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The term luminescence is aormally applied to light emission that is not

explainable by the mechanisms discussed by the other speakers in this

meeting. Specifically, it is not transition radiation, surface plasmon

radiation, or bremsstrahlung. One •normally thinks of luminescence as

arising from one-electron transitions within a medium.

This talk consists of an overview of luminescence from condensed

matter under irradiation by either energetic particles or photons. I

begin with organic molecules, where luminescence is best understood, and

then discuss inorganic insulators and metals.

Finally, the dependence of yield upon projectile species and

velocity is discussed, and predictions are made concerning the relative

effectiveness of electrons, protons, and hydrogen atoms in exciting

luminescence.

Organic Molecules

Organic molecules commonly have their lowest electronic level

arranged in the order given in Fig. 1. The first triplet, T , lies

lower in energy than the first singlet, S . There can be one or more

additional triplets below S , as in napthalene, quinoline, isoquinoline,
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quinoxaline, benzaldehyde, and acetophenone.
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Fig. 1. Electronic energy levels, and
energy relaxation paths in organic molecules.
Tl-ie straight and wavy axrowE represent radiative
and no.-.radiativc transitions, respectively.

Higher singlets excited by absorption of ultraviolet light relax to

S without emitting photons, as indicated in Fig. 1, where wavy lines

denote radiationless transitions. From S., as the figure shows,

alternate pathways to the ground state exist. Luminescence is

3
predominantly from the lowest excited singlet, S , and the lowest

triplet, T . This is because, as discussed below, radiationless

processes within the singlet and triplet manifolds down to S and T are

normally completed in much less than a radiative lifetime. However,

because of the longer energy gaps, S -> S and T •* S nonradiative

transitions are slower, allowing radiative processes to become

competitive.

Since they are in competition with light emission, the radiation-

free processes clearly must be understood in order to interpret

luminescence. Figure 2 illustrates two mechanisms for radiationless

transitions between electronic states. The Born-Oppenheimer separation



of nuclear and electronic degrees of freedom is employed. Thus the

potential energy for nuclear motion is assumed to be the sum of the

electronic energy (for a given electronic state) and the internuclear

coulombic repulsion.

Fig. 2. Two mschanisir.E for radiationless
transitions betweer, ele-tronic states of molecules.
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The figure shows potential energies as functions of internuclear

distance R. Of course, for polyatomic molecules there are many

internuclear coordinates and the potential energies should be

represented by surfaces in a multidimensional space. In the first case

shown (Fig. 2a), the potential energy surfaces for two electronic states

cross, in some approximation, but the crossing is avoided when the

complete Hamiltonian is employed. Molecules in the higher electronic



state (i.e., in the right-hand minimum of the figure) may make the

transition to the lower electronic state by crossing over the barrier,

if they possess sufficient vibrational energy. If the barrier height,

E,., is several kT or less, the rate is proportional to exp(-En/kT).B o

Once the barrier is crossed, the molecule finds itself in the lower

electronic state, with a large amount of vibrational energy in one, or a

few, degrees of freedom. This energy is shared with other vibrational

modes within about a picosecond, and then passes into the host medium.

The mechanism discussed above requires the potential surfaces to

cross in the neighborhood of the upper minimum. A more common situation

is that depicted in Fig. 2b, where the surfaces either do not cross, or

cross at energies above the thermal range. In this case, the

radiationless transition to the lower state is still possible, although

with a greatly reduced rate constant. The process may be thought of in

terms of tunneling from the upper surface to the lower one. Energy

being conserved, the energy gap AE between the minima of the two

surfaces appears as vibrational energy when the transition is completed.

The rate constant for the transition is a sensitive function of the
4

energy gap, go:,* £ ?s exp(-a AE) where a is a proportionality constant.

This energy gap law is attributable to the Franck-Condon factor, which

decreases exponentially with increasing energy separation.

Experimentally, internal conversion competes favorably with

radiation or intersystem crossing when the gap between the pair of

states involved is less than about 2 eV, but the opposite is true for

gaps greater than about 3 eV (unless a suitable avoided crossing is

available for the transition). This is of course why luminescence is

normally observed from only S. and T .



Chem ca reactions sometimes compete with luminescence from excited

electronic states. Usually it is mainly the S and T states that are

involved. Often, these photochemical reactions proceed via avoided

crossings between reactant and product potential energy surfaces.

Inorganic Insulators

In this section, we consider luminescence from insulating inorganic

crystals, under bombardment by energetic charged particles. In the

primary events, electrons are promoted from the (filled) valence bands

to the (normally empty) conduction bands. These electrons then relax by

a sequence of nonradiative transitions, until they reach the bottom of

lowest conduction band. In this stage of the relaxation, only small

gaps (if any) have to be traversed. Therefore, by analogy to organic

molecule photophysics, we would in general expect a vast majority of the

excited electrons to reach the upper edge of the band gap before

radiation could take place. At the same time, the holes are rising to

the lower edge of the band gap.

The subsequent events, after the electrons and holes have reached

the band edges, are controlled by states that lie within the band gap.

To be specific, we restrict further discussion to the alkali halides,

which offer the most-studied and best-understood examples of
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luminescence in pure crystals. ' The important processes are depicted

in Fig. 3. The (screened) coulombic attraction between individual

electrons and holes gives rise to discrete states, the exciton states,

some of which lie within the band gap. At liquid He temperature, in

some of the alkali halides (e.g. NaCl), the system relaxes to the lowest

exciton state and then luminesces, giving a yield of 0.1 to 1 photon per



e-h pair. However, at room temperature, the radiative yield is lower by

more than two orders of magnitude. This is understood to be due to the

thermally-activated conversion of excitons to pairs of point defects (F

and H centers).

Fig. 3. Electron-hole recombination, via
excitons, in pure ionic crystals.

Metals
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In 1969, Mooradian reported photon emission from Cu excited with

blue light and attributed it to radiative electron-hole recombination.

This was a surprising observation. Since there is no significant band

gap anywhere above the valence bands in a metal, the arguments of the

preceding sections imply that radiation-free transitions should relax

the electronic system within a very small fraction of a radiative

lifetime. However, Mooradian1s experimental estimate of the quantum

yield, 10 , is small enough to be consistent with the picture

presented above.

In the absence of a gap, it is not obvious what states are

responsible for the emitted light. Mooradian assigned the emission to



transitions from the conduction band, near the Fermi level, down to

holes (produced by the exciting light) in the second d band (Fig. 4).
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Fig. 4. Suggested mechanism for Cu luminescence?
(Ref. 9). The curve is the conduction band, and the
shaded areas represent the d bands.

Quite a few studies of luminescence from metals under irradiation

by electrons and ions have been reported since Mooradian's paper.

Although mechanisms are not established, it is clear that irradiated

metals do yield emissions not attributable to transition radiation,

bremsstrahlung, surface plasmons, or adsorbate luminescence.

In interpreting luminescence it seems important to us that the

spectral distribution observed for luminescence of a metal does not

necessarily resemble the spectrum of photons initially emitted from

within the medium. This is because of absorption within the medium and

reflection at the surface. Consider a semi-infinite metallic medium in

x < 0 and a vacuum in x > 0. Let light rays originate from the plane

x = -Si and for simplicity, consider only those rays moving directly

toward the surface (i.e., parallel to the surface normal). The

intensity outside the metal in this case is related to the original

intensity by the factor f(£),



- R)

where p is the absorption coefficient, and R is the reflection

coefficient of the interface for normal incidence. (It follows from

Maxwell's equations that R has the same value for reflection of light

normally incident on the surface from within a medium as from without.)

More generally, if the creation of flux of light (in the normal

direction) is distributed over x < 0 according to dl/dx (x), the flux

1(0 ) leaving the surface along the normal is given by

K0+) = J g(x) f(x) dx,
—00

for a sufficiently thick sample. In the case of irradiation by

projectiles of range greater than î , dl/dx may be taken outside the

integral with the result that

+ j£ • (l)

The factor (1 - R)/p for copper is plotted as a function of

photon energy in Fig. 5. The shape of the curve is determined mostly by

1 - R in this case, as p is roughly constant (within ±25%) in this

photon energy range, while 1 - R varies by a factor of 30.

The highest resolution determination of the Cu luminescence
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spectrum is that of Pop and coworkers, who used 10-1000 eV electrons.

The experimental spectrum is strikingly similar to Fig. 5 both in

general shape and in detailed features, except that it falls off above

4 eV more rapidly than Fig. 5 and continues to decrease out to 6 eV.

Thus, the form of the observed luminexcence spectrum from Cu is largely
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Fig. 5. The factor (2-R)/l-'by which the luminescence spectrum

of Cu is affected by absorption and reflection.

determined by (wavelength-dependent) absorption within the medium and

reflection at the surface, especially by the latter.

Projectile Dependence

It is of interest to compare expected luminescence yields from H

bombardment with those from p and e projectiles. This is particularly

interesting for swift projectiles striking either an opaque target or a

thin film, where the velocity may be high enough that the mean free path

for ionization of H is comparable to or greater than the escape depth of

light.

One expects the amount of luminescence set off by an energetic

bombarding particle to be approximately proportional to the amount of

electronic energy deposited within an escape depth [i of the surface.

Therefore, it suffices for our purpose to compare energy deposition

rates dE/dx for projectiles of interest.



For projectile velocities nucb higher than those of the majority of

target electrons, the imaginary part of the dielectric response function

of the target may be approximated by a single pole at

9
K 2,

where -fitu is the energy deposited in the medium when momentum 4lK is

transferred from the projectile, and I is the mean ionization
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potential. Then the energy deposition rate dE/dx is given, in first

order, by

4nN Z max

iF 1
^ min

We point out that for p or e projectiles, the sum over all states j of

the scattering factors |F.(K)[ is unity, whereas for H atoms this sum

ranges from 0 to 2 as a function of K. Further details of the

derivation and of the approximate evaluation of the sum over states will

be discussed elsewhere.

Numerical evaluations of Eq. (2) for an Al target give the results

shown in Fig. 6. Note that dE/dx is somewhat higher for H than for p

of e over the range of velocities covered, 6.3 v to 63 v . This

implies that at these velocities, H projectiles should be somewhat more

effective than p or e in generating luminescence from opaque targets

or thin films.

Since first-order perturbation theory is used, the above result

pertains only to light emitted from within a distance A. of the surface,

where \ is the mean free path for excitation or ionization of H. At the
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Fig. 6. Energy deposition.rate in Al t for three different
projectile species, versus their energy-to-mass ratio.

opposite extreme, depths » A, there exist separated p+-e" pairs instead

of incident atoms. Therefore, energetic atom bombardment of thick

transparent media should produce as much luminescence as the sum of that

produced by the same flux of protons and of electrons, at the same

velocity.

Discussion

Three points deserve emphasis:

First, absorption within the medium and reflection at the surface

should be taken into account when interpreting luminescence. This has

_ COPY

previously been noted in the case of breiasstrahlung. 14

Second, H projectiles should induce somewhat more luminescence

from opaque materials or thin films than either p + or e" at the same

(high) velocity.



Finally, for most solids, the mechanisms of luminescence are

unknown. There is plenty of scope for further research.
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