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Properties of the 800-nm luminescence band in neutron-irradiated magnesium oxide crystals
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We present results on the luminescence at 800 nm which occurs upon excitation of the 573-nm
optical absorption band attributed to an aggregate defect in neutron-irradiated MgO crystals both
pure and doped. The study was undertaken to evaluate the suitability of this luminescence for a
tunable laser. Absorption, luminescence, and excitation spectra were measured before and after
isochronal annealing, with the goal of optimizing the luminescence intensity and stability of the re-
sponsible defect, and reducing the background absorption in the crystal. The emission intensity is
highest after annealing at —550 K independent of dose. A thermally induced absorption band at
565 nm, which emerges at —550 K, does not contribute to the emission at 800 nm. Under low-
intensity continuous excitation, the 573-nm absorption band is not susceptible to photoconversion.
However, when pumped with high-intensity laser light, the band exhibits a decay which recovers
within 0.5 s. The luminescence has a single-exponential decay time of 15.5 ns at room temperature,
and the band shape remains essentially constant throughout the decay. Tests for laser action using
pulsed and cw pump lasers were unsuccessful at 77 and 300 K.

I. INTRODUCTION

The irradiation of undoped MgO single crystals by en-
ergetic neutrons (E )0. 1 MeV) produces several optical-
ly detectable defects: (1) anion vacancies (primarily the
one-electron F+ center) which absorb at about 250 nm
(5.0 eV), ' (2) anion divacancies which absorb at 975 and
355 nm (1.3 and 3.5 eV, respectively), and (3) an
unidentified aggregate defect which absorbs at 573 nm
(2.2 eV). ' The 573-nm band, whose full width at half
maximum (FWHM) is 0.3 eV, should not be confused
with the 540-nm (2.3-eV) band, which is due to trapped-
hole defects. '' The latter is broader (FWHM=1. 1 eV)
and decays in a few days at room temperature. The ener-
gy dependence of electron irradiation indicates that pro-
duction of defects responsible for the 573-nm band has a
relatively low threshold energy, compatible with two ad-
jacent vacancies. " However, it is not a simple anion di-
vacancy and is not paramagnetic. The absorption of light
in the 573-nm band yields a near-infrared luminescence at
800 nm (1.55 eV). ' This luminescence can be quite in-
tense.

The present study focuses on the effect of thermal an-
nealing on the 573-nm absorption band and on the inten-
sity of the 800-nm luminescence band. The motivation
for the study is that a strong luminescence band could be
the basis for a solid-state tunable laser, providing the
e%ciency could be maximized, the background and
parasitic absorption minimized, and the spontaneous life-
time is favorable with no significant ionization from the

excited state. For comparison, parallel experiments were
performed on a crystal doped with hydrogen and one
doped with lithium, referred to as MgO:H and MgO:Li,
respectively. The former is intriguing because hydrogen
is a persistent impurity in MgO, and is known to dom-
inate electron trapping and recombinations at F centers.
The latter is of interest because the production of intrin-
sic point defects by neutron bombardment is inhibited by
the presence of lithium. ' In particular, the 573-nm band
is reduced by a factor of 6.

II. EXPERIMENTAL PROCEDURES

A11 the MgO crystals used in this work were grown by
the arc-fusion method. Undoped crystals were grown by
a variation of this technique which gives larger and clear-
er crystals of high purity. ' The starting material was
high-purity MgO powder from the Kanto Chemical
Company, Tokyo, Japan. Typical chemical analyses have
been reported previously. " The hydrogen-doped MgO
crystals were grown by presoaking the MgO powder with
water. Lithium doping was achieved by mixing 5% of
Li2CO3 powder with the MgO powder before the crystal
growth. The lithium concentration in the resulting crys-
tals was determined to be approximately 0.03 at.%. '

Neutron irradiations were performed at the Oak Ridge
National Laboratory National Low Temperature Neu-
tron Irradiation Facility, using Auxes of 2X10' fission
spectrum neutronslcm s (E )0. 1 MeV). The neutron
dose varied between 2 X 10' and 7 X 10' neutrons/cm .
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The samples were cooled in fIowing helium gas. The am-
bient temperature was about 320 K.

Isochronal annealing in 15-min stages with increasing
temperature was performed in Aowing nitrogen using a
Lindberg 5400 series furnace. Near-infrared, visible and
ultraviolet measurements were made with a Perkin-Elmer
Lambda 9 spectrophotometer. The excitation and
luminescence spectra were taken with a Spex Industries
Fluorometer, Model 212, using a cooled Hamamatsu
R928 photomultiplier tube. The spectra were corrected
for the response of the photomultiplier tube. Bleaching
experiments were made with a 1000-W xenon lamp used
in conjunction with a 0.125-m monochromator. The
spectral band pass was about 15 nm.

Time-resolved measurements were made by exciting
with 575-nm dye laser pulses of 3-ns duration, and
measuring the luminescence spectra with a gated optical
multichannel analyzer. The time resolution of the
luminescence decay plots is limited by the 10-ns gate
width of the microchannel plate intensifier.
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FIG. 1. Optical spectra of a neutron-irradiated MgO crystal
illustrating the absorption band at 573 nm and the emission
band at 800 nm resulting from excitation in the absorption
band.

III. RESULTS

Four undoped MgO samples were neutron irradiated
to difterent doses, while the MgO:H and MgO:Li crystals
received the same dose, as shown in Table I. After neu-
tron irradiation, the samples exhibited the bands at 250,
355, 573, and 975 nm, with the exception of the MgO:Li
sample, which exhibited a band at 235 nm but not at 250
nm. The latter band has been attributed' to an anion va-
cancy perturbed by two Li ions, having a linear
configuration along a ( 100 ) direction:
0 —Li+ —(oxygen vacancy) —Li+—0 . In all the sam-
ples, excitation of the 573-nm band produced lumines-
cence at 800 nm (see Fig. 1). Absorption, luminescence,
and excitation measurements were made before and after
each isochronal anneal for all six samples, in order to es-
tablish the general behavior of the 573-nrn band and the
800-nm luminescence.

and scattering loss due to the neutron bombardment.
Such a broad absorption spectrum with scattering losses
extending down below the short-wavelength region is typ-
ical of neutron damage and is a significant problem when
color-center lasers in neutron-irradiated crystals are con-
templated. Figure 2 shows that annealing significantly
reduces the background losses. Annealing at 530 K or
above practically eliminates the background absorption
underlying the luminescence at 800 nm. The absorption
at 573 nm is plotted as a function of isochronal annealing
temperature (solid curve) in Fig. 3. The absorption de-
creased monotonically with successive thermal treatment
until 600 K; it then increased and reached a peak at
about 720 K before decreasing rapidly thereafter. Above

2.0

A. Absorption measurements

Figure 2 shows the optica1 absorption spectra of the
as-irradiated MgO sample B (dose= 1.7 X 10' n/cm, low
hydrogen content) before and after subsequent anneals at
530, 730, and 830 K. Thermal treatment not only
changed the shape and intensity of the absorption bands,
but also annealed out much of the background absorption

TABLE I. Neutron doses for four undoped and two doped
MgO crystals.
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FIG. 2. Optical absorption spectra of MgO sample B, irradi-
ated to a dose of 1.7X10' n/cm measured before and after
ischronal annealing at 530, 730, and 830 K. A shift of the com-
posite band peak to lower wavelengths after the annealing can
be discerned.
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FIG. 3. Absorption at 573 nm vs annealing temperature for
MgO sample B. The change in peak wavelength from 573 to
565 nm with annealing temperature is plotted in the inset.

FIG. 4. Luminescence intensity measured at 750 nm vs iso-
chronal annealing temperature for five neutron-irradiated sam-
ples, including MgO:H and MgO:Li. Excitation is at 573 nm.

900 K it virtually vanished. In the anneals above 550 K,
the absorption at 573 was composed of at least two
bands, as reported earlier: one peaked at 573 nrn and
the other at S65 nm. One indicator was that above 550 K
the peak of the composite bands began to shift toward
565 nm (see inset in Fig. 3j. Above 700 K the peak oc-
curred at 565 nm, indicating that the 573-nm absorption
band had practically vanished.

threefold. After annealing at 600 K the absorption at 573
nrn, due to the composite 573—565-nm bands, decreased
30%, but the emission was still more intense than in the
as-irradiated state. Between 600 and 800 K, the emission
intensity decreased rapidly while the absorption at 573
nm was actually higher.

In order to evaluate the quantum e%ciency of the 800-
nm emission, the luminescence for MgO sample D after
annealing at 530 K was measured at 77 and 295 K. The
intensity at 7? K was -20% higher, which suggests a
high quantum eSciency.

B. Luminescence and excitation measurements

The intensity of the 800-nm emission band is plotted in
Fig. 4 as a function of the annealing temperature for five
of the samples. The curves were similar and were charac-
terized by an intensity maximum after annealing at 550
K. Also, the same 573-nm absorption and 800-nm emis-
sion bands were observed in all six crystals, independent
of hydrogen or lithium doping. This observation, togeth-
er with the similar annealing peaks in Fig. 4, is consistent
with previous conclusions that the defect is intrinsic. ' '"

Excitation spectra with the emission wavelength fixed
at 750 nm were also obtained for all six crystals before
and after each anneal. The results from MgO sample A
are shown in Fig. 5. The wavelength of maximum excita-
tion efficiency peaked at about 573 nm. Again, we note
that the intensity reached a maximum after the 530-K an-
neal, confirming the results obtained from the absorption
measurements.

The temperature-dependent emission curves shown in
Fig. 4 present an interesting contrast with those of the
temperature-dependent absorption at S73 nm, shown in
Fig. 3. At S30 K the 573-nrn absorption band has de-
creased 20%, but the emission intensity has increased
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FIG. 5. Excitation spectra for MgO sample A with the emis-
sion wavelength set at 750-nm before and after isochronal an-
nealing at 530 and 730 K.
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that the 565-nm absorption band becomes predominant
above 700 K, and at 800 K the 573-nm band is virtually
nonexistent. We illustrate our projection of annealing the
573-nm band by the dotted curve shown in Fig. 3.

It is evident that to maximize the luminescence intensi-
ty at 800-nm, it is necessary to anneal the neutron-
irradiated samples at 550 K. At this temperature the lat-
tice damage cause by neutron bombardment relaxes
sufficiently such that a high quantum efficiency is ob-
tained.

Measured spontaneous lifetime can be used to estimate
the stimulated emission cross section o for this defect:

L+T
zo

(2)

Here, Z is the gain length (crystal thickness), L the inter-
nal (single pass) loss factor, and T the output coupling.
Using z=0.2 cm, o. =8.9X10 ' cm, L+T=0.25, N,*

becomes 1.4X10' cm
This value has to be compared with the population N,*

actually achieved in the laser experiments. Assuming
that each pump photon excites a defect to the upper laser
transition and that this defect behaves as a four-level sys-
tem, this population can be estimated for steady-state
conditions from the relation

Iez
0 E (3)

where g is the quantum efficiency, Xp the peak wave-
length of the band, Av the full width at half maximum,
and ~ the luminescence lifetime. Using kp=0. 80 pm,
r=15.5 ns, b,v=5. 55X10' Hz (0.23 eV) and assuming
g= 1, the cross section g is found to be 8.9 X 10 ' cm .
To evaluate the likelihood of achieving laser oscillation,
we use the cross section to predict the inversion threshold
N, , and then compare the achieved inversion, N,*, under
the pump conditions described. The threshold inversion
is given by

where cz is the absorption coefficient at the pump wave-
length, I the pump intensity in the cavity beam waist, E
the pump photon energy, and ~ the lifetime of the emis-
sion. Using a=4.5 cm ' (compare Fig. 9), I=800 mW
per beam waist area 3 -2.2X10 cm, E=2.18 eV, and
~= 15.5 ns, we obtain N,*=7.3 X 10' cm . Since
N, )N,*, laser oscillation should have been possible if all
the assumptions made above were realized in this system.

However, since laser oscillation could not be obtained,
we conclude that these assumptions are not fulfilled. The
reasons may include the following. (1) The quantum
efficiency g may be lower than the assumed value of unity
and (2) additional loss mechanisms, such as excited-state
absorption, may be present in the optical pumping cycle.
By using Smakula's equation and assuming that the oscil-
lator strength in absorption is f=0.5, the ground-state
(unpumped) defect concentration in our sample is found
to be 2.6X10' cm . This is barely larger than the
threshold population inversion N,* required under the
best of circumstances (rl= 1). On the basis of the above
estimates, we believe that this system is marginal at
present. Barring significant excited-state absorption, a
factor of 3 or 4 improvements of one or a combination of
the following parameters should result in a laser: in-
crease in the efficiency g, increases of defect concentra-
tion, and hence of absorption coefficient a in Eq. (3), and
decrease in the internal loss L at 800 nm. The photo-
bleaching observed at high-pump intensity will also have
to be controlled for a practical laser.
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