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INTRODUCTION 

A. General Theory 

1. Postulates of Bohr's Quantum Theory. By ~bsorption of light 
'the energy of the absorbing system is increased. According to the laws 
of thermodynamics the inverse process, emission of energy in the 
form of radiation, must be possible. This inver~e process must occur; if 
no other way of returning the system to its initial state of lower· 
energy is available. Light emission excited by' light absorption is called 
photoluminescence. For a long time photoluminescence was supposed 
to be an exceptional phenomenon characteristic of relat~vely few 
substances. The real pro~lem is, however, to 1.1-nderstand why so many 
substancesare not photoluminescent. 

Bohr's theory! first developed for interpretation of the spectra of 
the H at?m and later adapted to more and more complicated systems, 
postulates that energy can be taken up by such a system only in 
certain definite steps; the system is stable only in discrete, more or less 
sharply defined energy levels. The lowest of these levels is the ground 
level.or the ground state of the system. For all atoms and for many 
diatomic· molecules the energy levels are perfectly. known. For poly-: 

. atomic molecules and for still more complicated systems like crystals, 
knowledge of the energy ·levels is still far from complete. Even for 
these systems however, the assumption of the existence of such energy 
levels has proved itself very fertile in developing an understanding of 
all processes connected with _light absorption, and light emission. 

Oniy if the en~rgy absorbed by a molecule is so large that one 
parf of the system is completely separated from the ' remainde~, as in 
a process of ion~zation or dissociation, can the SC1parating particles 
take up ulidetermined amounts of kinetic energy, so that no discrete 
enetgy levels ex:ist for the system as a whole. · 

. In quantum mechaniCs a system in a given state is characterized 
by a "wave function" y; whiGh is the prodUct_ of the wave functions y;i 
of all individual particles composing the ·system. These functiO!lS lj;i 
determine the probability with which a particle is found ~t a point 
irt space. 

Apart from the ·introduction of discrete energy levels; Bohr's 
1 
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2 GENERAL THEORY 

theory postulated the following relation for a .transition between-two 
levels Nand F with the energies E; and EF: · 

( 1) 

h being Planck's constant = 6.63 · I0-27 erg sec and "FN the frequency 
of the radiation which is emitted or absorbed by the transition. 

In general, the wave number v = 1/A. is used instead of the fre­
quency v, which has the dimension of sec-1. iJ is measured in cm-1 and 
is related to the frequency by the equation v = vjc. Hence a "term'' 
T, which is ·characterized b)r'its wave number v, has the energy vhc,. 
but for the sake of brevity energies. are frequently expressed in cm-1. 

On the other hand, it is customary to measure energies in electron 
volts ( e V), one electron volt being the energy which an electron 
acquires under the acceleration produced by a potential difference of. 
one volt. 

1 eV ~ 8.11·103 cm-1 ~ 1.59·10-12 ergs~ 23 _){cal/mole 

2. Energy Levels. In the diagram of Figure 1 several ertel'gy levels· 
of an atom or a more complicated system are represented·by horizontal 
lines. The vertical distance between two of these lines is proportional 

F' to the corresponding difference fu 
--r--.-.-.--x-r--r-r-r-.-r--t--.-- F energy; the level N represents the 
--+-1-f-L~+-+-1-l-+-t--1--li- M ground state. By absorption. of 

--~~----~~+-r7--r-.-- c 

light of frequency vFN the atorrds 
raised to the level F and if no other 
energy levels exist between N and . 
F, the a tom can return to N only 

---+--1-1--H---''-t--t--t--- N' by re-emission of light o.f the same 

I . 2 3 

· FIG. 1. Energy • level diagrp.m for 
the representation of fluorescence· 

and phosphorescence, 
1 : resonance radiation. 
2 ; phosphorescence. 
3.: fluorescence. 
4 and 5: al}ti-Stokes fluorescence. 

frequency vNF :. theoretically this 
is. t~e- simplest case,· of photo­
lumin~cence ;. it is .called · "reso­
nance radiation.'.' In · the ·diag.ram 
of Figure 1, however; several levels 
C,D .... are located between Nand 
F. Under. these conditions other 
transitions from F .to C; D. ~ . can 

. . I 

occur, resulting in the emission of spectral lines of frequency 'vFc, 

"F.n , .. These frequencies are smaller than "NF: The law a GOrding to · 
which the wavelength of fluorescence is always g1·eater than, or in the 
liniiting c~e equal to, the wavelength of the exciting light was · first 
found empirically by Stokes (r585); the quantum theor~tical e-xpla-

\ 
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DURATION OF LUMINESCENCE PROCESS 3 

nation was given by Einstein more than fifty years.later (344). Small 
deviation-s from Stokes' law are p0ssible if other energy levels N' or F' 
are located immediately above Nor F :respectively,_so that the system 
can be raised by transfer of thermal energy either into N' before the 
exciting light is absorbed, or into F' durirtg the lifetime of the system 
in the excited state F. Under these condl.tions the frequency of the 
exciting light vFN' is smaller than the frequency of the fluorescence 
vpN, or the .frequency of the ~bsorbed light vFN is· smaller than the 
frequency of the fluorescence vF'N: anti-Stokes fluorescence. 

Such deviations from Stokes' law, by which additional energy is 
supplied by a pody oHow temperature to the radiation from a source 
of much higher temperature, of course in rio way invalidates the second 
law of thermodynamics, as was suggested ~rroneously by Lenard 
(I284,I29]b,I726,I762b,t762e). 

3. Duration of the Luminescence ·Process. In the classical Lorentz­
Drude theory the emission· of monochromatic light by an q.tom· or 
m~lecule ~r.igina tes ~fr.o:n ~he oscillation .of an ~lectron which is bou~d 
to us position of eqmlibnum by a quasi-elastic force. The decrease m 
energy ofthe osdllating electric dipole which is caused by the emission 
'of radiation, and the corr.esponding ·decrease in intensity of the radi­
ation' itself, follow an exponential law. The averag~ duration of the 
emission, or the time after which the intensity has dropped from its 
initial yalue / 0 to (1/ e)I0, is: 

(2) 

For visible light, with v R:;j 5 ·1014sec-1, T is of the order of w-s sec. • 
In· the absence of all extemal perturbations the ~ifetime of an 

excited state is determi,ned, ac~ording to quantum theory, by the total 
probability of all possible· transitions to· lower energy levels. These 
transition probabilities AFK can -.be calculated if the wave f~ctions rf/ 

·and ifl" of the coml;:>ining'levels EF and EK are known: 

AFK ~ { l ~,~.*rdv}' 
. . 

The lifetime of a molecule in the eiccited state F is then: 
:- 1 

r = .EA FK ' ( 2a.) 
•K 

. ' 

As in radioactive decay, the number· of transitions per -unit of time 
is at every instant proportional to the numher.of excited molecules and 

\ 
' 
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4 GENERAL THEORY 

thus ·· the decay of the luminescence intensity again follows an ex­
ponential law, exactly as in the older th,eory. 

The transition probabilities between various levels of one and the 
same molecule are 'of widely different magnitudes. While the Lorentz­
Drude theory dealt only with electric dipole radiation, with a mean 
lifetime depending exclusively on the frequency of the oscillator, much 
weaker radiation of much longer duration can also be explained on_ the 
ground of classical electrodynamics by assuming electric quadrupoles 
or multipoles. or magnetic dipoles or multi poles as sources of radiation. 
The emission by an electric quadrupole or a magnetic dipole lasts 
about 106 time9longer than that of an electdc dipole. In the quantum­
mechanical models, however, an electric dipole can have a much 
smaller moment than the oscillating electron of the Lorentz theory and 
thus the decay of its radiation also can be much slower. Several 
e:xperimental methods have been found which allow a discrimination 
between the radiation of electric and maghetic dipoles and multipoles 
(28oa,435,I 49I,i492 ,I76Ia). . 

Transitions wliich have a very . small probability because they 
correspond to the radiation of an electric dipole of small moment ot 
of an electric multipole or a magnetic pole are called "forbidden" and 
the corresponding spectral lines are "forbidden lines." If no "allowed 
transition" from an excited state M to any lower energy level exists, 
the system~ once brought into this state, mu;t remain in it for a 
relatively long period .'. Such states are termed "metastable.'" If the 
.system is absolutely unperturbed (as, for instance, in the highly rare­
fied atmospheres of'stellat nebulas) light emission nevertheless occurs, 

·but with very small intensity''and slow decay. On the other hand, the 
transition from the ground state to the state M is also forbidden and 
the corresponding absorption line, if at all observable, is very weak. 
However, M can be reached indirectly; in the level scheme of Figure 1, 
this can occur by absorption of the line corresponding to the transition 
F ~ N, *.and by the subsequ~nt transition F -+ M. If M is separated · 
by only .3: small amount .of energy from F and if the excited system is 
in · thermal equilibrium with the surroUnding molecules a sufficii:mt 
amount of energy can be provided "to the system so that .it can return 
to F :from there the .emission of the lines corresponding to th~ tran­
sitions F -+N, F-+ C, etc~, may again take place. A photoluminescence 

* The symbol for the higher level a\_way"s _precedes the symbol for i:lie lower 
level; the directio~ of t h e t ransition is indicated by" t he arrow. This prib.ciple, 
which is gen~rally used for t he deScription ·of th e spectra of Oiatotn,ic molecules, 

. is applied here similarly t o the represent ation of atomic spect ra . 
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EFFECTS OF PERTURBATIONS 5 

process of thi~ type, involving the passage through a metastable level, 
is called Phosphor.escence. 

In the older literature fluorescence and phosphorescence were 
distinguished only by the c~iterion of an observable afterglow: if the 
luminescence did not last longer than the irradiation, it was· called 

I 

fluorescence; if it was visible for an appreciable length of time after 
the e:rid of the excitation, it was called phosphorescence. Modern 
experimental technique however, permits the measurement of the 
finite duration of any emission process, even if it is as short as I0-9 

sec, and, on the other hand, th~spontaneous transition probabilities, 
even in atomic processes, correspond to lifetimes which vary continu­
ously from 1 o-s sec to several seconds. Therefore, it is no longer 
possible to define some arbitrary dur.ation of the emission process as 
the boundary between fluorescence and phosphorescence. (For a more 
complete defini tion.of fluorescence and pJ'wsphorescence, see chapter IV.) 

While, according to the definition given above, fluorescence and 
· phosphorescence are first-order processes and follow exponential laws 

of decay, another kind of luminescence is a typical bimolecular reaction. 
If an electron is complete}y separated from its molecule by photo­
electric ionization and if its recombination ·with any other ion produces 
the emission of light, th~rocess is of the second order and decays, 
therefore, according ~o a ~~rbolicallaw. Luminescence cc:used by . . 
recombination is observed in electrical discharge. through gases or 
metal vapors under especially favorable COijditions. These cannot be 

. achieved in the case of ·excitation by light absorption. However, a 
phenomenon of ·the same kind. occurs in . certain phosphorescent 
crystals; it will be called "recombination afterglow" in t~e following 
treatment. 

4. Effects of Perturbations. An excited system can be transferred 
to neighboring energy levels by outside perturbations, for instance by 
collisions or' other.interactioiis wi.fh stiiiol.Ulding.molecules, and from 
these new levels transitions occur which produee · emi~sion lines n~t 
contained in the primary fhi9rescence spectrum. Furthermore, such 
perturbations may cause a momentary displacement of an energy level 
and if these displacements fluctuate with time an.d in space, broad and 
di_ffuse bands appe,ar ins~ead of sharp lines in the absorption and 
fluorescence spectra. This''is true in particular for all condensed systerps 

· which are capable of lp.minescence (with the exception of certain 
crystals, especially at low temperatures). Under such co:qditions the 
peak of the emission ba;nd must be shifted with respect to the peak of 
the corresponding absorption band in the direction ·of greater 
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6 GENERAL THEORY 

wavelengths. This consequence of Stokes' law will be dealt with in 
more detail in a later chapter. 

If the whole energy of excited molecl.\.les can be lost as the result 
of collisions or other perturbations, the mean life of all excited mole­
cules is shortened and the fluorescence yield is decrease~. 

· The quantum yield of fluorescence is: 

Q = 1/A (3) 

where the fluorescence int~nsity I and the radiant energy A absorbed 
per unit time are measured by the number of light quanta contained 
in the emitted and absorbed radiat!on. In the case of resonance 
radl.ation, the quantum yield Q can be replaced by the "energy 
yield" ([> (I and A being givf;n in ergs or' calories), since in this case 
Q = ([> (compare Section 105). [In general (namely in the case of 
Stokes fluorescence), the energy yield is smaller than the quantum 
yield, while in the case of anti~Stokes fluorescence cJ> is slightly larger 
than Q.] 

If no perturbations occur, the fluorescence intensity '!0 is equal to 
A. when · equilibriUfll is reached during the irradiation, and Q' = 1. 
Under these cop.ditions, the spontaneous transition probability ao · 
alone determines the lifetime T0, and the numbern0 of excited molecules 
in equilibrium is given by the ' equation: . 

'A = 1o = aono = ncl•o with To= 1/ao and no:_ Afao (4) 

If the excitation energy ~an be lost by a second c6mpetirig process. 
wit? a probability a1, Equation ( 4) is replaced by: . 4 

A 1 = n1 (a0 + a1) = nif'r1 where T 1 = 1/(a0 + a1) and n 1 = A 1/(a0 + a1} ( 5} 

n1 is smaller than n0 • Supposing that the absorbing p<>wer of the 
molecules is not altered by the perturbations (f11 = A 0 = I0), .the 
fluorescence· intensity becomes: 

(6} 

and tl}.e yield : 
Ql ,..,- 11/A = aonl/aono . •dr.o . (7} 

· · a 11-Q) 
The "quenching constant" a1 is: a1 = 01 1 

• Ql 
(7a) 

In the same way -the yield- is reduced by another· perturbation with 
the jxobabili ty a 2 to: . . 

Q~ _ 7:2/7:0 where 7:2 = 1/(ao + a2) (7b} . 
Hence the general relation: · 

(By 
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COHERENCE OF THE SECONDARY RADIATION T 

The fluorescence yield of a given system is directly proportional to the 
actual lifetime of the excited stq.te (I22I,I57I). 

If several processes compete simultaneously with the radiating 
transition and if their probabilities are av a2 • •• an, the lifetime of the 
excited state becomes: 

1 
(9) 

and the intensity of theluminescence : 

( 10) 

According to the classical 'theory, the width of a spectral line is 
proportional to the damping coefficient or inversely proportional to the 
mean life of the excited .state. Qualitatively the same law holds ih 
quantum theory. All perturbations by . which the fluorescence is 
quenched increase the width of the corresponding emission line. The · 
latter is determined, however, not only by the' actio_n of the pertur­
bation on the excited state from which the erp.ission processoriginates, 
but also by the action on the final s.tate to _which the system is 

· transferred. 
5. Coherence of the Secondary Radiation. The only photolumi­

nescence process for which the. classical wave theory of light could 
account without the introd11ction of rather artificial hypotheses was 
the excitation of resonance radiation. Existence of this phenomenon 
had been predicted on theoretical grounds by Lord Rayleigh long 
before· its discovery by R. W. Wood. Resonance radiation was under­
stood, as. special case of light ·scattering in which . the ·scattering 
resonators were exactly in tune with the frequency of the primary 
radiation. 

According to the original quantum theory only the average 
lifetime 7 of an excited state could be determined, while for the .indi­
vidual molecule the time elapsing between the absorption and the 
re-emission of light obeyed the laws of statistics. Hence it . seemed 
impossible that a definite phase relation could exist between the 
wave trains of. the. primary ' and the. secondary light. Resonance 
radiation was considered to be incoherent. On the other hand Ra'yleigh 
scattering, which was knowri to be coherent, was ascribed to forced 
vibrations of " _virtual oscillators"' within the molecules. There was no. 

.. 

, 
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8 GENERAL THEORY 

connection between the two phenomena. It was even assumed, for a 
time, that for radiation in resonance with the characteristic frequency 
of the scattering oscillators both processes might occur simultaneously 
and that it might. be possible to separate them xperimentally (e.g. , 
by observing a different decay period for either of them) (I29). 

In the quantum-mechanical treatment, however, the lectro­
magnetic field produced by the interaction of the primary radiation 
and the virtual os illators of a molecule is exactly the same as that of 
the classical wave theory, and thus the steady transition from 
Rayleigh ' scattering_ to resonance radiation is r~stored. If various 
energy levels C, D , .. exist in the molecule between the ground state 
Nand the level F to which the molecule is raised by the absorption of 
the primary light, the resulting electromagnetic field sUI.~ro:undi:n'g 
the excited molecule is the same as if it. contained a number. of 
vibrating oscillators of frequency vpc, . vFv ... in addition to the 
absorbing oscillator of ' frequency vFN· The "strength" of each·· 
6·scillator is proportional to one ·of the transition probabilities F -+.C, 
F -+ D . . . F -+ N. All phenomena related to the wave nature of the 
secondary radiation (coherence, interference, polarization) are to be 
derived from thjs model . However, the energy of the radiation-is no 
longer spread continuously over the whole-wave field and' proportional 
everywhere to the sqnare of .the wave amplitude. The square of the 
amplitnde rletermi:n:es. only the probability for a pho.to.U of the corre- · · 
sponding frequency to be found at a given instant at a partic1-1lar point. 
The absorption and emission of radiant energy occurs exactly as in 
Bohr's original theory, in quanta with'in p1·actically infinitely short 
periods of time (I8IJ). 

· Insofar 3,$ the problem of col;lerence is determined by the phase 
reLation between pri.Ipary and t secondary. radiatipn, on:1y Rayleigh 
scattering· and resona11ce radiation 'can be cop.sidered ·(I529f The 
existence of such coherence is ·;not revealed by any experimental facts. 
Resonance radiation is obsenr~d exclusively in gases and vapors at 
low pressures. Under the's.e conditions the coheren~e of the ''classical" 
Rayleigh scattering with the primary radiation cannot be proved 
either, because of the random distribution of the ~molecules in . a 
perfect gas. 

If the fluorescence spectrum of ·a monatomic gas contains lines 
of wavel.~ngths different from that of 'the exciting iight, a constant 
phase relation between the waves of the primary and the secondary 
radiation is out of the question. However, . a· constant phase relation 
.might still ~xist between the secondary wave trains·"originating at 

.\ 
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OTHER EXCITATION PROCESSES 

different atoms; this kind of coherence could again only be observed 
by t.he angular distribution of the fluorescence intensity if the fluo­
rescing atoms were fixed in space in a regular lattice. 

. Every kind of coherence between the radiation coming from 
different molecules must disappear in the fluorescence of molecules in 
which nuclear vibrations and rotations occur simultaneously with the 
electronic transition and independently in each individual molecule. 
The same is true if the molecules und~rgo external perturbations 
during their lifetime in the excited state. This is the case for the 
fluorescence of all liquids and solids. On the other hand, it has been 
proved by wide-angle interference experiments that the radiation 
emanating in.different directions from an individual molecule of a 
liquid solution is.coherent, exactly as the radiation emitted by a dipole 
as a spherical wave is coherent in itself according to the classical wave· 
theory (435,I489-I492,I8~7). ' 

• 6. Comparison with Other Excitation Processes. The radi~tion 
emitted ~y an atom or amolecule<iepe;ndsonly on its state of excitation 
and on the prooabilities of transitions from this state to those•of lower 
energy. It does not depend on .the mode of excitation by which the 
system has been brought into the excited state. In this sense ther is 
no difference between fluorescence ap.d any other kind . qi light 
emission by the same atorns or molecules caused by <;ollisions with 
elections, by chemical processes, or by thermal agitation. The charac­
teristic properties. of a spectral line or -~ band (for instance, the 
dependence on temperatUre and pressure or the sensitivity to magnetic 
and electric .fields) must be the same in every case. 

I 

A system .eniitti.:Q.g luminescence is not, however, in a stat of 
thermal equilibrium; some of its molecules contain a much higher 
elec~ronic energy t.llan that conesponding t9 the actual temperature 
of the sys.tem and. this is the essential feature of every luminescence 
process. It follows that the ''excited" mol_ecule~ can lose their excessive 
energy by collisions with otl_:ler molecules: luminescence, for instance 
the photoluminescence of iodine · vapor, can be suppressed or 
"quenched" by the addition of relatively small quantities of oxygen. 
I:(the sani.e quantity of 9xygen is added to iodine vapor heated in ;:t 

q~a;rtz tube to a temperature of 1000° C at T;vhich it emits its cha;rac­
. tetistic bands as temperature radiation according to Kirchhoff's law, 
. no a_ppreciable change in the emjssion occurs, because now, in thermal 

equilibrium, the quenching collisions must be compensated by an 
equal number of exciting collisions (I284) . . 

f Photoluminescepce is disting:ui,shed furthermore by a:n almost 
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10 EXPERIMENTAL TECHNIQUE 

complete control of the excitation process, sine~, among all atoms or 
molecules which are present, only those in a weil-defi.ned initial state 
are transferred into an equally defined e~cited state by the absorption 
of light of a given frequency. The complete spectrum of all atoms and 
molecules, modified within certain limits by the temperature, is 
emitted by a flame or an arc. By means of electron collisions in a gas at 
low pressure it is possible to exclude from the speCtrum all lines which 
require an excitation energy surpassing the energy of the electrons 
under the applied voltage, but all levels lying below this energy are 
excited simultaneously. Besides, the accuracy of th.e method is not 
great enough to differentiate between the excitation of closely adjacent . . 
lines. On the other hand, the possibility of separately exciting neigh-
boring energy sta.tes of a molecule by the absorption of monochrq­
·matic light is limited only by th~ degree to which the primary light 
can be made monochromatic. Even the state of polarization which is 
characteristic for a certain transition c.an be determined by this 

, method of excitation; thus itbeco·mespossible toascertaih the ~xis~ence 
of the various Zeeman levels in very· weak magnetic fields which are 
separated by s~ch small intervals that they cannot b~· dist~nguished 
by other spectroscopic methods. 

The ?arne is still true, although to a smaller degree, for condensed 
systems;. there, also, a much ·fuier differentiation is' obtained in··the 
excitation of .individual emission processes by light absdrptign "th.an 
by any pther mode of excitation. 

B. Experimental Technique 

7. Phosphot·oscopes and Fluorometers. The experimental methods 
applied to tb,e investigatipn of photo~'Umiuescence are, in general, very 
simple. The most important types of apparatus wP,ich have lJeen 
especially designed for this purpose are th~ phosphoroscopes and 
fluorometer~. These serve for measuring the duration of short or 
almost instantaneously decaying emission processes. All of these 
instruments are bCl:sed on ~he principle of permitting the observation pf 
the lumi;nesce'nce a short, and if desired, a variable tin:ie after the e:q.d 
of the excitation pe:riod. . 

The fust phosphoroscope was in'\Cented by E. ·Becquerel' (A,78); 
in a ''Becquerel phosphotoscope''.the luminescent substance is placed 
between two .discs M and N (Figure 2), which are ··mounted on a 
common axis and have sector-shaped aperttll'es .tl and D shifted with 

\ 

, 
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CHAPTER IV 

GENERAL SURVEY' 

A~- Nature of Luminescent Substances 

95. Con~itions for Occurrence of Photoluminescence. Unperturbed 
fluorescence of gases and vapors 'is noted only at lowest pressures. At 
pressures at which collisions of excited' mole.cules become sufficiently 
probable, either the secondary radiation is changed in frequency, or 
its intensity is weakened ·or even completely quenched. Polyatomic 
moleGules seem to be Jess sensitive to quenching ,by collisions, in 
generalr than monatomic vapors. Jn condensed states (pure liquid or 
solid, liquid or solid solution) the ability to fluore)l-ce is lost, however, 
even in the majority of polyatomic compounds. -The reasons for the 
absence of fluorescence due to -the interaction of excited molecules 
with other molecules are, in principle, the same in condensed systems 
as in vapors: ·inducedpredissociation, chemical reactions, and "internal 
conversion." It is easily u;nderstood that the first of these processes 
has a greater chance of realization iJ?. condensed systems, where the 
excited molec~es are _in a . constant state of . collision.* In most 
instances no chemical reactions are produced by the absorption of 
light, and, especially if the nature of the surrolinqing mole'cules (of 
the solvent, for instance) has no' m'arked influence on the optical· 
properties of the absorbing...,substance, the· re-emission of radiation 
must be suppressed by the third type of process (424). · 

The probabil~ty of internal conversion is greatly· enhanced in 
condensed systems for two reasons. It, 'in a polyatomic vapor, the 
electronic excitation. energy of an isolated molecule is converted to· 
high vibrational energy of the el~honic' ground state, .the inverse 
process must occur after some time. This fluctuation of energy from 
one form to the other may be repeated more than once;, but as long as 
no collision takes place, the absorbed energy must eventually be re­
·emitted as radiation. Wheneve! ·a molecule has acquired a hig!I 

*·It has already' been pointed out that, on the other hand, the probability. 
of spontaneous predissociation can be reduced by'. the stabilizing effect of 
collisions (see Section 83). ' · 

• 285 

\ . . 
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286 CONDENSED SYSTEMS 

vibrational energy in a condensed system, this energy is almost 
immediately dissipated into thermal agitation of the surrounding 
medium and is never restored to the initially excited molecule. 
Also a molecule in a condensed system, especially in a solution, can 
never be treated as an isolated entity: in nearly every case it forms 

· some sort of complex; witll surrounding molecules, e.g., of the solvent. 
Many metal ions exhibit, in aqueous solutions, absorption bands of 
much lower frequencies than those of the resonance lines in the vapor 
state and these may be due at least partially to electronic transitions 
between the dissolved molecules and the solvation envelope by which 
they are surrounded. In other instances the influence of the solvents on 
the absorption spectra of the dissolved molecules is' rel~tively small, 
but none -the less an interaction between the latter and the solvatiol1, 
envelope takes place and can greatly influence the fluorescence yield. 

Since the existence of narrow absorption bands proves the corre­
sponding electronic transitions to be . w~ll protected against pertur­
bations from outside, one might assume that molecules exhibiting such 
bands should have a greater chance to be fluorescent than others. This 
is correct up to a point; among compounds with nar:row absorption 
bands the number of fluorescing spbstances is relatively great, al­
though fluorescence -is by no means a g~neral property of such com­
pounds. For instance, the chromium alums and the uranous S(!.lts are 
not fluorescent. On the other hand, the absorption bands of inany 
strongly fluorescent dye solutions are no less diffuse and broad than 
those ofnonfluorescent dyes. Very small changes ~n the constitution of 
a mol~cule can have a great influence on the ,probability of interim! 

· conversion and, thus, on the occurrence or nonoccurrence of fluo­
rescence without appreciably affecting the power of absorption. 

96. Most Important Types of Luminescent Substances. If photo­
luminescence is a characteristic property .of a compound as such, the 
molecilles of this compound must be fluotescent urider variOU$ con­
ditions -. for instance, when the compound is in the crystaUine state, 

· in a liquid solution, and in the vapor state. Prac.tically all molecules 
which are photoluminescent -in condensed states are more or less 
complex. The only exceptions are the positive ions of some rare-earth . 
metals, the optical properties of which are so little perturbed by the 
surro'unding medium that, even in crystals or in aqueous solutions, 
they behave almost like the atoms of a vapor. Among the complex 
inorganic molecules the positive ions uo++ are, with f.ew exceptions, 

• fluorescent in crystalline uranyl salts and in liquid sqlutions of such 
salts. A few other metallic ions (fl+, Pb++, and Sn++) are able, in 

• 

I 
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aqueous solutions, to form complexes which can be excited. to fluo­
rescence (52I:522,6I7,I3D4). In addition the cyi'l:noplatinites are 
to be mentioned and, finally, some derivatives of silo:x:ene which, 
owing to their ring structure, have much in col11mon with aromatic 
compounds. It is doubtful whethe;r the tt~ngstates, molybdates, and 
some similar salts should be included in this class for, although many 
crystals containing these ions are strongly photoluminescent ·without 
being appreciably contaminated by an impurity, nothing' is lmown 
about their fiuorescencein C>ther than the crystalline state. Thus, they 
may be classified as belonging to the mineral crystal phosphors. 

Although only a relatively small number of inorganic compounds 
must be considered here, organic chemistry provides an almost un­
bounded wealth of examples, especially in the class of aromatic and 
polycyclic ·compounds, beginning with.·benzene and reachihg to the 
most highly complex dyestuffs. · 

No less numer~us are "the substances belonging to the last main 
clas~ of materiallt which are .luminescent in the solid state. They are 
called "trystal'phosphors. "* .As indicated by this designation, it is no 
longer an individual .molecule which is luminescen,t 'by itself. The 
ability fo re-emit abserbed radiation as light is inti,mately related to 
the . condition that the. molecules form .a. part of a crystal lattice; in 
most case~ the luminescence ' is due to the incorporation of minute 
impurities into the ccbase material" of the crystal. 

In general, only · fiuoresc'ence is· ob.seryed in liquids and most 
frequently it is · a fluorescence of very short •.duration. Very weak 
phosphorescence has been obtained, however, w.ith some liquid dye 
solutions (I36,745,927b). Although a strong afterglow of considerable 
duration is observed -w:ith· many solids (glasses as well as crystals),· 
phosphor~scence lasting many hours, and even days, after the end of 
tp~ excitation seems to be· a specific property of crystal phosphors 
"a~tivated" by· impUrities. 

97. Energy Transfer from the Absorbing to the Emitting Mecha­
nism. In the iSolated complex .molecules of a vapor., radiant energy 
can be absorbed in one part of a molecule and pass into another 
part the characteristic fluorescence of which is subsequently emitted. 
If collisions occur, the electronic. enet'gy' of an excited l:llOlecule can be 
transferred to the colliding molecule with subsequent emission of 
"sensitized fluorescence." Similar processes inay take place in con-

.. * Many organic ~ompounds are ~mninescent in the crystalline state, and 
'so are uranyl salts and the platinous cyanides, but in these cases the cry~talline 
form is not an essential condition for the occurrence of luminescence. 
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densed.systems. The first type is observed at its best with certain 
complex rare-earth salts in liquid solutions. 

The excitation and fluorescence spectra of crystalline or dissolved 
inorganic europium salts (nitrates, sulfates, etc:) are confined to 
several groups of narrow lines, ·aiJ.d the fluorescence intensity which 
can be attained is weak. Organic salts of europium, such as the salicyl­
aldehyde or the benzoyl acetonate, have strong continuous absorption 
bands between 3200 and 4400A, and the characteristic europium line­
fluorescence is excited with great intensity if the salt is irradiated with 
light of any wavelength between these limits .. It is certain that the 
broad absorption bands which appear also·m the absorption spectra of 
the organic compounds containing no rare earth are not connected 
with an electronic transition within the europium ion. The excitation 
of the internal electronic system of Eu +++is caused by light absorption 
in another part of the complex molecule. The efficiency of the energy 
transfer seems to depend a great deal upon the nature of the bond 
between the rare-earth ion and the absorbing radic~l. It is best in the 
purely covalent, benzene-soluble benzoyl acetonate, less good in the 
pi~rate, and completely missing in europium cyanoplatinite crystals 
with their purely ionic bonds (r8r6). 

Probability of the energy transfer must also depend, however, on 
still other conditions, for the same compounds which provide the 
strongest europium fluorescence are quite inefficient with terbium. On 
the other hand, the green terbium line-fluorescence is excited with 
great brilliancy by .light absorption in the u.v. bands of terbium 
acetoacetanilide, while the corresponding europium compound is very 
slightly fluorescent. 

The converse ·effect has been obtained . by Tomaschek. The 
excitation of the blue-violet fluorescence characteristic of organic 
acid~ by the Mg-lines at 3130A is greatly enhanced ill the gadolinium 
salts of . these acids (for instance, gadolinium salicylate) which in 
addition to the norma.l absorption bands of the acids show the . 

·typical absorption lines of the. trivalent gadolinilllll ion in the vicinity 
of 3130A (Section 140). The violet fluorescence of the. eu~opium salts 
of the same organic acids is only very slightly excited by the Hg-lines 
at 3130A, while the fluorescence of the gadolinium and of the 
europium salts is excited with equal rather low intensity by the Hg­
lines at 3650A which are not selectively absorbed by either of the 
rare-earth ions (r698c). 

W:P.ile the phe11omena described in the last paragraphs may be 
designated as internally sensitized fluorescence; the experimental 

·. 
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p,roofs for the occurrence of externally sensitized fluorescence in 
liquid solutions are rather unconvincing. 

In crystals still other means of energy transfer from an absorbing 
to an emitting center must be taken under consider.ation: "internal 
photoelectric effect''and ''exciton migration. ' 'Thesemight be regarded 
as belonging to the category of energy transfer within a complex. 
molecule, insofar as a crystal can be treated as a huge polyatomic 
molecule. In the first instance, an electron is completely detached by 
light absorption from its normal location and, transporting a certain 
amount of energy, it travels across the crystal lattice until it excites 
light emission at another point with:iri the crystal. Exciton migration 
is a pU:rely quantum-mechanieal resonance phenomenon ; in a certain 
way-it is similar to the diffusion ot a resonance light quantum il» the 
"imprisoned radiation" of mercury vapor. However,' the total time 
during which the photon remains within the vapor as imprisoned 
radiation is the ' sum of the individual lifetimes of the single excited 
atoms, while, in a crystal; the total lifetime corresponding to exciton 
migration b~comes shorter in the same ratio as the number of identical 
crystal elements which take part in the resonance process becomes 
larger. The excitation energy does not belong to an individual element 
at any moment, but simultaneously to- all of them ; the probability of 
emission increases correspondingly, and if the crystal is homogeneous 

· it is not possible· to _determine whether the absorbing and the emitting 
centers ate the same or not. If the crystal contains an impurity with a 
characteristic emission band· of its own, lig~t absorption may be due 
to the base la,ttice, through which the energy travels as an e:x:citon 
until it reaches the impurity center where, finally, the radiation is 
emitted. 

Both phenomena·are of special impartance for crystal phosphors. 
As these differ in many respects from other·classes oflumin·escent liq­
uids and solids,· it seems advisab~e to treat t~eir' propert-ies separately. 
Bu:t photoconduCtivity and exciton · migration can also occur in 
luminescent crystals · whiCh do not belong to the class of "crystal 

:phosphors" and, thus, they should be mentioned here (I43b,428,r8o]). 
· Leav4lg the crystal phosphors aside, the properties more or less 

common to all oth,er photoluminescent solids and liquids are collected 
. in the following sections, while in later chapters the principal classes 

of fluorescent substances ate treated. This division of the material, 
although leading to some repetition or ,oveil~pping, seems to be the 
best wp,y by which a more genera] understanding of the phenomena· 
can be attained. The crystalphosphorsaredealtwithin the last chapter. 

. . 
l.. ' .,...._ _ _ 
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B. ·Course of the Emission Process 

98. Fluorescence and Phosphorescence. It has already been men­
tioned in the introductory chapter that, in the present state· of 
knowledge and experimental technique, the duration of the emission 
process does not supply an unequivocal method of distinctiqn between 
fluorescence and ph<?sphorescence. J Becquerel held the opinion that 
no essential difference really existed between the two kinds of photo­
luminescence, and that there was a continuous transition from the 
first to the second. As we know now, the situation is complicated by 
the fact that typical fluorescence is not inconsistent with a relatively 
lorig.afterglow. For phenomena of this kind, F. Perrin introduced the 
term "fluorescence of long duration," which, for the sake of brevity, 
will be replaced here by "slow fluorescence" (A,;l.72,I22I). 

An instance in which all possible 1uininescence processes can be 
. observed and which corresponds to the energy-1evel diagram of Figure 

1 is provided by mercury vapor which is excited, at room temperature 
and in the presence of nitrogen, by the absorptionoftheresonanceline 
2537A. Some of the excited atoms re-emit the line as fluores~ence 
within the normal lifetime· (10-~ sec) of the state·63 P1 ; other atoms are 
transferred by collisions with hitrogen molecules ip.to the metastable 
state 63 P0 . Some of these emit the forbidden li'ne 26.55A and. thus 
return to the ground state by a relatively improbable transition which 

• has a much longer decay period and must be designated as slow 
fluorescence. Other 63 P 0-a toms are· brought back to the . 3 P 1-sta te by 
collisions with nitrogen molecules of sufficient energy, and the firtal 
process is, on~e more, emission of the resonance line. The ·duration of 
this afterglow depends primarily on the frequency of collisions with 
sufficient energy (in other words, on the temperature) and.is a typical 
phosphorescence.. · · 

For the complex molecules which ·have to be considered in these 
paragraphs, the energy levels and the corresponding transition proba­
bilities are almost never as well knoWil.as they are in the example qf . 
the mercury atom. Nevertheless, it is possible also to give here general 
criteria for the discrimination between fluorescence and ·phosphores­
cence. Bec.querel's hypothesis seemed, at first, to be corroborated by 
an experimental result. Wiedemann and Schmidt found that while 
liquid dye solutions showed only fluorescence with no measurable 
afterglow, a phosphorescence could be observed and its duratio~ could 
be increased if the viscosity of the solution was increased by the 

.. 
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addition of gelatin (I454,I8JS). A similar afterglow could be observed 
when the dye was dissolved in various sollds such as sugar, benzoic 

·acid, albumen, etc. Later, however, Vavilov and Levshin proved that 
there was no gradual increase oL the duration of luminescence but 
that in the solid .solutions the fluorescence retained the same short 
lifetime, of the order of magnitude of 5 · IQ-9 sec, and that a second 
pr~cess of much longer lifetime was superimp~s don this fluorescence 
· (I766). Boudin was the fir~t to observe a ph sphorescence lasting 
about 1 Q-3 sec in a diluted eosin solution .in glycerol free of oxygen 
which was placed in a Becquerel phosphoroscope. K.autsky obtained 
similar results with aqueous and alcoholic solutions of eosin, erythrosin, 
rose bengal~, phloxin, and porphyrin;, the relatively strong afterglow 
of chlorophyll could be observed only when the dye was dissolved in 
pure isoamylamjne (IJ6,469,750,I453,I454) . . 

In .every one of these cases the · fluorescenc~ and the phosphor­
escence are excited by light of the same wavelength and their emission 
spe<;tra are identical:. the light absorption leads to, and the emission 
·starts from, the same excited level. It is obviou,-:: that the relatively 
·stable stat~ to which some of the excited molecules are transferred and 
which causes the appearance of phosphorescence is-charaCteristic of 
the mole<;:ule itself; ·the phosphorescence is weak or completely miss- · 
ing· ·.in liqujd solutions only because the probability of some sort of 
quenching process is much greater in this case. · When phosphor­
escence occurs, the intensity of the luminescence drops to a much 
lower level at the moment when the primary radiation is cut off; from 
there on, it decays continuously to zero. · 

If an afterglow can be observed in a phosphoroscope or . even 
without such :an instrument, and if the intensity . curve shows no 
dis~ontinuous break immediately after the end of the -excitation, the 
afterglow is not phosphorescence but a slow fluorescence [corre­
sponding to the emission o'Cthe forbidden line by the Hg (63 P 0)­

atoms]. If this afterglow lasts only a few thousandths· of a second or 
less, the bands Gorresponding to the same electronic transition are 
observable also in the absorption spectrum; and the slow fluorescence 
can be excited· "directly" by light absorption in these bands (272 
I2I8,I227,I7Q7). . 

· Many organic substances can be excited to emit a slow fluo­
rescence' diff~rent in color from their normal fluorescence and lasting 
several seconds. In general no band corresponding to the · forbidden 

· electronic transition which produces .this slow fluorescence is found in 
the absorption spectrum; emission is excited by light absorption in 
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the normal.absorption bands of the substance, exactly as emission 
of the forbidden Hg-line is excited by absorption of the mercury 
resonance line and a subsequent transferoftheatoms to the metastable 
state: it is an "indirectly excited" slow fluorescence. It has already 
been stated that the visible slow fluorescence. of Eu+++ and Tb+++ 
which can be excited directly is excited indirectly, with much greater 
intensity, in certain complex organic compounds (I8I6). 

The long lifetin;tes of the states M from which phosphorescence 
and indirectly excited slow fluorescence originate need not be due [as 
in the case of Hg(63 P 0) ], or at least may not be due exclusively, to 
electronic selection rules according to which certain transitions are 
forbidden or, rather, extremely improbable. Existence of longlived high­
energy modifications of polyatomic molecules can also be explained 
by applying the Franck-Condon principle and by assuming that the 

· atomic nuclei have '!n equilibrium configuration in state M which d~es· 
not cdrrespond to any configuration occurring in the electronic ground 
state. Under these conditions, a radiating spontaneous transition · 
'from M to N has an exceedingly small probability. Franck and 
Livingston, therefore, call the state M a tautomeric modification of 
the molecule. With a 'less specific designation, which may be applied. 
also to the analogous phenomenon in crystal phosphors all states 
which owe their long life to the Franck-Condon principle will be 
classified as "qua::;i-stable," in contradistinction to those which are 

· "metastable" because of an electronic selection rule (424). 
The duration of a fluorescence process is essentially independent 

of external conditions insofar as this duration is dete.rmined by internal 
transition probabilities. If the mean life To of an excited state is short­
ened by a quenching process which might depend on the temperature 
this is, according to Equation (8), (compare Section 4, page 6) always 
accompanied ' by a proportional decrease in the total luminescence 
yield. Apart from such. secondary effects, the temperature has no 
influence on the duration. of fluorescence. As. a matter of fact the after­
glow of the uranyl salts or of the slow fluorescence bands of dyestuffs 
is very nearly the sarrie at room temperature as at liquid-air tempera...: 
ture (927a,r227,I302). On the other hand, it follows from the energy­
level diagram of Figure 1 that the duration of a real phosphorescence is 
fundamentally a function of temperature, since the energy deficiency 
F- M, = c must .be provided by thermal fluctuations. The lower 
the temperature, the longer is the average time interval elapsing 
before the necessary energy is supplied toM. Below a certain tempera­
ture the retur:r:t from M to F will practically not occur at all, while the 

\ 
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passage from N to F by light absorption and the transition from F 
to M is not-impeded. 

Thus, the phosphorescence is excited and "frozen in." If the 
temperature is subsequently raised, the absorbed energy is set free 
and re-emitted without new excitation as a brilliant flash. This phe­
nomenon was discovered by Dewar when he immersed barium: 
cyanoplatinite* in liquid air (283). Even if the ·platinite is kept after 
excitation in the dark at-low temperature for an hour or more, a bright 
light emission takes place when the liquid air is removed. Similar 
phenomena occur in the phospho_rescence of solid dye solutions, though 
with smaller efficiency. The most. brilliant examples of "frozen-in" 
phosphorescence are found in certain crystal phosphors. All so-called 
thermoluminescence is nothing but phosphorescence which akeady 
is frozen in at room temperature. 

99. Decay Curves. All emi~sion processes treated in this chapter, 
normal and slow fluorescence as well as phosphorescence, are mono­
molecular (first-order) processes. Hence, according to theoretical 
expectation, their decay curves should all be simple exponentials:. 

(60) 

From fluorometric ·measurements and other more indirect methods, 
the fluorescence of liquid dye solutions is known to have a lifetime 
usually not exceeding 5 · IQ-9 sec. The shape of the decay curve during 
so short a period hasnot yet been determined by direct experiments. 
However, the assumption of an exponential decay of the fluorescence 
of dye solutions is supported by the fact .that calculations based on 
th1s· hypothesis yield identicaL values for the lifetimes of excited dye 
molecules when .widely differing shutter frequencies are used for ob­
taining the . fluorometer curves, from which the T-values a_re ·derived 
(compare. Figure :4) (r623). Another result of :fluorometric measure-

: ments, which was obtained by Cram and later confumed by Thumer­
man, must be mentioned in this connection. Fluorometer curves 
corresponding to the fluorescence of various dye solutions at low 
temperatures could be ·interpreted only by supposing that a dark 
interval of the order of magnitude of I o-7 sec occurred between th,e 
end. at" the excitation and the oeginnirig of the emission, while the 
latter proceeded from there on with the noFma:lidecay period of 5. Io-~ 
sec (243,I7og). The interpretation of several earlier experiments which • 
seemed to prove the existence of a dark interval between the end 

* At room temperature, this compound shows only a short-lived. fl.uo­
~-

rescence. 

\ 
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of the excitation and the beginning of the emission in fluorescing 
solutions were based on erroneous assumptions concerning the methods 
used in these experiments (464,525,638,I884). Cram's and Thumer­
man's papers do not seem to contain any fallacies of this kind; but 
no theoretical interpretation of their unexpected results has been 
found so far (Compare Section 78). 

For slower fluorescence processes a direct observation of the decay 
is possible and, in all cases in which measurements were made, the 
results were in satisfactory agreement with an exponential decay. 

Nichols and Merritt, t~ whom we are indebted foF much important 
research on· the fluorescence of uranyl salts, were of. the opinion that 
this luminescence originated from a bimolecular reaction and that its 
intensity after the end of the ·excitation should, therefore, be repre­
sented as a function of time by an equation of the type: 

I= Ct-'-2 • (61) 

From their experiments they derived for every uranyl salt several (in 
most instances, three) different values of the constant C for different 
intervals of ,time t, and so th~ curve representing J~! as a function of t 

. was a broken line consisting of thre~ straight branches (Figure 95). 

0.002 sec 

Fig. 95. Decay of fluorescence of 
uranyl salts at intensities of the 
exciting radiation varying from 
2.8 to 51.0 (in arbitrary· units) 

(Nichols and Merritt). · 
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Fig. 96. The values of Figure 95 
in a plot of log !versus t [Vavilov 

and Levshin (r767)]. 

Vavilov and Levshin showed, _however, that all results published by 
Nichols and Merritt, as well as a great number of new observations 9f 

.. 
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their own, were represented without exception as straight lines on log I 
versus tdiagrams, in accordance with-Equation (60) (Figure 96) (H,IIIJ, 
III6,I767). 

The same has been proved by various authors for the phosphor­
escence and for the slow fluorescence of solid dyestuff. solutions, 
platinum cyanides, canary glass, and other luminescent compounds 
with values~ of r larger than 10--'.i --~r----.---.-----. . 2.Q 1 

sec (Figure 97). Minor deviations 
from · strictly logarithmic decay. 
curves which were occasionally ob- '-\---T------11----+---+--- I 1,5 I 

served probably tan be ascribed to 
, secondary effects (459!,9I5,927a, · 

9JO,IJ02;I428,I772). . '' '-.. 1.0 t-'---\------'\:--_u,.,<d-------l---1 
For instance, if, in a sqlid ~ 

solution with a luminescence yield 
less than 100 .01

0 , the solvent mole-. 
/C .0.5r---rr-~~r---~~~~ 

cules surrounding the individual 
molecules of thelumiirescentcom­
pound do not have identical 
configurations, the excited rriole­
cu1es may have unequal proba­
bilities Of transferring their ~xci­
tation energy, to the solvent. 
Thus they would have slightly 
different mean life. times and the 
decay curve would corresp.on~ 
to the superposition of numerous 

2 3 ' sec. 

'Fig. 97. Decay o~ the luminescence 
of trypafta vine adsorbed on silica 

.gel .(P,ringsheim and Vogels), · 
a: green phosphorescence at 
+ 39° C. b: the Sa11J.e at -18°. 
c: orange slow fluorescence 

at -180° C. 

e.xponentials with slightly different exponents. 
· As mentioned in the foregoing section, the.coe;fficient a in Equa­

tion (60) is a function of temperature for phosphorescence· processes. 
In the first approximation .the relation ·between a and the absolute 
temperature T is also exponential: · 

· a = se-e/kT or log a = b + c · T-1 (62) 

where 8 = · F- M or the heat ·of activation of the phosphorescence­
process. s is nearly constant but varies slightly with the temperature; 
it determines the probability with which the process occurs when the 
energy 8 is ptovided by thermal fluctuations. 

The decay of a simple band whether fluorescence or phosphores­
cence, is always un~form for all parts ofthe band. This has been proved by 
direct observation for the slow fluorescence of uranyl salts and rare-

I 
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earth ions, and for .the fluorescence and phosphorescence ·of dyes in 
solid solutions; it has been proved by indirect methods for the short .. 
lived fluorescence of liquid dye solutions. In every instance where the 
color of the luminescence varies during the period <,>f the afterglow, 
it could be.shown that two emission bands of different spectral com­
position and wit;h different lifetimes were superimposed. An example is 
the green phosphorescence band and the yellow band of slow fluo:­
rescence emitted by trypaflavine in solid solution at __:_ 40° C (927a, 
I]02). 

Any light emission which is excited by light absorption must 
have a certain period of growth or "induction" corresponding inversely 
to the decay period. With a long-lasting constant .irradiation the , 

.luminescence reaches a limiting or equilibrium value 10 when the num­
ber of molecules excite~ per second by light absorption is equal to the 
number deactivated by emission: 

dnjdt =A- an0 = 0; 10 • an0 ·A; a · 1/r:0 (63) 

Absorbed energy A and emitted energy I are measured in quantum J 
units, and no quenching processes of any kind are assumed to exist in 
this simple treatment. 

In analogy to the mean lifetime r 0 at the end of which the inten­
sity has dropped -from 10 to I= e~110 after the termination of the 
exCitation, the mean induction period {} can be defin_ed as the time 
elapsed from the beginning of the excitation 1.1-ntil the luminescence 
has attained the intensity: 

I = (1 - 1/e)I0 . · (64a) 

If the luminescence is due to the same electronic transition as the 
absorption and both have the same transition probability (an assump­
tion which is valid for practically all din~ctiy excited · fluorescence 
processes), r 0 and{} are equal, irrespective of the absolute value·of r 0 • 

This follows from the integration of Equation (63) for dnjdt > 0: 

· n = n 0 ( 1 -----:- e-t/T) for t = -r0 = {} .. (64b) 

If, on the other hand, the duration of the luminescence depends par­
tially on transition probabilities which have no influence o.n the ab'­
sorption process, as in phoSphorescence and indirectly excited slow 
fluorescence, the mean induction period can never be lon'ger than the 
mean decay period, but it can be much shorter. Under these conditi~ns, 
r 0 and{} are no longer connected by' a definite relatjon. Temperature 
determines the duration of phosphorescence because it determines the 
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transition probability 'froin M to F, but, it has rio influence on 'the 
.abs<?rption ·process. If the· intensity of the exciting ·irradiation is kept 
constant, a decrease in temperature increases the number of 1UOlecules 
which remain in the qu~i-stable state; eventually, practically all 
mole·cules have been transferred into this state when equilibrium is 
reached. The phosphor is then "fully excited" or "saturated." Greater 
intensity of the exciting light produces saturation within a 'shorter 
time, while this leaves the decay period o~ the phosphorescence un­
altered. Similar considerations are valid for in~irectly excited slow 
fluorescence. 

· The existence of an induction period was :discovered by Becquerel 
in luminescence processes which ~re now classified as slow fluorescence. 
Th phenomenon is asily observed in the slow fluorescence of organic 
compounds at low t mperatures (for instance, Kowalski's "progressive 
phosphorescenc ''; compare Section 136) and in the phosphorescence 
of many crystal phosphors (8rs). 

100. Luminescence Intensity and "Light Sum" L. Under the 
conditions stated in the last section, according to which the periods of 
growth and decay of luminescence are equal, the relative number of 
excited molecules always remains small compared to the total number 
of unexcited molecules, even if the primary radiation has a very high 
intensity. Therefore, the fl.uorescencejntensity is stdctly proportional 
to the int~nsity of the exciting light over the widest obtainable range 
(s&a). This is· no longer true if, in the course of a phosphorescen 
exCitation process, a relatively great numb r of mole<.;ules is trans­
ferred i:nto a quasi-stable state M. Under tb.ese conditions; the phos­
phorescence intensity reached at the end of th excitation process 
tends toward its saturation value Im. A further increase of the primary 

. I 

intensity has no appreciab~e influence on this value. Figur.e '98 shows· 
the phosphorescence intensity of fluorescein dissolved in vitrified boric 
acid at 18o· C as a function of the strength of the primary radiati9n: if 
the intensity of the exciting light is reduced to one.:half ofits maximum 
value, the phosphorescence decreases by only about 12%. Similar 
curves were obtained for the slow fluorescence of the same solid 
solution at- 185o C (930). 

For any kind of fluorescence, regardless of its duration and its 
. mode of excitation, the intensity of the secondary·radiation is a direct 
measure of the number of excited molecules present at the moment of 
observation, according to Equation (63), in which constant a depends 
only on the nature of the luminescent molecule·. On the other hand, the 
intensity of a phosphorescence can be very small or even zero at the 

\ 
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end of the excitation periQd in a fully excited phosphor. Hence, the 
number of excited molecules present at a given moment .is no ·Ionger 
proportio.nal to the actual intensity of luminescence but to the total 
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Fig. 98. Intensity of the phosphorescence of 
fluorescein in boric . acid as a function of the 
exciting radiation at 18° C (Lewis, Lipkins, 

and Magel). · 

number of light .quanta the substance is still able to, emit without new 
excitation, or to the '"light sum" L stored in the phosphor: 

00. 00 

L 1 = J I dt or I =-'--' dLfdt and L 0 = 10 J e-cddt = 107: . (65) 
t 0 . 

If a simple exponential decay is assumed for I, Lis also an exponential: 

(66) 

If 7' is known, 10 and L0 can be derived from the measurement of I 
'at any given moment after the end of the excitation. As long as 7' 

is constant, 10 and L 0 are proportional to I at any given timet, and in 
order to find, for instance, the relative <;:hange of 10 or L 0 with varying 
intensities of the primary' light it is sufficient always to measure I at 
the same time tafter the end of excitation under the varying conditions 
of irradiation . 

. If the intensity of the primary radiation is far below the saturation 
'value,* 10 is equal to A [Equation (63)] as soon as the equilibrium 
state is reached and according to Equation (65) the light sum or the 
tot:al energy stored in ,a phosphor at a given intensity of primary 
radiation increases proport~onally with T: If experimental results 

* This . condition is ful.fiiled in almost all cases of afterg~ow not exceeding 
a few seconds. 
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disagree with this conclusion, some kind of quenching process must 
compete with the luminescence emission. In the other limiting case, 
when saturation is reached either because the exciting radiatio.n is 
extremely stron·g or because the lifetime Tis very long, L 0 has always 
the same value at the end of the excitation period, while / 0 decreases 
with increasing T---:- for instance, when the temperature is lowered. 

In a saturated phosphor, L 0 is proportional to the total yield Q 
even in the presence of some quenching process, while / 0, being a 
function ofT, is not directly connected with Q-. If, on the other hand, 
the phosphor is far from being saturated, 1; is proportiona] to Q, 
regardless of the value of T, while L 0 would increase with an increase 
of T according to Equation (66). (In the case of saturation, / 0 would 
decrease with decreasing temperature at a constant value of Q; far 
below saturation, the luminescence intensity is always 10 = QA after 
equilibrium is reached). 

C. Emission, Absorption, and Excitation Spectra 

101. Band Width, Stokes' Law, and the Franck-Condon Principle. 
The energy levels of a luminescent molecule are influenced• in two 
different ways by the continuous and fluctuating interaction with the 
surrounding medium. Under this influence the energy of a level is not 
sharply determined, but var.ies at every instant for differently located 
molecules and varies with time for every individual molecule. The 
broadening of the energy levels is due to the electronic rather than to 
the vibrational part of the total energy, since the Raman lines due to 
intramolecular vibrations are near]y as narrow in liquids as in vapors. 
Equally sharp fluorescence lines .are very infrequent in condensed 
media; they occur exclusively in crystals at low temperatures. As a 
second consequence of the continuous energy exchange with the sur­
roup.ding medium, no vibrational energy transferred to a molecule by 
the absorption process can be retained· by the molecule during the 
period elapsing before the re-emission takes plcice. Therefore, the 
emission process always originates from one of the lowest vibrational 
levels of the excited molecule. · 

Lenard was probably the first to ascribe the great width of the 
bands in the emission spectra of crys~al phosphors to the fluctuation 
of the molecular fie]ds. The problem of the band width and of the 
spectral displacement of the fluorescence bands with respect _to the 
absorptio:n bands has been treated by Jablonski on the basis of the 
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