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differs from (1+S)—& in a term of a third order in S.
It is readily seen that the Lowdin orthonormal functions
extremize the magnitude of

Since X„is real, ' we hd, ve

(N, *,v, )gp(ep, v„')= real quantity, (26)

a(Na, vt ).
By proceeding as above, we are led to the equation

(Ns, v~)Za(Na&vt )+)t~g=o& (24)
and hence to

(N.*,v~)p~(l~, v~*)= (N~, v,*)QI (N~*,v~). (25)

and hence conclude that all (u,*,v, ) have 'the same
phase angle. Therefore the sum

p~(Nl„v~*)

may be made real by the same change of phase in all
the v's, and hence Eq. (25) implies that (N,*,v&) = (N&, v,*),
i.e., X=X), and therefore X= (1+S)-'*by Eq. (14).
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The photostimulated ultraviolet emission of x-ray excited BeO has been measured as a function of the
wavelength of the incident light. A maximum of emission occurs for a stimulating wavelength of 4100 A.
Experiments are described which are interpreted as showing the presence of doubly occupied traps in BeO
which are analogous to the F-centers of the alkali halides. Some discussion concerning energy storage
in NaC1(Ag) is included.

INTRODUCTION

N previous notes, ' ' the writers have described some
- - of the characteristics of the luminescent properties
of beryllium oxide. The earlier measurements as well as
those of the present paper were carried out at room
temperature, ~22'C. It has been shown'' that both
ultraviolet and visible Quorescence and phosphorescence
are observable when BeO is irradiated by high-energy
particles. In addition, some of the electrons of the solid
which are removed from the filled band by action of the
primary excitant are subsequently trapped for periods
of great duration so that energy is stored in the
phosphor. One means of removal of the electrons from
the deep traps is the method of photostimulation
whereby incident photons eject trapped electrons which
enter the conduction band, whence they return to the
filled band by way of luminescence centers. ' It is in the
course of proceeding through the luminescence centers
that luminous emission occurs. In the case of BeO, the
emission band extends from a wavelength of ~2000 A
to more than 4000 A. A part of the ultraviolet portion
of this spectrum is readily detectable in photosensitive
Geiger counters which can be specially selected to
respond only in the vicinity of 2600 A and not at all to

*Assisted by the joint program of the Ofhce of Naval Research
and the U. S. Atomic Energy Commission.

'C. E. Mandeville and H. O. Albrecht, Phys. Rev. 94, 494
(1954).

~H. O. Albrecht and C. E. Mandeville, Phys. Rev. 94, 776
(1954)' The activating elements in the various samples of BeO used
are yet unknown, although spectrographic analyses were per-
formed.

longer wavelengths, so that the photostimulating radia-
tion is not detected. Thus, the observation of the
photostimulated ultraviolet emission was simultaneous
with application of the stimulating light.

The method has a particular advantage over absorp-
tion measurements in this case in that suitable single
crystals of BeO are not as yet obtainable for the latter
purpose.

PROCEDURE

To observe the photostimulated emission of BeO, a
slurry of powdered material was painted upon a
platinum disk and x-rayed in darkness. After having
been retained in darkness for a sufhcient time to allow
the afterglow to become negligible, the disk was placed
in an optical system which has been previously de-
scribed. 4 The ultraviolet emission was measured as a
function of the wavelength of the photostimulating
light as shown in Fig. I where a maximum is seen to
occur near 4I00 A. This curve is to be compared with a
similar one for NaC1(Ag) which is also presented in

Fig. 1. To obtain the curve for silver-activated NaCl,
a polycrystalline melt of NaC1(Ag) was irradiated by
the beta rays of RaE in an exposure of 12 millicurie-
hours. The irradiated material was then allowed to
remain in darkness for a period of sixteen months at
22'C after which time the curve of Fig. 1 was observed.
This plot of the photostimulated emission of NaC1(Ag)
is identical with absorption curves which are noted

4 C. E. Mandeville and H. O. Albrecht, Phys. Rev. 97, 347
(195S).
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when excited crystals of pure NaC1 are irradiated in the
F-band. Thus, the photostimulated emission results
from the destruction of F-centers by the incident light. '

On considering the similarity of the two curves of
Fig. 1, it was concluded that the same mechanism might
be operative in the case of both solids; that is, just as
the curve of Fig. 1 relating to NaC1(Ag) arises from
the release of electrons from F-centers, so might the
data for BeO result from a similar process. An
"F-center" would appear in BeO when two electrons
are trapped at a vacant lattice site normally occupied
by an oxygen ion.

To ascertain whether the emission curve for BeO
in Fig. 1 resulted from the destruction of F-centers,
samples of BeO were processed in a cycle of heat treat-
ments in a quartz tube. The heat was supplied by a high-
frequency induction furnace. Temperatures were de-
termined by an optical pyrometer. The temperatures
were relative, because black-body conditions did not
prevail. After each phase of the cycle, the BeO was
allowed to cool, removed from the furnace, x-rayed,
and subsequently photostimulated under a set of
standard conditions.

The erst heating was ie vacuo, the second in oxygen
at 1 atmos, etc. Heating periods of 5 minutes to three
hours were employed without marked variation in the
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TABLE I. Heat treatment of beryllium oxide.
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FIG. 1. Photostimulated emission of x-rayed BeO and beta-
irradiated NaCI(Ag) as a function of the wavelength of the
incident light. All operations were carried out at ~22'C. The
sample of NaCI(Ag) was held at this temperature for sixteen
months in darkness prior to photostimulation.

s It is estimated that when three grams of NaC1(Ag) were
excited and stored in darkness for 16 months as described above,
about one billion ultraviolet photons per second could be drawn
from the material by photostimulation with a conventional 3-volt
Qashlight.

results. A several-fold dimunition of the peak photo-
stimulable intensity resulted from the oxygen treatment.
The intensity of the emission could be restored by a
further heating Az vaceo. The largest eGects were, of
course, encountered at the highest temperature em-
ployed, ~1150'C. A long series of such measurements
was performed with many samples of BeO. The extent
of energy storage in a given quantity of BeO could be
predicted for a particular x-ray dose, depending upon
whether the sample had been previously heated in
oxygen or ie vacno. The data of a typical set of succes-
sive measurements on a particular specimen of BeO
at a variety of temperatures are shown in Table I.
This sample of BeO, from the Fisher Scientific Com-
pany, was found to be more active than spectro-
scopically pure materials obtained from Johnson,
Matthey, and Company, Ltd.

It will be noted from the table that at a lower tem-
perature, e.g. , 950 C, the diGerence between heating
ie vaclo or in oxygen is negligible. This result can be
explained by the fact that the equilibrium pressure for
the dissociation of BeO at 950'C is less than the partial
pressure of oxygen in the diffusion pump vacuum used.
Heating in hydrogen and nitrogen gave results similar
to treatment ie euro, because the partial pressure of
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oxygen was again low. Thus, heating in oxygen could
be interpreted as resulting in an occlusion of oxygen
to fill negative ion vacancies whereas heating ie sumo
caused an evolution of oxygen from the powdered BeO
to produce vacancies. It was found that the above-
described sequence of results could be observed
reproducibly. '

DISCUSSION

At the starting point of any investigation of a
particular sample of BeO, it is evident that numerous
Schottky vacancies must be present; that is, positive-
and negative-ion vacancies are distributed throughout
the material in equal numbers. The disturbance as-
sociated with the departure of oxygen atoms from the
lattice could easily result in the appearance of two
electrons in the conduction band from which they
might proceed to oxygen ion vacancies. It is not
probable that the electrons fill the vacancies in pairs,
because since Schottky vacancies are present in the
first instance, there are many more negative-ion
vacancies than there are electrons to 611 them. Conse-
quently, there can result a distribution such that, for
the most part, single electrons are trapped in negative-
ion vacancies.

Upon exposure to x-rays, an additional electron may
sometimes be added to a vacancy already occupied
by one electron. It is one of these two electrons which
may be removed from the negative-ion vacancy by
photostimulation at the wavelengths employed in these
measurements. After return to the conduction band, the
electron which has been freed by photostimulation may
proceed to the filled band by way of a luminescence
center so that light emission occurs. Figure 1 may then
be interpreted as showing that the most probable wave-
length for removal of an electron from a doubly occupied
trapping center in BeO is ~4100 A.

Some conclusions of a qualitative nature can be
drawn concerning the energy levels of a doubly occupied
trapping center in BeO. The widths of the emission
curves of Fig. 1 are described by the expression'

hX ~ X„&(kT/hc) &,

where I, is the wavelength of the photostimulating
~ It might be argued that the luminescence e%ciency of Beo

could be a6'ected by the heat treatment. For example, an evolution
of the activating elements might occur at temperatures as high as
1150'C. This possibility seems unlikely, because the intensity of
the photostimulated emission did not decrease continuously with
heating but oscillated in a manner dependent upon the atmosphere
in which heating took place. To investigate further this point, the
alpha-particle excited Jfuorescence of the treated sample of BeO
was measured both after heating in oxygen and after heating
in vacuo. In either case, the Quorescent emission was the same,
showing the luminescence e%ciency to be undisturbed by the
application of heat.

7 N. F. Mott and R. W. Gurney, Electronic Processes in Ionic
Crystals (Oxford University Press, Oxford, 1948), second edition,
p. 116.

light for maximum emission. Thus, for a constant
temperature, and any one given substance, the band
width should increase as X &. If the peak values of
emission are taken to be, respectively,

P ~]neo =4100 A and LX~)N, et&as& =4750 A,

the width of the curve for NaCl(Ag) calculated from
the width of the curve for BeO is not nearly so broad
as is observed. This result indicates the probability
that the potential functions of the ground state and
first excited state of the doubly occupied trapping
center of BeO are markedly diGerent in shape from
those of an F-center of NaCl if plotted against a con-
figurational coordinate.

An attempt has been made to compare the energy
levels of a trapping center formed by occupation of a
negative-ion vacancy in BeO by one or two electrons
with the first excited states of He Iz or He x available
from spectroscopic data. ' The first excited states of
He zx involve the optically allowed transitions 'P~,
'Pg—+'S;. If the transition energy is divided by the
square of the dielectric constant of BeO, an energy of
4.7-ev results, For He I, the energy of the transition
'P~~'So is calculated analogously to be 2.4 ev. These
values are to be compared with the energy di6'erence
observed in these measurements for the ground state
and first excited state of the trapping center in BeO.
The peak of Fig. 1 at ~4100 A corresponds to an
energy of ~3.0 ev, favoring somewhat the interpreta-
tion that the oxygen ion vacancy is doubly occupied.

Since aluminum is frequently found as an impurity
in beryllium compounds, and since the introduction of
A1203 into the lattice of BeO would result in formation
of positive-ion vacancies, experiments were performed
to ascertain whether the energy storage might relate
to trapping of positive holes at these positive-ion
vacancies. This possibility seemed unlikely, because the
behavior of the compound during the heat treatments
could best be explained by escape of the gaseous com-
ponent, thus producing negative-ion vacancies. How-
ever, 1 percent by weight of powdered A1203 was
added to BeO, and the mixture was heated to 1350'C
for several hours. Under these circumstances, diffusion
of alumina into the lattice of BeO could have occurred.
In any event, no increase in energy storage capacity
was observed.
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