
over the pass @, the height of @ represents the energy of
activation This representation 1s extremely valuable in
visualizing the meaning of heat of activation, unfortunately
as a means of quantitative calculation 1t 15 sub]ect to great

bil of error th h the difficulties of of
the potential-energy surfaces from the data of the diatomic
molecules #

The ‘collisional” theory of reaction veloeity has a number
of defects, mncluding the uncertainty of the value of the
molecular diameter, which will not be the same as that found
by gas viscosity measurements, and the difficulties associated
with the other conditions besides possession of activation
energy that molecules must fulfil to react A new approach
to the problem has been made from a different standpoimnt
A molecule exists in a large number of quantized energy
states, of electronic, vibrational, rotational, or translational
character The latter states can be considered as ‘non-
quantized’ when large volumes of matenal are considered
Every energy state has a certamn ‘probability’, which can be
expressed by the equation

N, e-BirT
¥ = SomE

where N;/N 1s the fraction of molecules i an energy state
E, and Y e~EiRT 15 the sum of the exponential functions over
all the possible states Ths latter quantity 1s called the
¢ partition function’, and 1ts value for translational and simple
vibrational or rotational states can be expressed in terms of
the molecular fr and ts of mertia, obtamable
from spectroscopic data 2 The theory of partition functions
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1s dealt with by Stati: 1 Mechanics, an enlarged and ‘mole-
cular’ form of Thermodynames The ‘partition function”’ f
15 related to the free energy F by the relation F = —RTlogf,
and therefore chemical equilbrium constants, which are
related to F by the van ’t Hoff 1sochore, can be wittten as
products of partition functions Now 1n a reaction such as
AB+C %5 ABC 2 AC+ B the theory of partition functions
(ABC)
(4B)(C)’
where 4 BC 1s the transition state’ or ‘complex’ Multiplica-
tion of this by a ‘velocity’ term k7/h then gives the rate of
reaction, te the rate at which the complex dissociates mnto
resultants When a reaction occurs, changes in the partition
functions for the two sides of the equation occur, due not
only to changes m the nature of the molecules but to the
replacement of translational functions by vibrational ones,
as for example, 1 an association reaction A qualitative
mterpretation of what corresponds in the collisional theory
to the neffectiveness of some collisions having the requisite
actrvation energy 1s posstble along these lnes, but the
numerical apphication of the theory 1s hmted to very simple
cases owing to the lexaty of the calcul necessary
Though possibly a sounder method, theretore, the ‘transi-
tion state’ theory supplements rather than replaces the
“ collisional theory”, and for reactions of the utmost simpheity
they both reduce to a similar result *

In attempts to discover the most probable dissociation
mechamsm of a reaction 1t 18 1mportant to know whether
the quantum of energy of the hght employed 1s large enough
to break any particular nk 1 a molecule For diatomic
molecules, ‘bond energies’, or energies of dissociation mto
atoms, may often be found by a study of their spectra (con-
vergence of vibrational levels, if these refer to an upper state
of the molecule, correction must be made for the fact that
the atoms produced may not be m their ground-level) The

can calculate (in principle) the equilibrium constant
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following di for le, are ob d in
this way. O, 1172, N, 170, Na, 176, C, 83, Cl, 56, Br,
462, I, 35-4 klo- calones per gram molecule The dissocia-
tion energy of H,, 103-2, can be calculated by wave mechanics
or measured experimentally, and those of molecules such as
HCI (102), HBr (86 3), and HI (67 7) are found by combmng
the known energies of dissociation of hydrogen and the halo-
gens with the thermochemical heats of formation Difficulties
anse m attempts to extend the concept of bond energy to
polyatomic molecules In the case of the water molecule, by
combining thermochemical data with the energies of dissocia-
tion of hydrogen and oxygen we have

H,0 > O+H-++H—218 9
Spectral evidence shows that the energy necessary to spht
one hydrogen atom off the water molecule 1s about 1195,
and to dissociate the OH radical about 99, while the O—H
bond energy from water 18 $(218 9) =109 5 kilo-calories
per gram molecule The data are not entirely rehable, but
seem to show that bond energies cannot be regarded as con-
stant 1n d lecules For 1 we have the fol-
lowing equations

CH, ~ Cyoga+2H,—16:18,

2H, - 4H—206 4,

Coong > Cras—170,
whence CH, > Cgpet-4H—392-58

The bond energy C—H 1s thus }(39258) = 981 The

above calculation, however, 1s subject to the uncertamty of
the heat of volatihzation of carbon This 1s obtamned by
optical measurement of the temperature of the positive pole
of the carbon arc burning under different inert gas pressures;
the experimental values give the vapour-pressure curve of
carbon from which the latent heat of evaporation at ordinary
temperatures may be calculated by the application of thermo-

dynamics. The measurements themselves are of great diffi-
4748 s
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culty, and the accuracy of the final figure is affected by such
considerations as the degree to which the carbon vapour can
be taken as monatomic

If now an attempt 1s made to find the heats of linking 1n

H
a molecule such as formaldehyde >C=0, the value for
H

the C=0 bond can only be evaluated 1f the C—H bond
eneigy 1s taken as equal to that for methane or for the C—H
radical This assumption 1s not justified, and the result 1s
that bond energies of polyatomic molecules cannot be esti-
mated with accuracy In certamn cases approximations to
energies of lmking in molecules may be obtaned from ‘pre-
dissociation” lumts 1 the spectra (p 83) or from spectral
lmts of fluorescence, the disappearance of which at short
wave-lengths pomnts to dissociation of the excited molecules

Application of wave-mechanical methods assisted by con-
siderations based on the spectra indicate that bond energies
1n molecules are almost always affected by ‘conjugation’ In
benzene the effect 1s very marked and 1t 18 not neghgible
m such a ‘saturated’ molecule as ethane ** No chemical bond
can be regarded as of a strictly ‘unit’ character (see p 63)

The bonding electrons are not confined to certain links, their
effect extends in varymg degree round the molecule If a
molecule 1s 1magined to be formed from 1ts component atoms
by the coupling of electrons in pairs to form hnks, allowance
must be made for a redistribution of the ‘electron density’

Some bonds ‘donate’ and others ‘accept’ electron density In
benzene the ‘double bonds’ formed 1n the above imagmary
and mcomplete process of molecule building donate some of
their character to the single bonds, the system as a whole
gams 1n stability and the effect on the acceptor bonds 1s
greater than that on the donors Thus 1s reflected both 1n the
potential energy of the whole molecule, 1n the bond energes,
and n the dist The C—C dust: in ben-
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zene 18 1:39 A, mstead of 1-46 A, the mean between the
approximately calculated values for a ‘theoretical’ single
C—C link (1 58 A) and a double link (1-35 A), and the ‘bond
order’ 15 not 15 as m the theory of simple lnks but 175
The interatomic distances m ethane and ethylene are 1 54
and 133 A respectively, and 1 these substances 1t 1s con-
cluded that there 1s appreciable conjugation, the bond orders
being 1-12 and 2 12 mstead of 1 and 2 A ‘normal’ C—C
link has about 11 per cent of double-bond character and a
normal C==C hnk about 12 per cent of triple bond The
effect on the C—H (donor) bonds, however, 1s comparatively
small The development of the subject along these lines will
doubtless permut of more fid use of ther 1 1
data to detexmine the energies of hnking in chemieal com-
pounds

The fiequent production of atoms or radicals i photo-
chemical reactions leads to secondary chamn reactions of
complex mechamsm These usually betray their presence by
high quantum efficiencies and great sensitivity of the kineties
to inhibitors, or chamn-ending substances Examples of these
effects are given below

In photochemical reactions mvolving the halogens the
pumary change 1s the formation of halogen atoms (p 79)
The reaction kmetics are determined by the secondary reac-
tions set up The halogen-hydrogen systems have many
important features The reaction 14-H, - HI4-H does not
occur owing to the high heat of activation necessary, con-
sequently there 1s no permanent effect of hight on 1odine-
hydrogen mixtures The corresponding reaction with bromme
has a heat of activation of about 18 kilo-calories, and takes
place at measuable speed at about 180°C The reaction
kimeties have the form

d(HBr) _ _ kJ(H)vZ
at ; ) (HBr))
14 iy
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The rate has the peculianity of being proportional to the
square root of the intensity I of the hght absorbed, and
mversely as the root of the total pressure p. A complete
mterpretation 1s given by the mechamsm

Bry,+hv > 2Br 1)
Br+Br+M - Br,+ M 2)
Br+H, > HBr+H 3)
H+Br, > HBr+Br 4)
H+HBr - H,+Br (5)

with the additional assumption that almost all the Br atoms
are used up by reaction (2), so that we can write
I = ke p(Br)?*
As the rate of formation of H atoms must equal their rate
of disappearance, we have
kg(Br)(Hy) = ky(H)(Bry)+A (H)(HBr),
and for the rate of formation of HBr
d(HB;
BB — k(Br)(H,) -+ ) (Bry)— ky(H)(HBx)
Ehminating (Br) and (H) between these equations, 1t fol-
lows that
(dHBr) _ 2ky(H,),(21)

a %5 (HBr)\’
a1+ 5 (5
mn t with the exp tal kinetics The thermal

reaction between hydrogen and bromine follows an 1dentical
mechamsm, except that the bromime atoms are produced by
thermal dissociation (between 200 and 300°C)

In the photochemical reaction of chlorine with hydrogen
the reaction corresponding to (3) has a low heat of activation
(=~ 8 k cal) and thus takes place freely at ordmary tem-
peratures. Reaction (4) has a still smaller activation energy.
The result 18 a repeating chain mechanism of these two
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reactions, giving a very high quantum efficiency (up to
5 10%) under suitable conditions The reaction 1s explosive
1 ntense hght Though the tial fe of the

are simple, the kinetics are 1 d and also ding!
dufficult to establish experimentally This1s because they are
determined by the cham ‘ending’ process, which 1s very
dependent on the p of ‘mhib > For pure mixtures,
AE _ L1, the

de

rate bewng proportional to the hight absorbed These kinetics
indicate a chain-ending process Cl-+wall > }Cl,, a supposi-
tion m agreement with the observation that the rate 1s
smaller 1n vessels of greater surface to volume ratio When
the chlorne pressure 1s high and that of the hydrogen low,
A(HCY) _ K EVI

& T (Cly)
a different chamn-ending process, probably

Cl4+Cl, = Cly
2Cl, > 3Cl,

The above expermmental kinetics have been obtained only
with the utmost difficulty owing to the enormous mfluence
exerted by traces of mhibiting substances, of which a
and oxygen are the most important By removing hydrogen
(or chlorne) atoms chemically they end the repeating reac-
tion chamns and reduce the rate, besides altering the kinetics
Expermments mdicate that the effect of oxygen 1s to form
HO, molecules, which are ultimately transformed mto
water

A large number of other photochemical reactions of the
halogens have been studied, such as the chlormation or bro-
mmation of CH,, CO, tetrachloro-ethylene, cmnamic acd,
ete. Thewr kimetics, though complex, show sumlar features
to the reactions with hydrogen In particular, oxygen in-
hibition 15 very marked, an effect to be attributed to the

under ordmary pressure conditions,

however, the kinetics become , owng to
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oxidation and removal of fiee radicals which take part in
the chamn mechanisms

Two photochemical 1eactions of very sunilar behaviour are
the decompositions of ammonia and of acetone Ammonia
has a spectrum of diffuse bands i the spectral region near
2,000 A indheating ‘predissociation’, probably

NH;+hv - NHF > NH,4+-H
(possible at Nhy > 112 k cal) The final products are N,,
H,, and a httle hydrazine N,H; Acetone has an absorption
band about 3,000 A which 1s difficult to mterpret, it appears
superficially largely continuous, but 1t may be that a large
part at least of the continuum 1s due to close packing of a
fine structure of rotation limes  Whether the prunary mechan-
1sm be photo-dissociation, ‘normal’ or *induced’ predissocia-
tion, there 1s hittle doubt that the first step 15
CH,COCH,+hv - CH,+ CH,CO
Thus is shown by the formation of some diacetyl,
CH,COCOCH,,
and by direct proof (with metallic murrors) of the presence
of CH, radicals  The mam final products are C,Hg and €O,
produced almost certamnly by the reactions
CH,C0 - CH+CO
CH3CO+CH, — G, CO

The first 1mportant resemblance of these reactions 1s the
low quantum efficiencies at ordinary temperature, about 0 2
1n both cases This 1s particularly nteresting mn the NH,
reaction, where the spectrum clearly mdicates a dissociation
process whose efficiency would be expected to be umty
Back reactions reformng ammonia can be postulated, but
measurements of the actual H atom concentration cannot
be reconciled with this hypothesis It appears that internal
deactivation processes reducing the yield of the primary

must be regarded as a possibiity. A back t
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with acetone must be assumed, improbable as 1t may seem,
smnce the photo-d P m the p of 10dine
(whereby the CH, radicals are removed as CH,I) shows a
quantum efficiency of unity

The reactions also resemble one another mn that no photo-
chemical changes occur when the molecules are m the dis-
solved or hquid state 3 The most probable explanation of
this 15 due to Franck and Rabinowitch The hqud state
of matter 1s at least as closely akin to the sold state as 1t
18 to the gaseous The molecules are so close together that
the motions they execute are more of the nature of vibrations
than translations If a molecule dissociates in a hquid the
products are so hemmed m by other molecules that they are
forced to colhde with one another a great number of times
before they escape, and during this period they have a great
chance of recombining agan

The lower alipbatic aldehydes have been the subject of
extensaive mvestigation photochemically 3 Like the ketones,
they absorb near 3,000 A Formaldehyde has a fine-struc-
tured region on the long-wave side of the band followed by
a diffuse region and then by a contmuous one  As the homo-
logous scries of aldehydes 1s ascended the diffuse and con-
tinuous regions become more prominent Fluorescence 13
observable at the long-wave end of the bands. The nature
of the primary reaction 1s not clearly indicated by the spectral
evidence Study of the quantum efficiencies and of the final
products together with considerations based on the (very
roughly) calculated values of the bond energies of the hnks,
seem to show that the reaction

RCHO+hv - RCHO* - RH4-CO

occurs at longer wave-lengths, while free radical formation,
R4 CHO, occurs at the shorter Where R 1s a long chain
a peculiar decomposition nto an olefine and acetaldehyde
or acetone occurs with aldehydes or ketones As the light
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quantum is initially absorbed by the carbonyl group, 1t is
evident that extensive energy redistributions withmn the
molecule occur before 1ts decomposition.

At elevated the photo-ds P of acet-
aldehyde becomes a chain reaction, and the kinetics show
that the rate depends on the square root of the light intensity
instead of being directly proportional to it The change of
mechanism arises from the thermal reaction of methyl radi-
cals with acetaldehyde molecules at the higher temperatures,
setting up the repeating reaction chains

CH,+CH,CHO > CH,+CH,CO
CH,CO - CH,+CO.
The chains are ter ted by bimolecular bimation of

radicals The rates of these reactions may be mvestigated
by “sector’ experiments, as can the chan mechamsms of all
photochemical reactions w hich are proportional to the square
root of the light absorbed The basis of the theory of this
18 as follows Imagine an opaque rotating disk with one
quadrant removed placed n the path of the hght At high
rates of revolution the radicals will not have time to recom-
bime 1n the periods of darkness If the original hight 1s of
tensity 4, with the disk 1t will be reduced to I The
observed rate will be proportional to v At low disk speeds,
however, the radicals combine during the long periods of
darkness and the effect will be that of hght of mtensity 47
acting for } of the time, 1¢ the rate will be proportional to
$¥41 or to 3VI. The intermediate disk speed where the rate
changes from one value to the other gives roughly the average
life of the chams In this way, for example, the chans
the above system are found to have a hfe of about 0 5 sec
at 200°C. and 20 cm. pressure, whence 1t may be deduced
that for the first reaction (the slower of the two) one collision
mn every 3x 107 of the methyl group 1s effective, and that
the activation energy has an upper hmit of about 16 k. cal.
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In addition to the ‘mirror’ method other ways are available
for the detection of radicals, and also for hydrogen atoms,
suspected of being present 1n photochemical or thermal reac-
tions Oxygen, for example, combines with these bodies, but
its effect on chamn t 18 i of a 1 d
nature. Nitric oxide (an odd-electron molecule) is more use-
ful, 1t appears to remove radicals very efficiently 2 For
example, when added to acctaldehyde decomposmng photo-
chemically at high temperatures, 1ts suppression of the chain
reactions 1s shown by the reduetion of the quantum efficiency
to umty and the change of the rate law from proportionahty
to ¥I to I. The ortho-para hydrogen conversion is catalysed
by atoms or radicals, 1t has the disadvantage, however, of
bemng rather slow, so that if the reaction chains are rapid
the atomic ation may be ffi to bring about
measurable conversion A more direct method of elucidating
cham mechanisms 1s to add atoms or radicals to the system.
H atoms from the photochemical decomposition of HI,
methyl radicals from acetone or by heating azomethane, may
be so employed In this way information is accumulating on
chemical processes which have refused to yield to ordmary
kinetic investigations

The number of reactions which have been investigated
photochemucally 1s very large, but few can be said to be
satisfactorlly interpreted® The kinetic results are usually
madequate to determine the mechamsm, the scope and often
the reliability of the experimental data are msufficient Much
more careful work, of high accuracy and under varable con-
ditions and with new methods, 18 required. Mention may
be made of work on the oxides of mitrogen, chlorine, and
sulphur and a host of reactions 1 organic chemustry The
hydrogen-oxygen reaction illustrates the grea.t complexxty of
apparently simple sy 34 Ph h to
give water occurs at about 1,860 A, where excited oxygen

molecules are primanly formed, and at about 1,720 A, where
) T
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photo-dissociation occurs: Oy+hv - O(*P)+0('D). The for-
mation of ozone shows that oxygen atoms are formed by a
secondary reaction in the longer wave region.
0,+0% > 05+0.
The following reactions may then be postulated as having,
or beng likely to have, appreciable rates at the ordinary
temperature-
0+H, - OH+H
H40,+M —~HO+M
2HO, > Hy0,+0,
20H4M —» H,0,+M
HO,+0H — H,04-0,
04H,+0,>HO,+0H or H0+O0,
0+4-20, > 0,+0,
together with possible reactions of the atoms and radicals
with the walls of the vessel
Not only do the expenimental data prove mnsufficient to
ehmmate some of these possibilities, but they cannot be
reconciled even to a reaction scheme as complex as that

given. Evidently new technig such as the introduction
of known concentrations of radicals, are necessary before the
dary p of this tion can be stated with con-

fidence.



VIL
PHOTOSYNTHESIS IN PLANTS

O the reaction whereby plants convert solar energy into
the potential energy of the matenals they bwld up in their
growth depends the whole life on the earth The mechamsm
of the process 1s very complex, and presents many problems
of great difficulty. Such facts as have already been estab-
hished show that 1t ncludes pecuhar features not observed
1n simpler photochemical reactions Though certain coloured
bacteria can utilize hight in their development, the dominant
photosynthetic process 1s that associated with the green
plants, and this has naturally received almost all the atten-
tion of nvestigators

The total radiant energy of sunhight received at the
earth’s surface 18 1-1-95 calories per sq. em per minute,
depending on altitude, or one horse-power per 10-20 sq ft
For crop plants m the field a maximum of 2-3 per cent. of
this energy remains stored in the plants at the end of the
growing season During that time about 20 per cent. more
18 actually used n photosynthesis and lost by the respira-
tion of the plant (bxeathmg out of CO,), the rema.mder of
the energy bemng dissipated by re-radiat
through the leaves, and the evaporation of water from the
plants.

The leaves of green plants contan coloured substances, of
which chlorophyll appears to be the only one directly con-
cerned 1n photosynthesis. The constitution of this substance
has been gated by Willstatter and hus foll . Two
forms have been recogmzed, chlorophyll @ and chlorophyll b.
These are porphyrin denvatives, chlorophyll @ having the
probable structure.
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3)

CH,=CH CH,

H
C‘H‘\,/]\/C\ +—CH,

HC< \Mg/ Sor

\)\ N e,

i H -co
CH, COOCH,

COO (Phytyl)
where (Phytyl) 18
_(CH,)—C(CH)=CH—CH,—0—
* (CH,);—CH(CH,)—(CH,),—CH(CHy),

Chlorophyll b differs n having the group —CHO 1n place
of —CHj at position (3)

Chlorophyll shows two well-defined absorption bands m
the visible region  The a compound has one peak at 6,600 A
and another at 4,250 A, while the b modification has similar
bands shifted somewhat inwards towards the centre of the
visible region. It 1s curious that the compound utihzed by
plants for absorbing sunlight should take up red and blue
hght, but not absorb the green region where the radiation
is most intense If chlorophyll did absorb in the green region,
other factors being what they are, the plant could not utilize
the extra energy absorbed, and the leaf might be dangerously
heated (see below) Chlorophyll shows a red fluorescence
(band 6,500-7,500 A) which in the leaf varies both with time
and with the oxygen concentration Energy lost in this way
is unavailable for photosynthesis

Chemically the reaction underlying the photosynthetic
process is. Laght4nCO,+nH,0 - n(CH,0)4+n0, The
volume of oxygen hberated very closely agrees with the
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volume of carbon dioxide taken up when allowance 1s made
for the respiration of the plant, which continues i the dark
as well as in the hight, absorbing oxygen and hberating an
equal amount of carbon dioxide The first recognizable pro-
duct corresponding to 7(CH,0) 1s starch (n = 10,000), which
i the dark 18 hydrolysed down to simpler sugars, acting as
a food reservorr for the plant It has so far not been possible
to d T exy lly the subst: formed m earlier
stages of the process, which cannot be conceived as occurring
m one step. When chlorophyll is extracted from the plant
it fails to reproduce 1ts photosynthetic properties, so that
simplification of the working conditions has been unrealiz-
able. It 18 necessary, therefore, to experiment with actual
plants, and the nterpretation of observations is greatly com-
pheated by the unknown and mextricable relations of the
numerous factors involved If the kinetics of the reaction
are to be studied 1 the conventional way, it 1s first necessary
to obtain conditions of known and umiform light absorption,
and this cannot be secured 1n any hving orgamsm owing to
the complicated arrangement of the chlorophyll in chloro-
plasts on the non-homogeneous plant structure. The nearest
approach to a solution to this difficulty 1s found 1n the use
of thin layers of certain unicellular structured aquatics The
same complexity affects the determination of other expen-
mental variables such as carbon dioxide uptake m terms of
diffusion  Roughly speaking, 1t 1s found that at very low
Light intensities or carbon dioxide concentrations the rate of
photosynthesis 1s proportional to these quantities, but be-
comes mdependent of them when they are large. At the
same tine the effect of temperature becomes large at high
intensities or carbon dioxide tiations The 1

may then be drawn that at the higher values of the above
two varnables the rate ceases to be dependent on them, and
nstead becomes governed by a slow thermal reaction in the
plant. It 1s at this pownt that special dafficulties arise. Ina
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simpler system the factors mfluencing the rate could be
separated, and the reaction studied when controlled by the
slowest under the experimental conditions The plant, how-
ever, like all living beings, has a self-regulating mechanism
whereby the alteration of any one factor alters all the others
to non-measurable extents, so that the refinement of obser-
vational data necessary for a clearer msight into the reac-
tions eludes the mvestigator
Attempts have been made to measure directly the actual
qmmtum efﬁclency of the process The most reliable values
ap hing 01 Photosynthesis can
oceur at as long a wave-leugth as 7 000 A, corresponding to
38k calonespermole The reaction CO,+H,0 - CH,04-04
requires 110 k calories per mole The reaction therefore
must be complex, and needs at least three, if not four,
quanta. The photosynthetic process does not fall far short
of the maximum possible efficiency if this 18 taken into
account. A problem has been how to explain the participa-
tion of several quanta mn the fixation of one molecule of
carbon dioxide Nothing analogous to this has been observed
in sumple photo-processes The probable explanation 1s found
in the hypothesis of the ph hetic unit In exp
using mtermittent hight flashes 1t 1s found that the intensity
at which the tion rate t ndepend; of this
vanable 18 higher than for continuous hght This may be
explained by the functioning of thermal reaction stages in
the dark periods between the flashes. The amount of photo-
synthes:s compared with the chlorophyll effecting 1t leads to
the conclusion that each carbon dioxide molecule 18 asso-
ciated with about 1,000 molecules of chlorophyll. Other
experiments on the speed of the ‘dark’ reaction at high con-
tinuous hght intensities ndicate that one carbon dioxide
molecule 18 reduced when four quanta are absorbed per 1,000
chlorophyll molecules. Agam, in the region of low light
i i oxygen 18 diately evolved on illumination.
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This would not be so if each chlorophyll molecule had to
absorb the four quanta required. All these results are har-

d if it is d that the chlorophyll is adsorbed on
the surface of the chloroplasts m such a way that about
1,000 molecules are ¢ iy’ d, so that a quan-

tum absorbed at any pomt 18 transferred without loss to the
pownt where a carbon dioxide molecule 1s attached (cf p. 90).
The assumption that the chlorophyll 1s in a colloidal form
18 unhkely 1n view of the fluorescence of leaves, a process not
characterstic of the colloidal state.

The above remarks are sufficient to indicate that 1t 18 not
surprising that the mechanism of photosynthesis 18 obscure.
An attempt to interpret a number of the experimental
features n terms of a chemical mechanism has been made
by Franck and Herzfeld The carbomec acid 18 almost cer-
tamly attached to the chlorophyll molecule by the magne-
sium atom. This complex 1s assumed to be attached to an
alcohiohic group on the surface of the chloroplast, over which
it may move i two dimensions The action of hight causes
18omerization 1o a peroxy-acid complex, from which oxygen
18 hiberated by enzymic processes, yielding an acid complex
converted by another quantum into a formic acid complex
Further stages, involving the absorption of two more quanta
and other enzyme reactions, pass through peroxy-aldehyde
and aldehyde complexes to give formaldehyde, which 15
assumed to polymenze to sugars and starch Varous side
reactions producing radicals are postulated to account for
certamn observations of dark reactions and of the partial
energy loss by fluorescence The value of the reaction scheme
suggested Lies 1n 1ts realization of the necessity of embracing
all the experimental data and in its use as a basis for further
studies; 1t 18 too much to expect that it can remain without
later modification.



VIII
THE PHOTOGRAPHIC PROCESS

TrE photographic plate consists of a layer of small grains of
silver bromide embedded 1n gelatine and spread on glass or
film Its sensitivity to hight 1s brought to a high value by

various manufacturing p of which ‘ripening’, or
warming the bromide-gelatine emulsion for some time, plays
a large part

‘When exposed appropriately to light an mvisible ‘latent
mage’ 18 produced The completion of the photographic
‘negative’ 1s carried out by ‘development’, or treatment with
a mild reducing agent, and ‘fixing’ or removal of unchanged
silver halide by a solution of sodium thiosulphate The
development causes the reduction of a certan fraction of
the grains to metallic silver The grains are either completely
reduced or unaffected in a proportion dependent on the
amount of the exposure

The nature of the latent image appears to be silver 1n a
very finely divided form Over-exposure of a photographic
emulsion to hght results in the formation of visible coloured
images, which ultimately become black These have been
dentified with silver 1n the colloidal (cf. Carey Lea’s coloured
colloidal solution of silver) and fine powder states Expen-
ments on the rate of loss of halogen by illumimated silver
bromide, made with a microbalance, show no breaks in-
dicating the formation of intermediate compounds. X-ray

also nd the prod of metallic silver

Quantitative estimations of the amounts of free silver
formed 1n hght of known intensity has enabled the quantum
efficiency of latent image formation to be obtained. The
results approximate to umty for sensitive photographic emul-
sions, and to much lower values for pure crystals of silver
bromide Evidently the gelatine removes some of the free
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t atoms produced and p a back bi It
has been d that the develop process ifi
the t of silver produced ph hemically by a fracti
of about 105,

The blackening of an exposed and developed plate is not

)

'
Transmission.
~

Density,=iog o

Tnertia

‘/ﬂm—‘ (contrast)

o

Fie 28
linearly proportional to the hight received. It is measured by
finding the reduction n ity the blackened plate pro-
duces when placed across a beam of white hight, and 18
expressed by the ‘density’ (D), 1e.

gy 161t merdent on plate
0 Lght transmitted by plate
The general type of relation between the density and the
(logarithm of the) light which ongmally fell on the plate is
shown in Fig 28 There is a straight portion to the curve
where umiform contrast 1s obtained for images formed by
lights of cufferent intensities—a range giving the ‘latitude’
(ratio of amounts of Light at two ends of the straight portion)
of the plate This portion may be expressed by the equation

4748 v
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D = ylogy, It"—i y, the slope of the hne, gives the ‘con-
trast’, and varies between 1 +4 for fast films to 3 2 for lantern-
shde plates. 2 1s the mtercept on the horizontal axis, and 18
called the nertia (expressed in lumen-seconds per sq metre).
Its reciprocal multiplied by 34 1s called the Hurter and
Drniffield speed of the plate The Schwartzschild constant p
expresses the fact that a plate does not obey the ‘reciprocity
law’, ie halving the hght intensity and doubling the expo-
sure time does not produce as much blackening as before.
p under ordimary conditions 1s about 0 86 A photographic
plate at very low light intensities needs inordinately long
exposures, a fact which hmits 1ts use when fant hghts are
concerned, as 1n astronomy All the above ‘constants’, and
particularly v, vary with the wave-length of the hght em-
ployed Consequently, if two beams of different wave-length
produce equally dense images on a plate in a given time,
doubling the intensities of both will result i densities no
longer equal For accurate photometric purposes, therefore,
only hghts of the same wave-length must be compared by
their blackeming effects, the exposure times must be equal,
and the stronger light cut down quantitatively in mtensity
by a device of known transmission so as to produce equality of
density of two neighbouring 1mages on the same plate Since
the density depends somewhat on the conditions of develop-
ment, these must be carefully controlled to secure regularity
over the plate area.

The ordinary photographic plate 13 sensitive to visible
hight only at the shorter wave-length region of the spec-
trum, while the eye reacts most strongly to yellow, so that
colour duced in h on a plate are
incorrect, for example a dish of hight-yellow bananas and
dark-blue grapes may appear reversed in appearance of
brightness It has been found that certain dyes, adsorbed
to the extent of about a unimolecular layer on the silver
bromide grains, extend the sensitivity to longer wave-lengths
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(see Fig 29) Orthochromatic plates approximate in wave-
length sensitivity to that of the eye The carbocyanine dyes
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are particularly effective m conferrmg red and infra-red
sensitivity Krypto-cyanine,
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sensitizes plates to 8,000 A (panchromatic plates), and xeno-
cyammne (1 1’ diethyl-4 ' tricarbocyanme 10dide), having
7 instead of 3 —CH groups (umted by odd and even double
bonds) between the ring systems, to 12,000 A Tetra- and
penta-carbocyanmes are cffective to 13,600 A. Such ultra-
sensitive plates do not keep long at the ordinary tempera-
ture; they fog through the effect of quanta of ‘temperature’
radiation 1n the short mfra-red. They are of great use for
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spectral photography down to the above limuts, particularly
for the examination of (overtone) infra-red absorption spectra
of molecul bling the high resolution of ordinary spectro-
scopy to replace the insensitive methods (using a thermopile)
of nfra-red work. In conjunction with a red or infra-red
filter, they are used for long-distance photography, taking
advantage of the smaller atmospheric scattering at long
wave-lengths (p 30).

Recent work has shown that sensitizing dyestuffs must
have a planar or hnear structure and be adsorbed at a fixed
orientation on the 111 planes of the AgBr lattice The dye
absorbs hght whose electric vector 1s parallel to the length
of the molecule (p. 11), and the electrons affected are there-
by thrust mto the lattice so that they can enter 1t as mobile
electrons and so bring about latent 1mage formation. Dye
molecules with their linear chromophores pomnting directly
into the mcident light are unable to absorb any energy,
owing to the transverse character of ight waves.

In the short-wave region photographic plates become in-
sensitive beyond about 2,400 A owing to the absorption by
the gelatine For use at shorter wave-lengths plates may be
prepared with the mmimum amount of gelatine (Schumann
plates) or ordinary plates may be treated with fluorescent
oils, which absorb the hght and convert it into longer wave-
length radiation.?s

When a latent 1mage 1s formed on a plate, and partly
developed, it 18 found that development begins at certan
centres only on the grains These are not to be explained as
points where single quanta impinge. The average grain must
absorb about 100 quanta to become developable, and almost
as many silver atoms are produced n 1t, yet it may show
only one or a few devel centres. Something is present
on the grain to which the photochemical products can mi-
grate to build up a nucleus of metallic silver containing a
number of atoms.
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It had long been known that certain brands of gelatine
produced very sensitive emulsions, while others were of little
use By a careful examination of the residues from the pro-
cesses of the facture of the diffe gelatines 1t was
found that the substances which made some gelatines pro-
duce very sensitive plates were sulphur compounds, parti-
cularly thiocarbimides With this knowledge 1t 1s possible
to activate poor gelatines and make them switable for pro-
ducing sensitive emulsions. One part m a million of allyl
thiocarbimide 1s enough to render an mert gelatine active.
Thiocarbamides and certain organic substances containmng
selemum and tellurium 1nstead of sulphur are also effective.
These substances mn the gelatine probably break down m
the process of manufacture of the plate and form mnute
quantities of silver sulphide (etc ), which is adsorbed on the
bromide grains to produce the sensitive centres.

An interpretation of the primary processes occurring when
hight acts on a plate has been given by Mott. The photo-
graphic plate ts of an 1l id

of silver b on
the gramns of which may be minute specks of silver produced
by the ‘ripeming’ process, and of silver sulphide from sulphur
compounds present Silver bromide has an 1onic lattice and
shows photo-conductivity, 1e mobile electrons are liberated
from the bromine 10ns 1n the lattice (possibly largely from
those near cracks, since the absorption is at the tail end of
the band (p. 115)) These mobile electrons, moving m the
‘conduction’ band of the crystal (p 90), are trapped by the
specks of silver or of silver sulphide, which offer p
energy levels to the electrons lower than those of the 1onic
lattice. The specks theref Jate a high neg
charge. In addition to this elecironic process, ionic con-
ductivity 1s present. At the ordinary temperature silver
bromide conducts an electric current electrolytically, the effect
is ascribed to the 1mperfections in the lattice whereby some
silver 10ns are displaced, by th 1 p into inter-
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lattice positions, as shown in Fig 30. Such interlattice silver
10ns are mobile at ordinary temperatures, and move towards
the charged speck, where they discharge themselves and
bwld up a silver nucleus In the ‘print-out’ process, where
no development 1s used and the direct blackeming by light
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-+ — +

Ag Br lattice with interlattice silver 1on
Fia 30

occurs, specks of metallic silver pre-existing in the grain may
be assumed to act as the ‘electron traps’ For the develop-
ment process of a latent 1mage, however, the ‘trap’ must be
on the surface of the gran The specks of silver sulphide,
known to umprove the speed of a plate, are here regarded as
the traps, and to these the ‘interlattice’ silver 1ons nugrate
and are discharged
On this explanation 1t 18 possible to account for the failure
of the ‘reciprocity law’ at low hight mtensities  If the rate of
arrival of electrons at traps is extremely slow, some may
escape from the trap by the process of thermionic emission,
reducing the charge on the trap and so its power to attract
silver 1ons. At very low light mtensities the metallic speck
may actually become positively charged by this process The
reciprocity law also fails at high mtensities because the 1onic
conductivity does not keep up w nh the electromic process.
These p are naitive At low tem-
peratures the 10nic conduct\on will cease, interlattice silver
1ons will be ‘frozen in’. The thermionic emussion 18 also
hecked at low 50 that elect which remain

mobile, can accumulate without loss i the ‘traps’ On
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warming up to normal temperature the interlattice 1ons are
freed and mugrate to the traps Under these conditions the
reciprocity law should be obeyed, and experimental evidence
has been obtained that 1t 13 There 15 a reduction in overall
sensitivity of the plate at very low temperatures, however,
which awaits mnterpretation It may be due to a reduction
1n the quantum efhiciency of the primary process, to a change
1 the fraction of the hight absorbed, or to other reasons

The Herschel effect (dimmution of developable density of
a latent 1mage by exposure to red hght), on these views, 18
terpreted as the photo-electric ejection of an electron by
red hight from a charged ‘trap’ back to the ‘conductance
band’ of the lattice, where 1t may return to a bromine atom
not yet removed by the gelatine The action of photo-
sensitizing dyes appears as follows The dyestuff molecule,
adsorbed on the gram absorbs a quantum and hberates an
electron mnto the conductance levels of the lattice. where 1t
behaves asif it had come from a bromine 1on  Each molecule
of dye can bring about the formation of about 50 siver
atoms, 1e 1t can hberate at least as many electrons. There
must. therefore. be some mechanism whereby 1t can regain
1ts electron between these emissions

The ‘1eversal or solarization effect where the developable
density of a plate 1s reduced when 1t has been exposed to
very strong hght mtensities, has been shown to be due to the
encrusting of the silver nucler by silver bromide formed when
the rate of production of bromme atoms by hight 1s too great
for them to be quickly removed by the gelatine present.



IX
THE REACTIONS OF THE EYE TO LIGHT

THE human eye consists essentially of a lens, capable of some
adjustment of focal length, which forms an image of objects
viewed on the retina The retina contamns light-sensitive
1 the rods and the ted to nerve fibres,
and beneath 1s a black pigment which, together with the
contractile iris at the lens, probably plays a part in the hght
and dark adaptation of the eye By means of the power of
adaptation the eye can function satisfactorily over a range
of ight ntensities of at least 105to 1 To a first 8pproxlma-
tion the least perceptibl m the
a hght sensation 1s a defimte fraction of the mtensxty (W eber-
Fechner law) For any hght of moderate intensities,
AI/I = 0 016 approximately. though for very low imntensities
the ratio rises to 0 5 or higher The best intensity of bright-
ness for contrast (in photometers, etc ) 1s 8-20 milh-lamberts
(p. 3¢) For reading purposes an ntensity of illumination
of 1,000 lux 18 most satisfactory.

The rods and the cones, which act as the primary receptors
of the hght reaching the retina, have different functions and
are differently distributed Clear vision, at moderate to high
hight intensities, occurs only when the image 18 focused on
the fovea, the centre of the yellow spot, which contains a high
proportion of cones The cones are also the agents which
distinguish colour. Away from the yellow spot vision occurs
through the action of the rods, which are not capable of dis-
tingwishing colours but are more sensitive to feeble ight. Fant
Dight 18 then best seen when the image 1s focused away from the
fovea Theretina containsabout 3 10% cones and 18 x 10° rods

It 18 possible to pare with a photometer the relative
' ities or brigh of ly col d lights with
one another
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By the use of monochromatic lights the spectral visibility
curves shown in Fig 31 are obtained Owing to ight absorp-
tion 1n the refractive media of the eye the shorter wave-
lengths are reduced in intensity when they reach the retina,
which 18 therefore more sensitive to these radiations than the
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ocular visibility curve suggests The true retinal sensitivity
curve for scotopic vision, corrected for this effect, 1s shown
in the figure m addition to simple ocular curve The figure
shows that the pomt of maximum sensitivity of the eye is
different for rod (scotopie, low mtensity) and cone (photopic
high mtenity) vision  If two colours say red and blue, are
matched m lummosity at moderately high hght intensities,
and both ate reduced 1n equal proportion, the blue will
appem bnghter than the red as rod vision replaces that of
the cones—the Purkimje effect The relative lummosities will
also depend on the particular part of the retina on which the
mages are focused At brightnesses in the neighbourhood of
0-25 milb-lambert the visibility curve hes about balf-way
between the two curves of Fig. 31

From the retinal rods of the higher animals (most con-
veniently from frogs) & coloured substance may be isolated

a8 x
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m some degree of punty known as the wvisual purple. Its
are p 1ly bleached by light with a quan-

tum eﬂiolency of about unity, and the plot of 1ts extinction
coefficient against wave-length has a spectral distribution
very close to the refinal scotopic lumnosity curve (see
Fig. 31) This corresponds to the hght absorbed if the
absorption by the rods 1s small

Scotopic vision may then be ascribed to a photochemical
action of the visual purple on the rods of the retina The
chemical nature of visual purple 18 a protemn to which 1s
attached carotenoid substances—bodies contaming a chamn
of eighteen carbon atoms umted by alternate single and
double bonds and related to vitamin A A deficiency of the
latter substance has been shown to produce ‘mght-blindness’
The smooth absorption band in the visible region of the
visual purple 1s probably due to the existence in the molecule
of so many mutually interacting conjugated systems of Iink-
ages, which behave as a unit in hght absorption

The problem of photopic vision and colour perception 18
more complex The rods are bleached at these higher n-
tensities (least by red hight) and cease to be responsive, and
the cone mechamism comes into play, distingmshing colours
A continuous visible spectrum, made by passing ordinary
white Light through a spectroscope, shows a graduated seres
of hues compnsing reds (7,000-6,000 A, at very high m-
tensities up to 9,000 A), yellows (6,000-5,750 A). greens
(5,750-4,192 A), blues (4,192-4,240 A), and violets (4,240—
4,000 A, or at very hugh hght intensities to 3,125 A) The
normal eye can distinguish at least 150 hues in the spectrum,
and about 20 other purple hues can be made by mixing reds
and blue-violets A colour sensation is charactenzed by its
brightness, 1ts unsaturation, or fint, namely, the extent to
which 1t is diluted by white, and its hue, which 1s 1ts colour
value apart from the first two quantities. The sensation of
‘white’ (absence of hue) arises when the eye receives all the
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spectral hues together in the proportion they oceur in ‘white
hght’, e.g. sunlight. A white sensation 1s also produced by
a great number of other physically distinct combmations of
hues if mixed 1n appropriate amounts For example, mono-
chromatic red (6,300 A), green (5,280 A), and blue (4,570 A)
may be blended to & white, as may the umon of pairs of
1¢ hues 3t y hues), eg 6,090 A4
4,940 A mixzed at equal bnghtnese 5,760 A+-4,750 A at a
10 -1 brightness ratio, or yellow+violet in 100:1 ratio It
18 further found that every known hue may be matched by
appropriate mixtures of three smitably selected primary hues,
one red, one green, and one blue or violet A number of
different sets of three primaries, of wave-length lying within
the regions stated, may be used in the same way, and the
primaries may consist of broad spectral bands instead of
being monochromatic The hue of yellow light, of wave-
length 5,890, for example, 15 counterfeited to the eye by a
mixture of red (6,708 A) and green (5,350 A) The mixing
may be either direct, or by rapidly alternating one hue with
the other, or by directing one hue mto the right eye and the
other mto the left The ezact colour 1s mot reproduced since
the muxture contains more white than the spectral yellow,
1e. 18 highter in tint or less saturated, but if white 1s added
to the spectral yellow a perfect colour match 1s achieved
Colour-mixing of this kind 1s called add:five and refers to
the actual mixing of different colours as by simultaneously
lluminating a white surface with them. The passage of hght
successively through coloured screens, m each of which some
colour 18 removed, 13 known as subtrachie mixing. Colour
printing and colour photography are based on these facts,
but their fidelity 1s affected by the limitations of the coloured
materials available.
Owing to 1its very subjective nature colour 1s not easily
specified by physical quantities. The objective method of
determining the amount of ight of every wave-length present
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in the hght received by the eye from some object 1s not
entirely satisfactory In actual practice such a method need
not do more, because of the imited number of distinguishable
hues, than measure the intensity of eighteen spectral bands
between the limits 6,700-6,490-6,280-6,110~6,010-5,940—
5,860-5,770-5,640~-5,500~5,310~5,170-5,070-4,990~ 4,910~
4,790-4,660-4,490-1,300 A. Many different spectral distr1-
butions of hght, however, appear the same m colour, while
the same hght distribution seems a different colour at low
intensities and also varies with the size of the image viewed
and with 1its position on the retina The simplest methods
of colour measurement employ the empirical fact that any
hue is matchable by a mixture of three switably chosen
primary hues, and may therefore be represented by a pomt
m a trnangular plot The primaries are usually fixed so that
equal amounts of them, in the arbitrary umts used, produce
a white The lummosity of the hight varies greatly over
such a plot Another method 1s to match the hight with
white-+a spectral hue, measuring the two variables—the fre-
quency of the spectral hue 1equued and the ratio of it to
white in the mixture This 1s equivalent to the trichromatic
method, although the two specifications are not easily inter-
convertible since, in the second method, the ightsare matched
for luminosity Instruments for these purposes are called
colorimeters, a name already applied to others of different
use (p 44).

Observations of the above nature and of some relating to
colour-blindness led T Young (who noticed the colour-blind-
ness of Dalton) n 1801 to postulate the cxistence m the eye
of three colour receptors, the stimulations of which in varying
relative degrees give rise to the sensations of hue and of

h 3 No col d subst has been d d on the
cones, but there 18 very little visual purple on the rods, and
the lower sensitivity of the cones may well be due to an
extremely low concentration of photo-active material. It




THE REACTIONS OF THE EYE TO LIGHT 157

may be assumed, then, that the cones are endowed with three
coloured receptors, and by analogy with the action of the
rods and the general high sensitivity of the eye 1t is likely
that every lhight g absorbed d a molecule of
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a receptor If, then, the light absorption curves (extinction
coeflicient plotted against wave-lengths) of the three hypo-
thetical receptors were known, their combmed properties
should interpret the behaviour of normal and of at least some
abnormal photopic vision Early attempts to treat the sub-
Ject 1 this way failed because experimental data were not
considered sufticiently broadly The nearest approach to a
satisfactory solution has been made by Hecht 3 whose curves
are shown mn Fig 32. They account fairly closely for all the
following features of colour sensations.
(a) When added together the three curves approximate to
the total lummosity curve of Fig 31
(b) They mterpret the production of white by comple-
mentary colour combmations, and the formation of
other hues such as yellow by red and green hght
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(c) They are in accord with the main facts of colour-
blindness
(d) They account for the curious shape of the hue dis-
crimmation curve of Fig. 33, which represents the least
8 ¢
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Fic 33 Hue discumination curve

difference of wave-length at any pomnt in the spectrum
producing a recognizable change 1n hue

The curves overlap each other very much, and thereby
explain the highly unsaturated nature of spectral
colours, which owe most of therr lummosity to the
white they contam If the eye 1s fatigued to red,
for example, green appears even greener for a tume.
Quantitative data on the unsaturation of spectral
colour are shown m Fig. 34, obtamed by determining
the amount of sp 1 hight which must
be added to white to produce a barely perceptible
colour sensation. The data plotted, as determined by
two observers, differ somewhat, but theirr main shape
18 given by the curves of Fig. 34.

Although the general agreement 1s good 1n all these matters,
minor improvements still reman to be made. The curves
denived by Hecht are calculated on an ‘equal energy’ basis,
whereas to be 1 accord with the probabilities of the kinetics
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of the photochemical change postulated they should be re-
duced to an equal quantum basis, as m Fig 31 They are
also uncorrected for light absorbed n the refractive media
of the eye, and refer to ocular rather than to true retinal
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sensitivity (cf remark on the scotopic curves) Nevertheless,
they are sufficient to show that the three colour receptors of
the eye have absorption curves closely overlapping each
other

The commoner varieties of colour-blindness may be ex-
planed as a lack of one or other of the three colour receptors,
which cause certain regions in the spectrum to lack hue or
brightness Experiments on the total visual acuity of the
colour-blind shows that i many cases the missing sensation
18 not so much lacking as transferred to one of the other
sensations

The three ‘absorption’ curves of Fig 32 overlap to such
an extent, and resemble in shape the curve of visual purple
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so much, that the hypothetical coloured materials may con-
fidently be supposed to be closely related to the latter sub-
stance They may quite likely be due to the same coloured
molecule, differently absorbed on different nerve-endings
Weigert has made the imteresting suggestion that the three-
colour theory has 1ts basis on the three dimensions of space
The molecule of visual purple (or a near relative present m
the cones) has a great number of interconnected chromo-
phorie groups, and if 1t has different dimensions along three
spatial directions its absorption curve will vary with its
orientation, being shifted towards the red for light passing
along the shortest axis and towards the violet in the long
axis direction The whole molecule, 1n fact, 1s assumed to
be trichroic analogous to a pleochroic crystal It 1s scarcely
to be expected, however, that the actual photochemical
changes 1 the retina are simply one-stage changes from
coloured to colourless substances

The phenomenon of fatigue caused by gazing at one colour,
followed by the app of the pl tary colour
when a white surface 18 viewed, is mterpreted as the tem-
porary exhaustion of colour receptors The persistence of
vision, which prevents the eye from observing hght fluctua-
tions more rapid than 15-25 per second, probably also arises
from the slowness of photochemical changes rather than to
merve or bram processes

The Limiting sensitavity of the human eye to wave-lengths
of maximum lummosity (yellow or green) depends upon the
size of the retinal 1mage and upon the position where 1t 18
focused The eye 1s somewhat more sensitive to flashes than
to continuous hght A point source of ; candle-power can
just be d d at 1 kilometre, this corresponds to about
104 quanta per sec of light falling on the pupil A flash from
a point source sending about 2,000 quanta to the eye 18 just
visible, and 1t has been stated that luminous energy corre-
sponding to 400 quanta per second from a star can just be
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seen The scotopic threshold is about 5,000 quanta per
second per sq mm of image on the retma The photopic
Tt is about 50 times this value, 3,700 quanta per second of
green-yellow light focused on a foveal area of 0 015 sq mm.
bewng Just visible Of the ight ncident on the rods, a maxi-
mum probably not exceeding one-fifth 1s actually absorbed,
while the fraction absorbed by the cones 1s too small to esti-
mate If allowance 1s made for this 1t appears that the
receptors of ight n the eye in the middle of the visible region
approach very close to the ultimate sensitivity humt set by
the quantum namre of radiation, and that the eye itself 1s an
extraordmarily d te though sel tion det

4748



X
PHOTO-CELLS

C'zmductmty Cells These cells are made of thin deposits of
or othet d and their
electrical resistance dimimshes from about 100 megohms to
lower values when exposed to ight The action of the hght
18 not understood, but depends on the mode of preparation
of the substance, mvolving the presence of mnpurities or
allotropic modifications It shows a fime-lag of a fraction of
a second, and the resistance does not 11se to 1ts original value
immediately the light 1s cut off A photochemical change of
unknown nature occurs n the substance, altering the dis-
tribution of electron states m the semi-conductor, which
permits large currents to flow through 1t under the influence
of an apphied EMF The response 13 not hnearly propor-
tional to the light intensity ~ Currents of 1,200 micro-amps
per lumen are obtamable (apphed EMTF about 100 volts),
and with special precautions 10-2 lumens of hight may be
measured to about 1 per cent The spectral sensitivity has
a maximum i the red
Rectifier, Barrier, or Blocking-layer Cells are not so sensi-
tive, producmg up to 300 micro-amperes per lumen, but have
the advantage of needing no external source of electric cur-
rent Their response is non-hnear to hght intensity, but 1s
approximately so for external resistances as low as a few
ohms Their time-lag (due to capacity effects) is of the order
of a few thousandths of a second They are connected
durectly to a low-resistance micro-ammeter for measuring
purposes The spectral sensitivity of commercial cells 1s not
very different from that of the eye, and they afford the
simplest means of estimating light of moderate intensities
The action of these cells 15 bound up with the process
known as rectification which occurs at the boundary of
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metals and semi-conductors The semi-conductor employed
18 cuprous oxide or selemum A thin layer of cuprous oxide
18 formed on a copper plate, and by heat treatment 1s made
to take up excess oxygen This acts as an ‘impunity’ in pro-
viding new electron levels above the lower filled band of
levels of ‘pure’ cuprous oxide The back plate of copper acts
as one electrode, the other 1s formed on the front surface
usually by cathodic sputtering of a thin (transparent) deposit
of metal, through which the hght can pass The ‘active’
boundary 1s then that between the oxygen-nich cuprous oxide
and the sputtered metal film and here 1t must be assumed
that there 1s a very thin layer (the blocking layer) of ‘pure’
cuprous oxide, having all its electrons mn 1ts lower filled band
of levels, and therefore an ‘msulator’ Laght causes electrons
to be hiberated fiom the ‘impure’ cuprous oxide, these can
leak across the very thin msulating layer to the front elec-
trode The ‘positive holes” remaming behmd may either
migrate to the back electiode or receive electrons from 1it. so
that a steady current 15 produced on illummation It cannot
be said that the matter 1s fully explamned further knowledge
of the election states m the semi-conductor are required for
a more complete picture

Emission Cells The emission cell consists of a metallic
layer (on the walls or on a plate) enclosed m a transparent
bulb, connected to an external electrode, the other electrode,
msulated from the first 1s provided by a wire grid o1 ring
m the bulb The bulb s either highly evacuated or contains
a small presswie of argon (gas-filled) When hight falls on the
metallic layer, elections are hberated from the surface and
1f the cell 1s connected to a battery (layer to — ring electrode
to +) a small current flows mn the ciremit

The photo-emission of electrons depends on their 1ecerving
quanta of energy large enough to enable them to break away
from their forces mn the metal and to leave the surface A
single-step process requires as a munmum about 46 kilo-



164 PHOTO-CELLS

calories per 6% 102 electrons (6,000 A) for the alkah metals,
80 for zine (3,500 A), 92 kilo-calores for cadmium (3,000 A),
and 115 for platimum (2,500 A) The wave-lengths given
represent approximate spectral ‘thresholds’ for these metals
The facts of photo-enussion form one of the foundations of
the quantum theory. Emstein pomted out that while the
number of photo-electrons 1s proportional to the hght mten-
sity, the kmetic energy with which they leave the surface
depends only on the frequency of the hight by the relation
$mV? = hv—hy, v,here represents the ‘threshold’ frequency
for which electrons are able to leave the surface, and hv, the
minimum work necessary just to take them out of the metal
nto a vacuum—the work function of the metal Electrons
which take up hght ‘photons’ larger than this may leave the
surface with a kinetic energy equal to the excess The actual
energy with which an electron leaves the surface, though
important m this connexion, does not play any part m the
functioning of photo-cells, simce all electrons emitted are, or
should be, drawn by a potential field towards the anode For
absolutely clean metallic surfaces the curve of photo-emission
rises from zero at the threshold to high values at shorter
wave-lengths Very commonly, however, the surfaces are
deliberately contaminated to produce a thin layer of im-
punty, which greatly the by posing
a curve with a maximum at a particular wave- lengbh on the
primary curve. Emission cells are therefore highly selective
m their response to light, and examples of their sensitivity to
wave-length are shown m Fig 35. Cadmuum (2,500-3,000 A)
and sodium (3,000-4,400 A) are used for the ultra-violet
regon (in sihea cell or with quartz window), potasstum for
general work 1n the visible region, and caesium where special
sensitivity 18 required m the near mfra-red The two latter
metals are always prepared with specially contamnated sur-
faces. They are deposited m extremely thin films on an
oxidized silvered portion of the bulb (or a silver plate), the
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resulting film beng a complex of silver, alkah metal oxide,
and alkali metal (1 atom thick) Sometimes non-metals
other than oxygen are used, but the details of preparations

>
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are kept secret and in any case are very difficult to reproduce
1 pract Thmn ¢ d’ film cells are much more
sensitive and respond to longer wave-lengths than cells with
pure alkah metals Cells sensitive to the visible region can
be used for ultra-violet woik 1f a swtable fluorescent sereen
18 placed 1mmediately m front of them 3 A screen composed
of a smgle layer mosaic of clear potassium or ammonum
uranyl sulphate crystals, about 1 mm thick, receives the
ultra-violet hght (A < 4,600 A), and between 1t and the
photo-cell 15 placed an liford Delta filter to cut off short-
wave hight passing between the aiystals The ultra-violet
Iight 1s converted at a constant quantum efficiency into green
fluorescent light of fixed wave-length distribution. Errors
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due to changes of reflection by the crystals at different wave-
lengths may be mmmzed by contaming them mn & narrow
cell filled with pure cyclok and the t then
becomes a relative ‘quantum counter’ for the range 4,600
2,600 A

The primary current produced by a vacuum emission cell
(K or Cs type) 1s about 30 micro-amperes per lumen This
18 less than that from other types of photo-cell, but 1t 1s much
more easily amplified and measured. Because of this, emis-
sion cells have a much greater overall sensitivity to weak
hghts than rectifier or conductivity cells The vacuum cell
18 2 very stable and accurate device for measurmg hght
especially swtable for moderately low mtensities It has no
time-lag and 1s suitable for use with hght fluctuating at very
high frequencies It needs a battery supplymg about 30
volts, beyond this value the current 1s constant and very
closely proportional to the illumnation, below 1t the voltage
18 not sufficient to draw all the emitted electrons to the anode
In properly constructed cells there 1s no ‘dark current’ except
with caestum cathodes, which have a thermionic emission
at ordmary temperatures of about 3x10-1° amperes To
ehmimate this when very fant hights are to be measured,
cooling with sohd carbon dioxide 1s used

One method of magmfymng the current from the cell 1s
‘gas-filing’ The primary electrons are caused to 1omze the
gas by collision, hiberating many secondary electrons and
increasing the current up to ten times or more Such a cell
has very different electrical characteristics from the vacuum
cell The current increases with the voltage, which must be
higher (about 160 volts for potassium and 90 volts for cae-
sium) and which must not exceed a hmiting value (lower the
higher the illummation) beyond which a destructive glow
discharge occurs m the cell. To mmimize the effect of ths,
a 100,000 ohm resistance 1s used 1n series with gas-filled cells.
Gas-filled cells are not rehable for accurate work, they have
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a response not quite linear to hght intensity, and cannot be
used to follow very rapidly varying hght mtensities
“Secondary emission’ cells give a greatly increased current
without any of the disadvantages of gas-filled cells The
primary electrons are caused to impmge on a target coated
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with an electron emissive material, generally the same as
that of the photo-surface Each electron hberates about five
others by impact, and 1n a seven-stage multipler, the elec~
trons bemg directed by crossed electrostatic and electro-
magnetic fields, an overall gan of 25X 10% and a sensitivity
of 0 5 amp per lumen 1s reached (max. current 1 milhamp ).

For the measurement of hight intensities met with in work
making use of optical mstruments (photometers, etc) an
ordinary type vacuum photo-cell amplified by a valve with
potentiometer balanced anode current 1s convenient A eir-
cutt 18 shown in Fig 36 More accuracy 1s obtamed with an
electrometer valve sealed with the photo-cell m an outer
evacuated envelope to ehmmate leakage effects due to
moxsture. In this way mtensities as low as 5 10~7 lumens
may be measured to 1 or 2 per cent When extremely low
ntensities are to be measured, as n astronomical or phos-



168 PHOTO-CELLS

phorescence work, special precautions must be taken in
electrical screemng, and the electrometer valve 1s employed
in a balanced circwit to eliminate small changes . both fila-
ment and high-tension voltages Sensitivities of 105 quanta
per sq. em. per second are approachable 3° Another method
18 to use an electrostatic circutt, care being taken to reduce
errors due to atmospheric moisture effects ° A Lindemann
electrometer will detect 10-14 amperes, or 6 10% electrons
per second The apparent ‘quantum efficiency’ of the photo-
cell surface, or number of photo-elections emitted per mei-
dent hght quantum, 18 about 001 at 1ts wave-length of
greatest response The detection of about 10° quanta per
sq cem per second is then possible with this mstrument The
Hofmann electrometer 1s capable of greater delicacy of
measurement, and with a gas-filled photo-cell may reach
a sensitivity of 10f quanta per sq em per second falling on
the sensitive surface

Geiger counters consist of a quartz tube containing hydro-
gen at a low pressure, thinly platimzed nside, with an
msulated axial wire of specially prepared surface maintamed
at a very constant appropriate voltage about 1,000 volts -+
to the platinum Light m the far ultra-violet, capable of
liberating photo-el ns from the pl can be detected
at intensities correspondmng to a few photons per second
Each photo-electron causes a breakdown m the msulation of
the gas m the cell whereby a comparatively large current
flows momentarily 91 The sensitivity 1s limited by the ran-
dom arrival of cosmic rays, which produce electrons n the
cell at the rate of a few per second Attempts have been
‘made to construct Geiger counters with an active alkah metal
surface which would be sensitive to visible radiation A
sensitivity of about 0-05 electrons per sq cm per second
might be expected, but this will represent the actual light
sensitivity only 1if the apparent quantum efficiency of the
surface 1s not low Even with a low efficiency, however, this
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would provide a means of measuring low light mt.ensxt.xes
both much more and less delicate 1.

than any now lable There are exp tal difficul

1n satisfying the conditions necessary to prepare surfaces very
responsive to hght which are also switable for the electrical
conditions of the counter, which needs an oxidized anode
and a reduced cathode

The compound SbCs; has recently been shown to surpass
all other materials 1n sensitivity, emitting one electron for
every five meident quanta at 1ts optimum wave-length.

It 1s mteresting to compare the above sensitivities with
that of the eye (p 160) and of a thermopile The latter
mstrument connected to a sensitive galvanometer needs a
mmmum m the visible region of as much as 102 quanta
per sq cm per second to produce a deflexion capable of
being estimated to 1 per cent It appears to advantage as
a radiation detector only in the nfra-red region beyond the
thresholds of photo-electric cells, although 1ts umform energy
sensitivity, m contrast to the selectivity to wave-length of
photo-cells, often recommends 1ts use m certamn kinds of
work

as z
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DuriNG vigorous chemical reactions, and particularly mn
oxidations, excited molecules are formed of which a propor-
tion may escape deactivating mfluences and lose their energy
by the emission of visible radiation Flames of burning sub-
stances show spectra which arise from such processes. Smoky
flames, with solid particles present, as that from a coal-gas
bat’s-wing burner, produce a continuous spectrum approxi-
mating to that from a “black body’, which gives no informa-
tion about the energy levels of the enutters Such emission
18 classed as temperature radiation Burming sulphur or
phosphorus also show continuous spectra, but they have a
different energy distribution from temperature radiation, and
d true ct Their lack of structure may
be attributed to disturbance of energy levels of the emitters
under the conditions existing 1n the flame, so that over-
lappmg occurs among the very great number of hines emitted.
At lower pressures, as when traces only of sulphur or phos-
phorus m the presence of hydrogen are burnt m air, a banded
spectral structure appears Phosphorus shows similar bands
1n 1ts remarkable glow when oxidizing at ordinary tempera-
tures Metals, such as sodium, added 1n traces to a flame,
emit their characteristic atomic spectral lines through re-
ceiving energy from the hot gas, and from copper or stron-
twum chlorides in the flame structured bands characteristic
of excited molecules (CuCl and SrCl) are visible The himits
from ion due to heat
alone s.nd from electrome excitation (as 1 a vacuum tube),
are not as clearly marked as they might be expected to be.
Some flame spectra show an extensive rotational and
wibrational structure from which accurate information about
the moments of inertia, vibrational constants, and electronic
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levels of the emi may be obtained. A d ic emtter
18 easily characterized by its simple rotational fine structure,
and 1ts derived moment of mertia generally enables 1t to be
wdentified As examples of such simple cases, the emitter of
bands m the oxyhydrogen flame has been 1dentified with
the OH radical, in the ammoma-oxygen flame with the NH
radical, n the blue part of a Bunsen burner (coal gas) with
the CH radical, in the green part of a Meker burner with
C, molecules, and 1 a hydrogen flame contamning a httle
sulphur with S, molecules Siumilar bands, as well as others
due to excited 10ns and other radicals, are produced by the
excitation of vapours at low pressures in vacuum tubes In
many other systems, as in the glow of phosphorus, the
emtter cannot be so simply discovered, and the process by
which 1t receives 1its energy 1s often obscure The emtter
may obtan 1ts excitation directly through chemical action
with another molecule by being formed from the union of
two radicals present m the reaction, or by collisions from
newly formed molecules of high energy It 1s usually 1mpos-

sible to find criteria to dist; b these mect
The effi y of chemul mn condensed
systems 18 generally very low, and m gases 1t 18 rarely high

3

except under of very low p This may be
because very few of the molecul capable of are
raised to sufficiently excited levels, or to extensive deactiva-
tion processes Laght of extremely high intensity would be
emitted 1f all the reacting molecules emitted i the visible
region If one gram molecule of a sub 1 Ily

reacted n one second. and every molecule emitted a quantum
of yellow hight at the pomt of maximum sensitivity of the
eye, the ntensity would be 100 mulhon lumens. At ths
wave-length, 621 lumens correspond to 1 watt Any spread-
ing of the emitted hight over other wave-lengths would reduce
its brightness to the eye It 1s therefore remarkable that a
mixture of carbon bisulphide vapour and mtric oxide, when




172 CHEMILUMINESCENCE

ignited, produces hght of intensity of 83 lumens per watt.
As the emussion 18 rich 1n ultra-violet as well as visible rays
a very high percentage of the energy of this reaction must
appear as ight The emtter 1s unknown, the spectrum being
contmuous In the glow of phosphorus under ordinary con-
ditions not more than one molecule in 2,000 oxidizing emits
energy as hght, and the lummous efficiency of the glow m
arr at the ordinary temperature is only 10-3 lumens per watt
of total energy liberated The use of the term ‘cold hght’
1 connexion with this reaction 1s therefore far from correct.
Certain bacteria, infusoria. marine crustacea, fire-flies and
glow-worms and deep-sea fish are able to produce a chemi-
luminescent glow caused by an oxidation process, causing
the phosphorescence of the sea and of decomposing organic
materials A complex substance known as luciferm has been
1solated from Cypridina (crustacea) which emits the glow
when oxidized by air under the influence of an enzyme luci-
ferase These phenomena present many pomts of great
interest, but the reaction does not appear to be remarkable
for a high overall efficiency of hight emission The complexity
of the materials, however, makes a close study of the pro-
cesses occurring very difficult Other non-lumimous oxida-
tions oceur simultaneously and reduce the true hght yield to
an unknown extent A number of oxidations of organic com-
pounds m the vapour state or mn solution, at temperatures
at or not far above the normal, take place with hight emission,
among which may be mentioned formaldehyde, pyrogallol,
aesculin, a number of sulphur and phosphorus compounds,
and the phthale cyclo-hydrazides O-ammo phthahe cyche
hydrazde,
NH,

—CO—NH
—CO—NH
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oxidized by ferricyanide or hypochlorite solutions when dis-
solved m alkali containing a httle hydrogen peroxide, emits
a blue hight, perceptible at dilutions of 1 1 108, and strong
enough to be seen 1 sunhght at igher concentrations A
maximum of about one hight quantum per 300 molecules
reacting 18 tted The cheml spectra of these

yclo-hydrazides blem some their ch 1561

fluorescent spectra, whence 1t follows that the emitter must
be a molecule of structure not very different from that of
the original substance The mechamsm of the oxidation has
been the subject of study and appears to mvolve the forma-
tion of intermediate peroxides

Another interesting example of chemiluminescence 1s the
oxidation by permanganate of certamn sohd denvatives of
siicon, on the surface of which fluorescent dyes such as
rhodamme B have been absorbed 42 Here the fluorescent
spectrum of the dye 1s very strongly emitted, showing that
the energy of oxidation of the solid surface 1s transferred to
the adsorbed dye molecules, which are raised to other excited
levels

A chemiluminescent reaction which can be analysed nto
elementa1y stages 1s that between sodium and the halogens
or halogen-containing molecules such as CH,C1 or HgCl, An
extensive study of these reactions has been made by Polany1
and collaborators 4 The halogen 1s mtroduced through a
nozzle mto a space contaimng sodium vapour, pressures i
the system bemng about 0 01 mm corresponding to a time
between collisions of about 10-¢ sec  Emuission of the yellow
D hnes of sodium occurs with an efficiency which may rise
to near unity for chlorme and is much lower for reactions
with organmc or morgamec hahdes. For the first stage of
the reaction we must have Na+X, > NaX+X (X = halo-
gen) followed by reaction of sodum with the halogen
atoms formed A non-luminescent wall reaction Na+X
occurs which may be mimmzed by using a high sodum
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The same tion cannot occur in the gas
phase without the intervention of a third molecule to carry
away excess energy (p 123) In presence of the excess of
sodium, therefore, we have

Na+Na+X - NaX+Na or Na,+X - NaX+Na,

since Na atoms readily combine to give Na, molecules on
collision This reaction gives out much more energy than
that above, since the energy necessary to dissociate the
halogen molecule 1s not required, and the energy of dissocia-
tion of Na, 1s small At some stage sodium atoms are excited,
whereby they emit the D-hine radiation (48 5 kilo-calories
per gram atom) after an mterval of about 10-8 seconds There
are two possibilities one 18 that the above reaction 1s
Na,+X — NaX+Na*, followed by Na* - Na+hv, and the
other 18 Na,+X - NaX*+Na followed by NaX*+Na >
NaX+Na-+hv At first sight the first of these appears more
likely, as being simpler, but there are reasons why the latter
18 preferred The cheml 18 quenched by foreign
gases more strongly than 1s the resonance emission of the
D hine of sodium, indicating the retention of the activation
energy by some other molecule for a longer period than
10-8 seconds  Also a famt emission of sodium hnes of shorter
‘wave-length than the yellow 1s observed, showing that energy
from repeated coll can late on one molecule In

view of the short rachation time of the exated sodium atom
this could not happen with the first possible reaction It 1s
therefore provisionally concluded that emission occurs after
excitation of sodium atoms by collision with NaX molecules
of gh energy. This energy must be vibrational, aselectrome
energy 18 too great to be possible, mnd rotational (or transla-
tional) energy 1s not effi ly d on coll This
18 most clearly brought out by the sodium-iodine reaction
Here the reaction Na,+I — Nal+Na has an energy hbera-
tion of only 1 kilo-calorie above that necessary to excite the
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Na atom, and yet a light yield (quanta ermtted per two atoms
of sodium reacted) of 40 per cent 1s observed. If the assumed
mechamsm of the reaction 1s correct 1t must be concluded
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that almost all the energy of reaction remams on the Nal
molecule in the form of vibrational energy A potential-
energy surface mterpretation of this may be given We con-
struct the supposed energy surface for the reaction of an
atom with a diatomic molecule as describedonp 126 Fig 37
shows the shapes necessary A vertical plane erected on YZ
at a great distance along OY cuts the contours to reproduce
the two-dimensional potential-energy curve of the molecule
Na,, while one on AZ a great distance along OA gives the
curve of the molecule NaI The surf: d on the
diagram refer to the energies of interaction of the three atoms
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at dafferent distances, and arranged m a hne. (This 1s the
only configuration which can or need be considered.) The
approach of an 10dme atom to a molecule Na, 13 represented
by the ascent of the valley from B to the col X (the activated
state) This col does not enter the valley leading down to ¢
(reaction products) at the head, as m Fig 27, but at the side,
so that the energy of the activated state is not employed 1n
mutual repul of the prod with high transl al
energy, but app as vib 1 energy as mnd d by
the dotted lme The analogy of a frictionless marble moving
on the contours illustrates the behaviour of the system

This reaction has been dealt with in some detail to show
how even m well-n d chemil react of
an elementary character the results are neither simple nor
conclusive, but that as evidence for the mechansms proposed
grows more certain very mteresting deductions about energy
interchanges between atoms and molecules may be made

A chemil of quite a d: type has been
the subject of certamn investigations It 1s found that almost
any mn d d gives off very
feeble radiations between 2,400 and 2, 000 A, about 1 quan-
tum per 10'® to 10* molecules reacting These are mmmum
values, hmited by the wave-length sensiivity and the

1 1 4

effective q it y of the d d Geiger
counter The most probable source of this radiation 1s the
chance 1 of high by a mmute fraction

of the molecules through successive energy transfers from
chemically activated molecules, they thus reach electromc
levels near 2,000 A, where practically all substances absorb
strongly, and emit the radiation which 1s detectable by the
extremely delicate method employed
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FILTERS FOR THE ISOLATION OF LINES OF
DISCHARGE LAMPS*

Wave length,
A

5, 800
Na

Fdter combination I

H (Glasses and solutions)

| Alternate fitter combination 11

Jfor the preparation of gelatine
film filters Figures are wn
grams per aq metre of film

Schott OG 2, 2 mm

Tartrazine 3
Astraphloxine FF extra 0 5

|
|
|
|

1
5,896 | Thionme Blue GO 0 05
6,362 Zn | Schott RG 1, 2 mm | Tartrazine 3, Fast Red D 1
4,811 | Schott GG 8, 1 mm | Falter Blue II 1
4,722 Zn ! BG 12, 2 mm " Thionine Blue GO 02
4,680 | ‘
3,076 Zn | Corning red purple corex |
| 5mm |
1 Solution of 303 gm NSO,
| TH,0+865 gm CoSO,
. 7TH,0mn1ltre,20mm '
* Solution of pieric acid, 16 mg
per hitre 20 mm .
6,438 Cd | Schott RG 1, 2 mm ! Tartrazine 3
' ! Astraphloxine FF extra 15
5,086 Cd | Schott GG 11, 2 mm  Rapid Filter Yellow 6
| Agfo 44 | Patent Blue 02
4,800 | { Falter Blue IL 3
478 €1 | Agfa 43 | Thoflavine 0 5
3,261 Cd | Schott UG 2 2
I—Co solution s for 3,076 ;
smmn of K,Cr0,, 0 15 gm.
_per litre, 20 mm ]
5,790 i Tmmme 3
Hg | Corming 344, 34 mm | Eos
5,777 | Thionme Blue GO 03
5,461 Hg | Zess B | Tartrazine 3
| Patent Blue 02
| BG 11 gless 12 mm
4,358 Hg | Zows C i
4748
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Alternate filter combination I1
Jor the preparation of gelatine
Wave-length, Fulter combanation I film filters  Figures are tn
A (Glasses and solutions) grams per sq metre of film
4,047 Hg | Schott GG 4, 1 mm
Cormng red purple ultra
2 mm
3,650 | Schott UG 2, 2 mm
3,663 € | Schott BG 12, 2 mm
3,341 Hg | Schott UG 2, 2 mm
Schott GG 2, 2 mm
N/5 Nitnic acid solution,
20 mm
3126 1o | Schott UG 2, 2 mm
3,132 78 | K,Cr0, solution as for 3,261
cd
5350 TI | [ Tartrazie 3
! | Toluidine Blue 03
! | Thionine Blue GO 0 05
4216 o ! { Fuchsino 0 5
4,202 | Thiommno Blue GO 0 5
4593 o | | Filter Blue 1115

4,555 | | Thionine Blue GO 02

To remove the mfra-red, filter combinations I requie tho fol-
lowing additional filters

Schott BG 17, 6 mm = X

Solution of Cu$0, 5H,0, 57 gm per htre, 10 mm = ¥.

Water, 20 mm = Z
For 5,890/6 Na, 4,800,678 Cd, 5,086 Cd, 5,790,77 Hg, 5,461 Hg, and

4,047 Hg, X +Y

For 6,362 Zn and 6,438 Cd, X
For 3,132/26 Hg, Y.
For 4,811/680 Zn, 4,358 Hg, and 3,663/50 Hg, Z

Filter combinations II require ¥, or for blue-green lines, a film
of Filter Blue-Green
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APPENDIX II

MERCURY LAMP FILTER SOLUTIONS FOR
PHOTOCHEMICAL PURPOSES

(Note Nickel, cobalt, and copper solutions must be very
free from iron )

Copper chloride, CuCl, 2H,0, 1,000 gm 1 1 htre water.
Calerum chlonde, 3 molar, 16 333 gm anhydrous salt made up
to 1 hitre solution with water

Potassium dichromate, 15 gm mn 200 c ¢ water

Didymum (o1 neodymium) nitrate, 30 gm made up to 100 c.c.
solution with water

Copper sulphate, CuSO, 5H,0, 25 gm, 300 cc ammonum
hydroxide (d = 0 88), made up to 1 Litre with water

Copper sulphate, CuSO, 5H,0, 125 gm made up to 1 litre with
water

Copper mitrate, Cu(NO,), 6H,0, 200 gm m 100 cc water.
Todine, 075 gm 1 100 c ¢ carbon tetrachlonde

Sodium mitrite, NaNO,, 75 gm 1 100 c ¢ water

Nickel sulphate, NiSQ, 7H,0, 145 gm , cobalt sulphate, CoSO,
7H,0, 41 5 gm , made up to 1 htre with water

Potassium hydrogen phthalate, 5 gm 1n 1 litre water.

Copper sulphate, CuSO, 5H,0, 15 gm 1n 1 htre water.
Potassium 1odide, KT, 17 gm 1n 1 hitre water

Potassium 10dide, 0 14 gm , Iodine, 0 1 gm 1m 1 htre water.
Cobalt chloride, CoCl, 6H;0, 30 gm m 100 c c. of 3 M caleum
chlonide solution

Nickel sulphate, N1SO, 7H,0, 82 gm mn 100c ¢ of 0 25 M copper
sulphate solution

220 gm NiSO, 7TH,0+200 gm CoSO, 7H,O m 1,000 gm solu-
tion

120 gm NSO, TH,0+23 5 gm (NH,),SO,+82 8 gm. aq.NH,
(d = 0 925) m 1,000 gm solution

Gaseous chlorine at 1 atmosphere 1n a fused silica cell 3 cm deep.
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USE OF FILTER SOLUTIONS

Mercury
hine, A Fulter combinations
5790 | 10ce 4 with 90 cc B, 1 cm, combined with either
5777 | C,2ecm,or Cornng glass 344, 3 4 mm
5,461 T 20cc A with80ce B, 1 cm, combmed with euther
| D,1em, or Corning glass 512, 5 mm
4368 | E.2cm, combined with K, 1 cm , or H, 2 om , com-
| bmed with K, 1 em (Transmuts a little 5,461 )
4,047 | H, 2 em, combined with J, 1 em
3,650 5 G, 1 em, combined with Chance’s black uv glass,
3,663 | 23mm
3,182 | L, 10 cm, combmed with M, 1 em, or U, 25 cm,

i combmed with ¥, 2 cm, and M, 1 em
3,340-3,000 | S, 1 cm, combined with 7', 1 cm

3,340-2,805 | L, 10 em, combined with N, 1 em, or U, 25 om,
! combmed with ¥, 2cm, and N, 1 em

2,650 L, 10 cm , combimed with P, 1 em , and with W, 3em
or U, 25 cm, combmned with ¥, 2 ¢m, and with

P,1cm,and W, 3 em

2,650-2,537 | L, 10 cm , combmed with W, 3 em, or U, 25 cm,
combined with ¥, 2 cm, and W, 3 cm

2,537 | L,10em, combmned with B, 1 em , and with W, 3cm,

or U, 25 cm, combined with ¥, 2 em, and with
R,1cm,and W, 3em

Solutions E, M, P, and R should be frequently renewed



APPENDIX III

PHOTOCHEMICAL TECHNIQUE TO DETERMINE
QUANTUM EFFICIENCY

TrE Lght beam should be approximately parailel and of a diameter
somewhat smaller than the face of the photochemical cell Im-
mediately behind the cell 18 placed a thermopile The hnear form
18 best, fitted with a 1-mm shit very close to the junctions It i3
moved 1 mm at a time across the light beam to give the sum of the
total energy i the beam # The thermopile should have a crystalline
quartz window, and be calibrated with its galvanometer aganst a
standard lamp of known enecrgy emission  If 1t 15 necessary to reduce
the sensitivily of the combination, a shunt resistance s and series
resistance a such that a = p*/(p+8), where p 1s the thermopile re-
sistance, 18 employed with the galvanometer The ratio of energies
falling on the thermopile at equal deflexions for reduced sensitivity
to that when @ = O and s = 18 1+p/s

Let the summed thermopile readings be 4 with cell removed, B
with cell filled with water, and C with cell filled with agueous solu-
tion From time to time durmg the exposure the cell 1> removed and
a value ot 4 determmned  kluctuations of the lamp will cause 1t to
vary, and 1ts average value 1s taken The ratio 4/B 1s a constant K
under steady light condition~ Then energy meident on hquid mn cell
after penetrating the transpaient sihea wall

(1—0085)B .
T nroses = #B = BA/K
(1—0085) = average transmussion of calibiating standard lamp
encrgy through quartz window of thermopile, (1—r,) = t

of the samo to the photochemical light , (1—r) = transmussion of one
window of cell when filled with water, w = absorption by water, and
d tho thickness of the cell  Values for these quentities are given n
the tablo below

TaBLE
Wave-length, f
A (I-r,) | (i-1) | R w
4,358 0909 | 094 1074 | 0
3.660 0905 | 094 108 | 0
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Then energy absorbed in tuno #
RAt rCK1(¢—wd CK10~va
- 'R‘(H 4 )(1"‘ 4 )

allowing for back reflection within the cell

This quantity 1s converted to umts of Nhv, and the ratio

1 change in g lecules)/Nhv = i

Where the photochemical cell 13 immersed 1n a thermostat and

contams gas the formula must be modified See reference 45




APPENDIX IV
PREPARATION OF PHOSPHORS

Note Materals and methods of manipulation should be free from
any contamnation by mmpurities
Preparation of Sulphudes

CaS Highly punfied precipitated CaCO, 18 gently calemed to give
Ca0 1gm of CaO1s heated with 0 7gm sulphur macovered crucible

$tS 1gm of SrCO; or of carefully dehydrated strontium hydroxide
hydrate 1s heated i a covered crucible with 0 4 gm sulphur.

BaS 1gm of BaCOj1s heated 1n a covered crucible with 0 255 gm
sulphur

ZnS The sulphate 1s purified by treatment with H,S under weakly
acid and , by electrolysis to remove Cu, and
the sulphude 18 finally precipitated by H,S

The carbonates of Ca, Sr, and Ba can be used directly mstead of
the mitial preparation of the sulphndas, but the time of heatmg
necessary i prepanng the p

Examplee of Phusplzors

CaS +0 00024 Bi+0 05 Na,S0,+0 025 CaF,+0 025 Na,B,0,
Heat to 900° C for 16 min  (Indigo )

SrS+-0 00008 Bi+0 03 Na,SO, Heat to 1,000° C for 12 min
(Green.)

SrS+4-0 00017 Zn+0 03 CaF, Heat to 950°C for 15 min
(Yellow gieen )

BaS-+0 00008 Bi+0 03 K,B,0,, Heat to 900°C for 12 mn
(Creen-yellow )

BaCO,3+0 158 +0 025 L1,CO4+0 012 Rb,CO, Heat to 900°C
for 30 mm  (Orange-red )

ZnS+-00001 Cu+-003 NaCl 4003 MgF, Heat to 1,000°C
for 100 mm, cool m N,, and reduce to powder by well
washing with warm water
The above Bi, Zn, and Cu addi are made by with

solutions of the nitrates.

The alkaline-earth phosphors are difficult to reduce to powder, as
grinding causes loss of phosphorescence The mass should be cooled
quickly and t: to a damp phere at 30° C and 85 per
cent humudity (gwven by 35 weight per cent aqueous glycerne)
When they have disintegrated they should be protected from further
action of water, which hydrolyses them Care must be taken n the
choice of media 1n the prepamtlon of pamts Methyl methncrylahe
resms are for

(See Oul and Colour Trades Journal, 1939 )

H o o®H g 2w
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TABLE OF CONSTANTS

1 joule = 107 ergs
1 calorie = 4 18 joules
1 watt = 1 joule per sec = 107 ergs per sec
lp=10%cm ,1pp=10"cm ,14=10%cm
¢ Veloaity of hight 12 vacuo = 2 99796 10 cm per sec.
h Planck’s constant = 6 626 x 10~27 erg sec
e. Electronic charge = 4 803 X 1010 electrostatic units
m  Electron mass = 9 11x10~ gram
M. Mass of O atom = 16 1 660X 10~ gram
N Number of molecules 1n one gram molecule = 6 (23 x 10
k Boltzmann’s constant = 1-3807 x 10~ erg per degree per
molecule
R. Gas constant for one gram molecule
= 8 315X 107 erg per degree per gram molecule,
= 1986 calories per degree per gram molecule
1 electron per second = 16x10-** amp
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INDEX

Absorption coefficient, 92
fnped N Dby atoms, 52.

— — by crystals, 11, 89

by molecules, 62, 85, 108
—l-; by optically active substances,

Colour blindness, 159
5.

rature,

Compton effect, 27 46
Condensed states spectra, 87
C or d

band,

Acetone, photoch 1
taon of, 134 90, 115
Acnvmou energy, 124 Conductivity cells, 162
Aldeh; decom- | C 130
mnn of, 135 Constants, table of, 187

Alkal: halides, luminescence of, 114
‘Alkali-motals, atom spectra, 52
Alkalne carth sulphides, lummes-
cenco of, 117, 183
A decom-

Crystals end hght, 9, 12, 108
Cuprous oxide, 91, 162, 163

Depolarization, 21, 107
D 77

position of, 134
Anthracene, 103
Ant1 bonding electrons, §5
Azirmuthal quantum number, 54, 75

Babinot compensator, 20
Band spect)

Barrier layer “cells, 162
Beer's law, 9,

Benzene molecule, 65, §6
Buawal crystals, 10
Bimolecular reactions, 124

Blocking layer cclls 162

Bohr theory, 5

Bond energies, 128

Brightness, 34, 39

Bromune, photochemical reaction
with hy drogen, 131

Calouam sulphids, luminescence of,

117
Cellophane, 17, 20
Chain-carriers, mean hfe of, 136
Chain reactions, 136
Chemilummescence, 170
Chlorme moleculs spectrum, 79
— photochemical reaction with hy-

gen, 132
Chlorophyll, 139
Chromophoric groups, 11, 86, 106
Colhal‘;nul dosctivation, 93, 102
—- raf
Collumns uf the second kund, 98.
Collods, 1
Colonnmum, 44,156

Diatonic molecule spectra, 70
Dichrowsm, 11

Dichromatism, 11

Diffraction, 6

Daffusion of hight, 31
Discharge lamps, 39
Dispersion, 24

— forces, 105

Double refraction, 10

Emstemn, 184

Eleetmmagneue theory, 2, 21
Electron, £

Electron xmcmscope.
Electronic hnks, 67

Energy of activation, 124

— units, mtercon\'el'smn of, 3, 188,
Exchange energ\,

Exaton, 90, 115

Extinction coefficient, 92.

Ege, 152

F and F’ centres, 116,

Fratio, 9

TFilters, Christiansen, 122

— for cuscharge lamps, 177.

— for mercury lamps, 177, 179.
Flame spectra, 171
llluamcence. 93, 97, 100.

T of crystale, 12, 108
— of 10dine mohc‘uhx, 9
— quenching, 93,

Fluorescent d,muﬂ; o7
— molecales, Ife of, 107
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Formmdnhyde molecule spectrum,

Franok-Condon principle, 75, 80.
Franck-Rabmowitch prinetple, 135
Full-wave plate, 15

Glass, stress m, 16
Gexger counters, 168, 176
Group veloeity, 24, 47

Hy molecule, 65

Half-shado prmclpla, 20

Half-wave plate,

‘Halogens, phmchem.m Tenctions
of, 131.

Heisenberg,

Hoter Lasdon theory, 63

Herschel effect, 15

Hue, 155

Hydrogen atom spectrum, 32, 57

“molecule spectrum, 77

— sodide molecule spoctrum, 82

Image formation, 7
Tmpunty actvation, 112, 163
Hlumination, 34.

Incoherent scattering, 100
Infra-red spectra, 69
Insulators, 89, 163

Intensity of hght, 34
Interatomic distances, 131
Interference, 5, 22
Interferometer, 5

Kerr cells, 108

Lambert's law, 92
TLatent image, 144
Lattice defects, 115, 149
Lenses, 7, 38

Life of excited states, 62
Light filters, 122, 177, 179
Ligud crystals, 17
London, 105

Luciferin, 172
Luminosity, 34, 39, 152
Luminous flux, '34.

Manganess salts, 112

Maxwell,

Mechanical equivalence of light, 34
Mercury atom spectrum, 53, 57
— lamp, 39

Metals, 26, 89

Motbylene blue, 104
Microphotometers, 43

Molecular orbital theory, 67

INDEX

Monochromatio hght, 24, 40
Morse equation, 74

Mott, 149

Mulliken, 67

Multipheity, 54, 55, 76

Nephelometry, 32
Nicol prism, 19
Non-reflecting glass, 26.
Numerical aperture, 8.

o-anuno. phthalic. cyclo-hydrende,
>

Oil-immersion objectives, 8

o-mtrobenzaldehyde, 12

Optical actrvity, 13

Ortho and para hydrogen, 76.

Ovygen-hydrogen photochemical re-
action, 137

Oxygen molecule spectrum, 79

Partial bands (vibrational), 69

Partation function, 12°

Paul principlo, 55, 58, 88

Pauling, 63

p azoxyamsole, 17

Perwodic system, 56

Perutence of vision, 160

Phase, 1, 28

— veloaity, 24, 47

Phosphorescence, 114

Phosphors, preparation of, 120, 183

Phosphorus oxidation, 170, 172

Photo-colls, 162

Photochemeal changes in crystals,
12

— technique, 122, 181
Photoconductivity, 90, 162
— dissociation, 81
Photoelasticity, 16

hotoelectric effect, 27, 90, 163.
Photographic process, 144
Photometry, 41
Photon, 3
Photosensitization of plates, 146
Photosynthesss, 139
Pigments, 32,
Planck, 3, 35, 45

lates, thin, colours of, 6
Platinocyanides, 97, 112
Pleochrotsm, 11
Polanmeter, 18
Polarization, circular,
—el.lxptlcal 1, 15, 20, 2a
— plane, 1, 25
— of fluorescence, 12, 106
— of light, 1, 20, 21, 25



INDEX

Polaroud, 12, 20.

Positive holes, 90, 163

Potential energy diagrams, 72, 84,
125, 175

Prodissociation, 83, 130

Primary hues, 155

Pulfrich photometer, 44

Purkinje effect, 153,

Pyrometers, 38

Quantum officiency, 123, 182
theory, 3, 45

Quarter-wave plate, 13, 15, 20
Quenching of fluorescence, 93, 102

Radicals in flames, 171

— mn photochemicel reactions, 137
Raman spectra, 98

Rates of bimolecular rcactions, 124
— of transitions between levels, 62
Reuproeity law, 146, 150
Rectafier cells, 162

Rectilinear propagation, 7
Reflection, general, 24

— selective, 23

— total, 26

Refraction, 23

Refractive mdex, 23

Resolving power, 7

Resonance, 84, b8

— radustion, 23, 98, 0‘1 100
Reversal of plates,

Ritz's principls, 52

191

Spmn of electron, 55, 58

Sodrum atom spectrum, 52, 56
Sodium-halogen reactions, 173
Solarzation, 151

Solid state spectra, 87

Solids, tummnescence of, 112
Streaming double refraction, 17
Sunlight, 34, 35, 39, 133
Sulphldes, lummescence of, 117,

Sulphur dioxide absorption  spec-
trum, 86
— molecule spectrum, 82

Temperature (optical), 38

— radiation, 33, 45, 170

Terrns (spectral), 52, 54, 70
Thionne, 1

Total raduator, 35

Transition state theory, 127
Trchromatic theory of vison, 155
Tungsten filament lamp, 40
Turbidity, 33

Tyndall effect, 19, 30

| Tlteamcroscope, 8

TUncertamnty principle, 47
Cuaxual erystals, 10, 12
Unmt remdmon plate, 15

ramu
Tranyl saus, 97,112

energy of 68,

energy of

Ruby, fluorescence of, 113

Selts, 80

Savart plate, 20

Seattenng, coherent, 21, 22, 27
~— mncoherent, 1

— Rayleigh, 28

Schrodinger, 49

Selection rules, 54, 81
Selonaum, 91, 162, 163
Semi-conductors, 91, 163
Sensitity of the eye, 160
—of photocells, 168

— of thermopales, 169
Spectral lines, breadth of, 62
— terms, 52, 54, 70
Spectrophotometers, 42

Vib
72

Vibrations damped, 22
— famwl‘3 22,28

Visibility curves, 153
Vison, 153
Visual purple, 154

Waves. 1, 24, 47
‘Weber-Fechner law, 152
Willenute, lummescence of, 113
‘Wollaston prism, 20

Zeeman effect, 54
Zinc ortho-sihcate, luminescence of,

113
— sulphude, lummescence of, 117,
183
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