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ABSTRACT.

In this paper have been reported the luminescence spectra of Naphthalene, Anthracene, Diphenyl, Phenan-
threne and B-Naphthylamine under X-ray excitation. The results obtained have been compared with those
obtained by ultra.violet excitation and a discussion in the light of the zone theory of solid has been given.
It has been found that some of the characteristics of absorption and fluorescence spectra in the gaseous state
are retained in the spectrum in this case too. Besides other differences, the spectrum by ultra-violet excitation
generally shows more fine structures than in the case of X-ray excitation.

A large amount of work has been done from time to time on the problems of fluorescence
and phosphorescence by different workers. Luminescence is a general name for both the
processes. But most of the work was done with substances which fluoresce in solution. This
is 80 because the problem of the day was to study the phenomenon of luminescence and not
the solid state. It is only recently that this aspect of the problem has attracted the notice of
a number of workers. In recent years luminescent solids have risen to considerable importance
and this has given fresh impetus to researches on the nature and properties of these materials ;
further facts relating to them are continually being added to those discovered in the extensive
early works of Lenard (1928) and his school. Brillouin (1930), Wigner, and Seitz (1934), and
other workers have been developing at the same time a unified theory of the properties of solid
matter in general, based upon modern quantum theory and wave mechanical conceptions.
The first application of this theory has been made in other and simpler fields, because of the
complexity of the phenomenon of the luminescence. Further, now that the general applicability
of the theory may be considered as established, to attempt a general and quantitative application
of the zone theory to the phenomenon of luminescence is desirahble,

Tn the zone theory a solid is considered as a perfect lattice. The significant difference of
the theory from earlier theories lies in the fact that it considers the valence electrons of the
eomponent atoms as existing in energy states associated with the lattice as a whole. As a
consequence of the exclusion principle an energy level can accommodate only two electrons in
the whole crystal. Due to the periodic potential field of the atoms in the lattice, the possible
values of the electron energy is restricted to certain bands or zones, between which lie forbidden
regions. The permitted bands bear some analogy with the permitted levels of isolated atoms,
Actually forbidden ranges are not completely disallowed, for discrete levels mayoccur even in
them. Thelevels in the quasi-continuous bands are so very dense that for all practical purposes
cach band may be taken as continuous and each band usually contains as many levels as there
arc unit cells in the crystal.

During the generation of an excitation wave by optical absorption the interatomic distances
remain unchanged in accordance with Frank Condon principle even though the interatomic
forces in the neighbourhood of the excited electron are changed as a result of excitation. If
the hole and electron remained localised relative to the crystal, atomic rearrangement to remove
these stresses will ensue; this will occur in a time of the order of 10~13 secs. which is required
for a localised lattice disturbance to relax. Instead of this, however, in actual crystals,
the electron and hole move about and they move so rapidly that equilibrium will not be achieved
until a considerable time later. The equilibrium is probably attained only after the excitation
wave has been slowed down considerably and becomes trapped at a particiular atom by dis-
torting the lattice in this region. The presence or absence of emitted optical radiation following
the trapping and relaxing of stress is determined by the behaviour of the normal and excited
energy states as a function of interatomic distances. Two possible cases that can happen are
illustrated in the fig. 1. For qualitative purpose, one dimensional abscissa is sufficient for the
co-ordinates of n atoms, The minimum of the lower curve represents the equilibrium position
of the normal lattice. The upper curve represents the variation of lattice energy with the
variation of configurational co-ordinates in the excited state (assuming the excitation to be
at rest). Following Von Hippel’s (1936) reasoning we may expect the two curves to attempt to
eross. Actual crossing is not possible but the two curves may come very close t0 each other before
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breaking apart again. If the upper curve has its minimum before the crossing limit a part of the
energy will be dissipated by optical radiation in a jump from the minimum to a point just
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vertically downward in the lower curve. If the minimum occurs after the crossing point, no
emission is expected. The second case occurs more commonly which accounts for general
absence of emission on absorption.

Broadly speaking, there are two types of phosphorescent substances: (i) substances which
show luminescence in the pure and untreated stage, and (ii) those which luminesce only on
activation by some foreign impurity. Randall (1939) suggests that a substance will only
fluoresce in the pure state if each unit cell of the crystal has a co-ordination group containing
an incomplete shell of electrons, fairly completely screened from the surroundings. In this
case we expect fairly sharp emission and absorption lines and no photoconductivity. In
impurity activated phosphors the emission spectra depend on the impurity. The two possi-
bilities in these cases are: (i) the light is absorbed by impurity centres, and (ii) the light is
absorbed by atoms of the perfect lattice or perhaps by atoms at some special position in the
original lattice. A quantum of light will lift an electron either into an excited state, where it
is still bound to the corresponding positive charge or directly into the conduction band. It is,
however, suggested that the ionisation of an impurity centre will ensue in any case and emission
occurs always at the impurity centre. It is assumed that the positive hole is mobile, and an
electron in the impurity centre has an energy lying above the band in which positive hole
moves and the impurity centres somehow offer a unique opportunity for the hole and the
electron to recombine.

All the discussions and work, referred to above, are applicable to ionic crystals ; molecular
crystals like naphthalene, anthracene, etc., have not been attacked in the same way There has
been no explicit work on the electronic energy levels of molecular crystals by the application
of the modern theory of the solid state. Apparently it is safe to assume that the excitation
band widths are very small as the intermolecular forces are small. As a consequence the
spacings between lower excitation bands are nearly the same as in free molecules. In other
words, the molecules retain much of their molecular properties. There should be additional
levels below the ionisation continuum that correspond to the transfer of an electron from a
molecule to one of the neighbours.

The absorption spectra and conductivity of these crystals have also been studied very much
inadequately. It is, therefore, difficult to classify these organic phosphors into one orother
type of phosphors. In the present paper have been described some of the preliminary results
of spectroscopic study of the luminescence of these phosphors excited by X-ray irradiation.

X-ray method of excitation has a number of advantages over the usual method of excitation
by ultra-violet radiation.

1. In this case we are sure that initial absorption of the incident quanta is due to the
atonds of the parent lattice, for, such high energy cannot be absorbed by the optical electrons
of the crystal.

2. X-ray excitation causes the deeper level electrons to be lifted to higher levels so that a
larger number of excited energy states are brought to action for emission purpose.
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3. Luminescence by X-ray is purely a phenomenon exhibited by the solid state. Substances
which are found to exhibit luminescence under ultra-violet excitation retain their property
even when the lattice peculiar to the solid state is destroyed (viz. in solution, etc.). In X-ray
excitation, however, luminescence under X-rays disappears with the destruction of lattice
such as on melting and in solutions ; X-ray luminescence is, therefore, to be considered entirely
a lattice property. X-.ray luminescence even in the cases of substances like uranyl salts where
it is assumed to be due to internal transition within the atom, is dne to some peculiar property
brought about by the regular arrangement of the atoms or molecules peculiar to the solid state.
X-ray luminescence study is, therefore, more important than any other in the elucidation of the
electronic structure of solids.

Experimental procedure.

An ordinary Hadding Ion tube was utilised for the production of X-rays; the tube was
generally run at 30-35 K.V. with nearly 5, M.A. current and no rectifying device was found
necessary. The phosphors were generally Merk’s pure variety which were further distilled.
It was not always possible to use single crystal ; to avoid the use of any adhesive, the substances
were generally pressed into thin plates. These plates were placed in the X-ray beam coming
out of the window of the X.ray tube; the luminescent substance could be focussed on the slit of
Fuess spectrograph with glass prism or the photograph could be taken by placing the slit of the
spectrograph directly on the luminescent plate. In all cases, however, blank exposure was
given to ensure the elimination of any stray radiation registering itself on the film. As the
X-ray source as well as the efficiency of luminescence is very poor an exposure of nearly 25 hours
is generally required for a good photograph. The wavelength measurements were made
with a comparison iron arc spectra on the same photograph.

RESULTS.

The luminescence spectra of pure Naphthalene, Anthracene, Diphenyl, Phenanthrene and
B-Naphthylamine have been photographed. The spectra are not the same as with ultra-violet
excitation. These data together with the absorption spectra for these materials are given
in Table I. For Naphthalene, in case of X-ray excitation, three well-separated bands are
obtained with their maxima at 5341, 4939 and 4638 A.U. respectively. For ultra-violet
excitation, a large number of equally spaced maxima (separation nearly 0-06 volts) are obtained ;
these maxima lie between 3163 to 3421 A.U. It might be expected that the sharp maxima, in
this case combine into broad bands and suffer a shift towards the longer wavelength, but we
find that such simple mechanism cannot account for dissimilarity of the two spectra. So we
find that the X-ray excitation, in this case at least, gives spectra entirely different from that
obtained by ultra-violet excitation.

In case of Anthracene, three bands are obtained with maxima at 5707, 5324 and 4966 A.U.,
the separation between them bheing 0-16 volts. With ultra-violet excitation five bands with
their maxima at 5090, 4375, 4450, 4220 and 4025 (A.U.) are obtained. The separation between
the band maxima in this case is nearly 0-16 volts. So in this case we find that, although differing
in certain aspects such as intensity distribution range of wavelength, the general nature of the
spectra has been preserved in the two cases. In the other cases, for want of data of wave-
lengths of ultra-violet excitation in the solid state, we cannot make any comparison; still from
what we have already obtained we can say that the nature of spectra by X-ray excitation is
not necessarily always the same as that obtained by ultra-violet excitation and in almost all
cases the former is shifted towards the longer wavelength side relative to the latter.

A proper understanding of all the peculiarities of the phenomenon in these crystals requires
a large amount of experimental work with these crystals. In a general way, however, we
can say that the difference in the mechanism of excitation will perhaps account for much of
the discrepancy in the two cases of excitation. X-rays are primarily absorbed by the K shell
electrons of the constituent carbon atoms. The optical electrons responsible for the luminescence
are activated by these secondary electrons. As a result the optical transitions causing the
luminescence are perhaps occurring in molecules which have already been affected by X-rays,
viz. in which some of the constituent carbon atoms are excited. Probably this will be responsible
for the shift towards long wavelength in all cases.

The organic phosphors have in general a greater number of (rather equally spaced) energy
bands below the continuum than is found in the case of inorganic phosphors. Of course, in the



COMPOUNDS UNDER X-RAY EXCITATION. 155

TasLe I.
Fluorescence under X ray excitation Fluorescence by Ab » "
st ordinary temperature. U.V. Excitation. SOTpUIon Spectra.
Substance. Extensions. Maxima.
Volts. AU. Volts, AU.
In volts. | In AU, | Volts. AU.
Naphthalene .. | 2:30-2:34 | 5367-5270 2-31 5341 06 3-90 3163 06 3-77 3270
2-44-2-53 | 5049-4872 2:50 4939 3-84 3214 3-83 3220
2:64-2-69 | 4678-4593 266 4638 <06 06
3-78 3258 3-88 3180
‘05 06
3-73 3307 394 3130
07 05
3-66 3369 3-99 3090
05 07
3-61 3421 4-06 3045
Anthracene 2-14-2-18 | 5763--5658 2-48 5709 3-07 15 4025 18 3-15 3915
2.29-2-36 | 5396-5232 2-32 5324 2-92 4220 3-33 3700
2-45-2-51 | 5041-4911 2:16 4966 15 -19
2.77 4450 3-52 3510
17 -18
2:60 4375 350 3340
-18 ‘16
2-42 5090 3-86 3190
Diphenyl 2:28-2-31 { 5405-5340 2:30 5370 Continuous
2-49-2.52 | 49574890 2:51 4919 ahsorption
Very |diffuse 2-68 4602
2-82-2-87 | 43674294 2-85 4325
2-94-2-99 | 4202-4132 2-96 4170
DiIrrFuse
Phenanthrene ., | 2:66-2-71 [ 4647-4556 2:51 4919 3-22 3830
2-80-2-88 | 4405-4282 2-69 5592 3-33 3710
2-97-3-04 | 4156-4063 2-85 4345 340 3630
3:00 3-50 3530
3-62 3445
3-67 3360
3:76 3285
3-85 3205
3-94 3135 °
4-03 3060
B-Naphthylamine CONTINUOUS ALMOST THROUGHOUT THE ENTIRE VISIBLE REGION.

cage of B-Naphthylamine a continuous spectrum is obtained ; this is perhaps due to the super-
position of a number of discrete energy bands which can be separated at low temperature.
Besides these, the absorption regions though very sharp do not correspond to the emission
bands, the absorption regions being always at a much higher energy region. The exact inter-
pretation of the absorption and the emission bands in terms of the energy levels of the crystal
has been possible only’ in-the case of some simple inorganic phosphors as a result of a large
amount of work done with those crystals by a number of workers. The experimental work
necessary for a similar interpretation in organic crystals is yet to begin.

Several other interesting features of the problem have been observed during the work,
which await further investigation. Some of these crystals get coloured on exposure to X-rays.
This reminds one of the colouring of rocksalt and similar crystals on X-ray exposure which
has been thoroughly investigated by Pohl (1936) and his school. It is known that the coloration
is the same as that produced by exposing the rocksalt crystal to sodium vapour, i.e. effecting a
stoichiometric excess of sodium atoms inside the crystal (F centres). The development of a
new absorption region in the crystal on X-ray exposure has been explained in terms of electrons
raised to the conduction bands and some of them getting trapped at the Schottky vacant
negative ion lattice points always present in the crystal. Obviously enough a similar type of
reasoning for those crystals, which retain their molecular characters almost intact, presents a
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number of difficulties. This, however, will be dealt with in a separate paper after further
investigations.

In most of these organic phosphors, phosphorescence after glow is entirely absent, the
emission stopping almost instantaneously with the cutting off of the exciting radiation. This
is quite in agreement with the molecular picture of the crystal ; for this suggests that luminescence
is oceurring at centres which are excited but not ionised by the incident radiation. But there
are substances, e.g. Triphenylmethane, which show a perceptible phosphorescence after glow.
The problem, in all its aspect, is engaging the attention of the author and it is expected that a
proper interpretation of all these phenomena will throw a great deal of light into the energy
spectrum of the electrons in these crystals.

My thanks are due to late Prof. B. B. Ray, D.Sc., ¥.N.I., Khaira Professor of Physics,
University of Calcutta, for his kind interest in the work and helpful discussions.
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Microphotometer record of the Spectrum of Anthracene.



