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The coloration produced near room temperature in MgO by 1.0- to 4. 8-MeV Ne' bom-
bardment has been investigated. Energetic Ne' ions incident upon crystalline MgO induce
point defects on the anion sublattice primarily through atomic collisions. An electron(s)
trapped in the anion vacancy forms an E-type center producing a characteristic, intense op-
tical-absorption band near 5 eV. This point-defect lattice damage is restricted primarily to
a thin layer of material approximately 1 to 2 p thick located 2 to 4 p, beneath the bombarded
surface. Average E-type-center volume concentrations in this thin layer range from 4&10
to 5xlote cm 3 resulting from a Ne' dose range of 10ts to 3&&lGt~ iona/cm t. E-type-center
production is relatively inefficient; it is estimated that 5 keV are expended per center pro-
duced, in the low-dose range, assuming centers are created only by atomic collision pro-
cesses. The peak E-type-center volume concentration saturates near 10 cm resulting from
a dose of 10" ions/cm2 at 3-MeV energy. This concentration level is followed by a decrease
upon subsequent bombardment. A similar saturation effect is observed for a 574-nm absorp-
tion band. A quadratic dependence between the growth of the intensity of the E-type center and
that of the 574-nm band suggests the latter is associated with a divacancy. Volume-concentra-
tion saturation levels for both bands are independent of many impurities commonly present in
this material. Isochronal annealing results demonstrate that both bands have annealed out at
600 'C. Comparison is made with previously reported fast-neutron irradiations and the pres-
ent work. Point defects on the cation sublattice, such as the V center, were sought for but
determined not to be present in sufficient concentration to be detected by the presence of the
well-known 2.3-eV optical-absorption band.

I. INTRODUCTION

Radiation damage in MgO has been studied ex-
tensively by several workers during the past de-
cade. Both Van de Graaff electron irradiation
and fast-neutron irradiation produce an intense
optical-absorption band near 250 nm. This band
has been assigned to an E-like center. More care-

ful work by Kappers, . Kroes, and Hensley has
shown that the 250-nm band is in fact composed of
two closely spaced bands, one at 250. 0 nm and
the other at 246. 5 nm measured at 80 'K. The
former is assigned to the I" center, one e&ectron
trapped at an oxygen vacancy, the latter to the
I' center, two electrons trapped at an oxygen
vacancy. Since these two centers are different
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charge states of the same lattice defect and since
their principal absorption bands are indistinguish-
able in the present data, we will in this paper sim-
ply relate the composite 250-nm band to an F-type
center. Fast-neutron irradiation produces other
characteristic optical bands at 355, 574, and 975
nm. 5 The centers responsible for these bands have
not been positively identified.

Henderson and King have reported the growth of
the E-type-center concentration with increasing
fast-neutron (F & 1 MeV) dose. More recent re-
sults by Chen et al. ' cover the fast-neutron dose
range of 10' to 6x10' neutrons/cm . We have
studied the volume concentration of F-type centers
induced in single crystal MgOby 2 Ne' ion bombard-
ment.

During their passage through matter, energetic
ions lose energy through two mechanisms: (a)
ionizing target atoms (electronic energy loss) and

(b) by nuclear collisions producing secondary ener-
getic ions. These secondary ions may undergo
similar nuclear collisions producing tertiaries,
etc. , resulting in a displacement cascade. A
description of the slowing down of energetic ions
in materials has been given by Lindhard, Scharff,
and Schiott, v referred to as the LSS theory. While
the ionization-energy-loss process may contribute
to Frenkel defect production in such materials as
the alkali halides, we show below that for MgO
at low and moderate doses, atomic collision pro-
cesses dominate defect production during room-
temperature ion bombardment. Since an appre-
ciable portion of the energy of the incident ion is
deposited through atomic collisions within a few
microns beneath the target surface, extremely
high levels of lattice damage are produced within
a very thin layer. It is then possible to study de-
fect densities and saturation effects via optical-
absorption spectroscopy in MgQ samples which
otherwise would be too opaque if uniformly dam-
aged as by fast neutrons. By obtaining an equiva-
lent fast-neutron dose in terms of employed ion
doses, we are able to extend optical measurements
for an equivalent fast-neutron dose in excess of
10+ neutrons/cm . At these high equivalent doses
saturation effects are observed for both the E-type
center and a possible F-aggregate center (574-nm
band).

II. PROCEDURE

A. Experimental

TABLE I. MgO impurity analysis (Hefs. 8 and 10).

Element Impurity constant {p,g/g)

(100) face and ground and polished to approximately
0. 5 mm thickness.

The NRL 5-MV Van de Graaff accelerator was
used to produce the 1.0 to 4. 8-MeV beams of ~ Ne'
ions with which samples were irradiated. The
error associated with incident ion energies was less
than 2%. The beams were magnetically analyzed
and the beam spots electrostatically scanned over
an area larger than the samples (approximately
2 && 2. 5 cm) in order to provide uniform irradiations.
Secondary electrons produced at the brass mounting
plate around the periphery of the target served to
prevent surface charge buildup. The beam current
on target was measured and integrated in a Faraday
cup arrangement fitted with a negatively biased
guard ring at its entrance to suppress secondary
electrons. Beam currents were typically 0. 5 pA,
although higher-dose runs employed a 2. 5- pA
beam. The area bombarded, well defined by a
rectangular aperature, was measured and used
together with the integrated beam charge to cal-
culate the total number of ions per cm incident
on the sample. The accumulated error in dose
was estimated to be + 15/0. Samples were placed
off axis to eliminate the possibility of a neutral
beam component striking them. Such an unscanned
neutral component would produce lattice damage
but would not be measured as part of the incident
beam current.

Ne was initially chosen as the incident ion for
two reasons: First, the mass ratio of incident ion
to target atom determines the maximum energy
transferred in an elastic atomic collision, and Ne
gives the best mass match for an MgQ target of all
the noble gases. Lighter ions, such as H' and He',
at the same incident energy as Ne', lose more
energy through nonvacancy-forming electronic col-
lisions. Second, the noble gases are expected to be
the least likely to enter into chemical bonding with
the target constituents and are not anticipated to be
optically active in the near-irifrared, visible, and
near-ultraviolet spectrum. This diminishes the
possibility of interference from complex absorp-
tion spectra originating with the implanted species.

Samples were held with metal clips onto a —,'-in. —

thick brass end plate. By exposing a small test

Single crystals of MgO were used. ' A typical
impurity analysis is shown in Table I. Ultrahigh-
purity MgO crystals were also used. 9 Growth,
impurity analysis, and characterization of this
material were made by Butler et al. ' Small
8&9 mm platelets were cleaved parallel to the

Al
Ca
Cu
Fe
Mn
Si
Ti

1-10
100
10

30-100
10-100
20-100
&20
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sample mounted at the end of a wire thermocouple
to a high beam flux and by considering the mounting
arrangement for used samples, the maximum pos-
sible sample temperature during irradiation was
estimated to be 70'C.

Optical measurements were performed with a
Cary model No. 14MB recording spectrophotome-
ter. A small cryostat was used for low-tempera-
ture measurements. Infrared measurements were
taken with a Perkin-Elmer model No. 521 grating
infrared spectrometer fitted with a 1~4 refracting
beam condenser with KBr lenses. Some optical
measurements were taken within half an hour of
removal from the Van de Graaff. After 6 months
storage at room temperature the same samples
were checked again for absorbance. There was no
noticeable change over this time span.

Isochronal annealing results were obtained by
the following procedure. Samples were held at
a fixed, elevated temperature for 12 min in a dry-
nitrogen atmosphere. They were then placed on
an aluminum block in air and quickly returned to
room temperature within a few minutes. Absorp-
tion measurements were then taken at room tem-
perature. This cycle was repeated several times,
each time returning to a successively higher tem-
perature, until the coloration was removed.

The procedure and results for obtaining E-type-
center volume-concentration profiles in ion-irra-
diated samples will be discussed fully elsewhere.
It may serve here to mention that the absorbance
of the 250-nm band was monitored as successive
layers of material were chemically removed. "
The etch rates for both the bornbarded and virgin
sample regions were determined by multiple-beam
interferrometric measurements' which afforded
a depth resolution of approximately 0. 03 p. . Ab-
sorbance was converted to E-type-center volume
concentration N~ by Dexter's' form of Smakula's
formula

N~f = (0. 8V&&1 0)[n/( +2n')'] o &E,

where f is the oscillator strength 0. 8, n the index
of refraction of the host material, 4E the absorp-
tion band full width at half-peak height, and n,„ is
the absorption coefficient at the band peak.

B. Correlation of Fast-Neutron and Heavy-Ion Lattice Damage

In relating the level of lattice induced by fast-
neutron irradiation to that produced by heavy-ion
bombardment, two considerations arise which will
be dealt with separately. They are first, putting
the ion fluence on an equivalent footing with that
for fast neutrons in terms of damage produced to
the lattice per unit volume and per incident parti-
cle, and second, presenting all lattice-damage

data in terms of concentration of displacements
per unit volume instead of numbers of displace-
ments per square or absorbance. This latter fac tor
is important because we will be comparing a rel-
atively uniform spacial distribution (over several
millimeters) of E typ-e centers induced by fast-
neutron irradiation with a very distinct spatial
profile of E-type centers restricted within a few
microns of the bombarded surface induced by heavy-
ion bombardment. This accumulation of lattice
damage near the end of the incident ion's trajec-
tory is a result of the well-known Bragg peak in
nuclear stopping power.

First we compare the number of displacements
created per unit volume at a distance x beneath the
irradiated surface per unit neutron fluence with the
same number per unit volume at x, N~(x), per unit
ion fluence for given incident neutron and ion ener-
gies. Following Kulcinski, Laidler, and Doran, '4

using the Kinchin-Pease approximation, ~' the
former is approximately 10 cm '. The latter may
be estimated from

where [(dE/dR)(x)]„ is the distributed specific nu-
clear energy loss, 4& the ion fluence, and E„ the
displacement threshold energy. E„for an oxygen
atom in crystalline MgO has been measured by
Chen et al. by 0. 23- to 29-MeV electron irradia-
tion. They find E„=60 eV. Again following Kulcinski
et al. ,

~ an estimate of the distributed specific nu-
clear energy loss is obtained from the specific
nuclear-energy loss [(dE/dR)(x)]„derived from LSS
theory, by convoluting with a Gaussian distribution
of projected ranges. '~ This approximation assumes
the Gaussian parameter 0 to be a constant. It is
equal to the projected range standard deviation for
a particle (Ne') with energy E (here E = 3 MeV) in-
cident onto MgO and is obtained from an extended~~
Johnson-Gibbons-type' computer code for the LSS
theory. Figure 1 shows these stopping powers for
the special case of 3-MeV Ne' incident on an MgO
target. Substitution of a median value of distribu-
ted nuclear stopping power (0. 12 MeV/p, from Fig.
1) into Eq. (2) yields a value for N, /I, of approxi-
mately 10~ cm . The important result here is tha, t
the fast-neutron dose, resulting in a uniform spatial
distribution of defects, must be approximately 105
times greater than the Ne' dose required to simu-
late the same "average" level of lattice damage
restricted within a very thin layer of MgO just be-
low the bombarded surface. For example, we find
that a 3-MeV Ne' fluence of 10"ions/cmm is equiva-
lent to a fast-neutron fluence of approximately 10
neutrons/cm~ in terms of the "average" number of
lattice displacements expected per unit volume.
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FIG. 1. Theoret-
ical results of LSS
for the slowing down
of 3-MeV Ne' ions in-
cident on an MgO tar-
get. The left-hand
curve shows the pene-
tration depth as a
function of energy for
the "average" particle.
On the right are shown
stopping powers for
both electronic (dE/
dR)~ and nuclear, pro-
cesses (dE/dB)„again
for the "average" par-
ticle. The distributed
nuclear stopping power
(dE/dE}gg calculated by
the method of Kulcinski,
Laidler, and Doran, as-
suming a Gaussian dis-
tribution of ranges, is
shown as the dashed

PENETRATION DEPTH R (p,m}
curve.

III. RESULTS

A. Coloration Induced by Ion Bombardment

Figure 2 shows the optical absorption in Mgo
induced by 3-Me V Ne'ion bombardment. The maj or
band near 5. 0 eV (250 nm} is associated with the
F-type center. t The weak band near 2. 2 eV (574
nm) is also shown in the insert on an expanded scale.
As depicted in Fig. 2 these two bands are also seen

in fast-neutron irradiated MgO. " The weak in-
flections near 4. 3 and 5. 7 eV are the well-known
charge-transfer bands ' ' originating with Fe'3.
Evidently incident ions are ionizing impurities such
as iron: Fe'~-Fe'3+e . This is evidenced by the
fact that the weak iron band was observed to grow
with increasing ion dose. Furthermore, at the
end of the etching procedure when the 5-eV band
had vanished completely, the original prebombard-
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200 FIG. 2. Comparison
of room-temperature ab-
sorption spectrum induced
in crystalline MgO (Gen-
eral Electrical material)
by fast-neutron irradia-
tion with that produced by
3-Me V Ne' bombardment.
The ion spectrum shown re-
sulted from a dose of 3.5
&10 ' ions/cm . Neutron-
irradiated samples were
obtained from J. Kemp. The
fast-neutron spectrum was
normalized to the ion spec-
trum so that the E-band
maxima coincided. The
original neutron sample
absorbance at 250-nm was
3.2 OD (optical density).
No corrections were made
for reflection losses.
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ed sample absorption spectrum was recovered.
Figure 3 compares the shape of the 574-nm band

near 80 'K in both neutron-irradiated and ion-bom-
barded MgO. Our measurements for both cases
indicate that the ion-irradiated band maximum ap-
pears at a slightly lower energy (2. 165+ 0. 006 vs
2. 190+0.006 ev); this is true for both the General
Electric and Qak Ridge materials. This discrep-
ancy is not surprising in view of the fact that Chen
and Sibley have suggested that this broad 574-nm
band may be a composite of several bands and its
peak position dependent upon past thermal history.
The line near 2. 375~ 0. 006 eV in the fast-neutron
irradiated material has been shown to have trigonal
symmetry in the (111)plane and is believed to
consist of three neighboring anion vacancies. Fur-
thermore, it is believed to be a five-electron center
possessing a single trapped hole. This line is as-

signed to the B3 center by Glaze and Kemp. It is
interesting that we do not see this R3-center line
in Ne' irradiated MgO, although strains introduced
by the relatively high damage level may broaden
this narrow line. No other Ne' bombardment in-
duced bands were detected in the range l-ll p, .

B. Simulation and Extension of Fast-Neutron Lattice
Damage in MgO with Ne+ Bombardment

In order to relate lattice damage induced by en-
ergetic ion bombardment to that produced by fast
neutrons, an experimental determination of volume
concentration of defects produced by the Ne' bom-
bardment must be made. A typical result from
successive etching and absorption measurements
by which this information was obtained is shown in
Fig. 4 for the case of a 3-MeV Ne' ion dose of
1.2x 10t4 ions/cmn. The E type cente-r vol-ume

~O~I= 6—CL~
I-g

hl 4O
D

K 2—
Lal
I—

QJ
%DO'

0

0.4
g E

~ 0,2—
~ I-
C3
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O 0

~~t ~e

I

8 20
l t

I2 I6
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—————y —MEDIAN VALUE NF t/2
0

~ ~

l I t l I . . l

0.4 0.8 l.2 I.6 2.0 2.4
DEPTH BENEATH BOMBARDED SURFACE ( m)

FIG. 4. Experimental E-type-
center volume-concentration pro-
file obtained in MgO from 3-Mev
Ne' bombardment to a dose of 1.2
@10~4 ions/cm2. This sample eras
aligned such that during bombard-
ment the ion beam was incident
(0.4y0. 1}'from the (100}direc-
tion. The crystal direction was
determined on samples from x-ray
back-reflection Laue patterns.
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concentration is not uniform; it rises to a maxi-.
mum some distance into the material near the par-
ticle's end path. The F-type-center volume con-
centration ranges from 0. 5x 10"cm at the irra-
diated surface to a maximum of 3. 8&& 10' cm . For
comparison we choose a median value (N~,

& ~) of ap-
proximately 2~ 10' cm ' F-type centers resulting
from a dose of 1.2&& 10~4 ions/cma. Using the 10'
factor (Sec. II) for the equivalent fast-neutron dose,
we find this median concentration would have been
produced by an equivalent fast-neutron fluence of
approximately 10' neutrons/cm . We caution that
this result is approximate, most probably accurate
to an order of magnitude. Several other MgO sam-
ples exposed to 3-MeV Ne' beams within the dose
range of 10~ to 3&&10~8 ions/cm were treated in a
similar manner. These results are shown in Fig.
5 together with the fast-neutron results of Chen
et al. ~ The upper dashed line in Fig. 5 represents
volume concentration-vs-ion-dose data using the
peak concentrations N~ (see Fig. 4) while the

max
lower dashed line is formed from data using the
volume concentrations at the bombarded surface
NF . These dashed lines then enclose a range

min
of F-type-center concentration induced by Ne'
bombardment. Also included in Fig. 5 are the ab-
sorbance corresponding to median-volume-concen-

tration values induced by l.0-, 2. 0-, and 4. 8-MeV
Ne' irradiations.

In Fig. 5 we have also included the fast-neutron
results of Chen et a/. ' for the 574-nm band. As
the specific identity of this band had not been as-
signed nor its oscillator strength determined, Chen
et al. presented their results in terms of absorption
coefficient. Their & scale is inserted on the left-
hand side of the figure. Similarly, our ion results
for the 5'?4-nm band are presented in terms of ab-
sorbance. The ion-induced absorbance scales for
both the 250- and 574-nm bands are inserted on the
right-hand side.

We have found no relative change in the optical
properties induced by MeV Ne' bombardment re-
sulting from changes in the dose rate over a limited
range explored. Samples were exposed to a total
dose of 10~' ions/cm~ employing both 0. 5- and
2. 6- pA 3-MeV Ne' beams and the same absorption
spectra and damage profiles were observed. This
represented a dose rate range of 0. V&&10' to
3. 3&& 10 ions/cm sec.

C. F-Type-Center Production Efficiency

Anion-sublattice-def ect production in Mgo is
remarkably inefficient. Upon integration of the
damage-profile results in Fig. 4 we find approxi-
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of 3-MeV Ne' incident in MgO. The
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within 7% of the observed damage
profile peak at l. 77 p, . The ob-
served damage profile full width at
half-peak-height 0.83 p is about
twice the 0.40 p range straggling
predicted from LSS theory.

mately 30 F-type centers are produced per incident
3-MeV ion; each center produced required some
100 keV. This very large energy per center sug-
gests that an ionization mechanism (such as the
Pooley-Hersh model) ~'ss must not be the dominant
mode for producing defects. The probable mech-
anism is by atomic collisions, as we have assumed
throughout. We compare the shape of the F-type-
center volume-concentration profile (Fig. 4) with
the spatial distribution of the distributed nuclear
stopping power as predicted by LSS theory (Fig.
1). This comparison is shown in Fig. 6. The peak
in stopping power occurs somewhat (about 7/p)
ahead of the damage-profile peak, and the observed
damage-profile width is about twice the predicted
range straggling. However, in view of the uncer-
tainty of the accuracy of the LSS theory the over-
all agreement is rather striking. In view of the
contrasting behavior of the ionization-loss curve
(d&/dR), in Fig. 1, this strongly suggests that
atomic collisions are primarily responsible for de-
fect production on the MgO anion sublattice. This
is in agreement with the conclusions drawn by
Chen et al. from their work on electron irradi-
ated MgO.

The required formation energy per center may
now be estimated assuming lattice defects are pro-
duced only by atomic collisions. Integrating the
(dE/dR)„curve in Fig. 1 and comparing with the
incident energy we anticipate approximately 5% of
the incident particle's energy should be deposited
into the target by atomic collisions. Hence, at a
dose of 10~4 ions/cm, about 5 keV is required to
produce each F-type center.

In making the normalized comparison shown
in Fig. 6 we assume there is a constant ratio pbe-
tween (a) the volume concentration of lattice de-
fects anticipated on the basis of the predicted
amount of energy deposited into the target per unit

volume by nuclear collisions at a given position x
for a given threshold displacement energy, and (b)
the observed volume concentration of F -type centers
at x. The ratio P may be a function of many ex-
perimental variables such as dose, dose rate, tar-
get temperature, etc. It may be very difficult to
derive p a priori assuming specific mechanisms
operative. However, at a specific dose, dose rate,
etc. , P may be estimated from our results. As-
suming 5 keV per F-type center and a displace-
ment threshold energy of 60 eV, we estimate P
to be approximately eighty. This is similar to
the situation in fast-neutron irradiated MgQ near
the equivalent dose. At a dose of 5&& 10's neutrons/
cms about 5&& 10so F-type-centers/cms are pre-
dicted. ~' Chen et al. ' observed about 7x10"cm ',
as indicated in Fig. 5. In that case p is about
seventy. Of course for both cases, neutron and
ion, we have neglected energy deposited through
atomic collisions resulting in aggregate defects.
This omission is small; as we suggest in Sec. IV,
the concentration of a possible divacancy aggregate
is low compared to the F-type-center concentra-
tion.

It is possible that there may be some anion va-
cancies which have not trapped electrons and would
not be registered as E-type centers. To check this
possibility, a sample previously exposed to a large
3-MeV Ne'dose of 1 && 10~sions/cmswas subsequent-
ly exposed to approximately 106 R p irradiation
from the NRL Coe source. There was no detect-
able change in the F -band intensity. This suggests
that all anion vacancies were observed as F-type
centers.

D. Annealing

Annealing studies of Ne'-bombardment-induced
lattice damage have been made. Isochronal anneal-
ing results for both the 250- and 574-nm band are
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FIG. 7. Normalized isochronal anneal curves for both
the 250- and 574-nm bands induced in MgO by 3-MeV
Ne' bombardment to a dose of 3 &10 ionsfcm .

shown in Fig. 7. Essentially all the F-type centers
have been removed at 600 'C. This should be com-
pared with some 1200 C to remove the same band
in additively colored MgO where, it is believed,
only the vacancy is present to migrate. ' This
lower anneal value indicates that the annealing
mechanism is probably the migration of the inter-
stitial to the less mobile vacancy. These results
are similar with those for fast-neutron irradiated
MgO. The initial 5%%uo rise in the 5V4-nm band
intensity near 100 'C is within the accumulated
error of about + V% for these results. However,
the substantial rise near 500 C is real. In fact,
a similar result has been reported for the same
band in fast-neutron irradiated MgQ.

IV. DISCUSSION

The antimorph to the F center is the V center,
a single hole trapped on an oxygen ion neighboring
a cation vacancy. ' This center has been associated
with a broad (&E 1eV) abs-orption band near 2. 3
eV. Searle and Glass have examined the decay
of the V center. ~' The center decays at room tem-
perature with a half-life of 2 to 7 h. The hole is
released from the center with an activation energy
of 1.13+ 0. 05 eV and may be subsequently trapped
at an impurity such as Fe' or Cr' producing
Fe' or Cr'. Sibley et al. have associated a blue
luminescence with the Fe' —Fe' conversion, while
Wertz et al. have associated a red luminescence
with a chromium trapping site.

We can make suggestive arguments as to why
we do not observe the V band in Fig. 4 in spite
of the fact that some of our measurements were
taken within 30 min of removal from the Van de
Graaff. First, separate calculations of the nuclear

stopping power for Ne' incident on each of the MgQ
sublattices shows Ne' has little preference for
striking anions versus cations. Second, a blue
luminescence accompanied by a faint pink compo-
nent was observed from the exposed portion of our
MgQ samples during bombardment. Third, ioniza-
tion losses by the incident ions would have supplied
more than enough energy to release trapped holes.
And finally, as mentioned above, we did observe
a growth of the Fe' absorption bands with bombard-
ment dose. These four points suggest that vacan-
cies may have been produced on the cation sublat-
tice along with defects on the anion sublattice and
that cation vacancies were simply not recorded by
the presence of the V band because of impurity
hole trapping. A possible mechanism for cation-
vacancy destruction may be a sufficiently mobile
cation interstitial near room temperature at which
these irradiations were carried out.

In Fig. 5 the curve for 25Q-nm absorbance versus
ion dose appears to decrease slightly above 10
ions/cm~. This affect is more obvious for the 5V4-
nm band. For example, the absorbance of the 250-
nm band at 1.2& 1Q cm 3 is 1.54+ 0. 01 optical
density (OD) while at 2. 0 x10'~ cm 2 it is 1.40
a 0. 01 OD, representing a 9/o absorbance decrease
with an approximate twofold dose increase. This
type of effect has also been observed for 3 MeV

Ar bombarded LiF and for 60-keV N bombarded
hexagonal SiC. For LiF a threefold increase in
dose beyond the F-center saturation region causes
a V% decrease in the number of F centers pro-
duced. ' The change in QD in hexagonal SiC re-
sulting from the N-bombardment-induced lattice
damage decreases by 8% for a 10-fold increase in
dose. ' This effect is not understood at this time.

Additive coloration, electron irradiation, and
fast-neutron irradiation result in an intense 250-
nm band. Qther less intense bands near 355, 574,
and 975 nm do not appear except with fast-neu-
tron irradiation. Chen et a/. have suggested that
these other bands may be associated with centers
formed in a displacement spike produced near
the end path of a primary knock-on which had pre-
viously resul ted from a collision with a fast neutron.
Similar effects should be obtained from energetic
ion bombardment. Our observation (see insert Fig.
2) of the 5V4-nm band supports this thesis. How-
ever, referring again to the insert Fig. 2, although
the 574- and 355-nm bands are of comparable in-
tensity in the neutron case, we do not observe the
355-nm band in the ion case. In fact Ne' bombard-
ment results in a proportionately larger 574-nm
band. This can also be seen in Fig. 5 where a
typical absorbance ratio OD (250)/OD (5V4) is 50%%uo

larger in the Ne' case (at 10' ions/cm ) than the
neutron case. As these are absorbance results
they stand independent of any equivalent fast-neu-
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MgO.

tron dose arguments.
The 574-nm band may be associated with a multi-

ple vacancy center. The most elementary such
center is a divacancy, or an E~ center. Such E2
centers may be formed in the alkali halides by suf-
ficient additive coloration or low-temperature
irradiation. Assuming E centers are formed in a
purely statistical manner, E3 centers appear when
E centers are formed in sufficient concentration
so that E centers may be formed at neighboring
anion sites:

F3= (6jNp)E (3)

where N~ is the density of anion sites. This naive
approach neglects many possible effects such as
the presence of an F center influencing the forma-
tion of a second E center at a neighboring anion
site. However, if this approach is to be applicable
anywhere, we expect it to be so in cases where the
F- or E'- center wave function is compac t, such as in
the hostmaterialMgQ. ' Forour case, where the
peak F-center concentration is near 10 cm, 10
cm E2-type centers may be present. If the 574-
nm band were to be associated with an E&-like di-
vacancy center we should expect from Eq. (3) the
absorbance of this band to be proportional to the
square of that of the 250-nm band if the oscillator
strengths for these two centers were not concentra-
tion dependent. Figure 8 presents a comparison of
data taken from Fig. 5 with the quadradic depen-

dence from Eq. (3). A straight line of slope 2
demonstrates how well the quadradic dependence is
followed. The deviation at high concentrations
occurs when both bands appear to saturate. The
results in Fig. S then suggest that the 574-nm band
may be associated with a divacancy.

As a consistency argument we may assume an
oscillator strength E,74 of 1.0 in Eq. (1) and
compare the resulting concentration Nz~ predicted
by Eq. (1) with that predicted by Eq. (3). The ab-
sorption coefficient & ~ is estimated by setting
the effective thickness I;= 2. 3 p, , where t is a
measured value from profiles such as shown in
Fig. 4. From Figs. 2 and 3 the absorption band
full width at half-maximum ~E is approximately
0. 25 eV. Equation (1) then predicts Ny 3 to be about
4&&10 7 cm . From Fig. 5, at an ion dose of
3. 5X 10~' where the E-type-center median concen-
tration N~~~ 3 is about 4.4x 10' cm, Eq. (3) pre-
dicts about 2&&10'~ cm E3-like centers. The
agreement is reasonable considering the approxi-
mations involved.

The presence of various electron traps provided
by impurities represents a competing sink for
electrons with the anion vacancies formed by ion
bombardment. The maximum Fe impurity present:
in the General Electric MgO (see Table I) corre
sponds to aconcentration of about 7&&10' cm ', well
below the E-type-center peak concentration near
10 ~ cm '. Other typical transition-metal impuri-
ties will be near or below this upper limit for iron.
Therefore, the observed F-type-center saturation
level is not believed to be governed by the presence
of transition-metal impurities. As further support
for this conclusion we have performed experiments
similar to those leading to Fig. 5 employing ultra-
high-purity MgO where the Fe impurity level was
much lower, about 1pg/g. ~~ In this case the ob-
served saturation level was the same. Qther tran-
sition-metal impurities such as Ti, Mn, and Cu
were known to be present at a much higher level in
the General Electric MgO than in the Oak Ridge
material but did not observably alter the E-type-
center saturation level. In addition, the observed
saturation level for the 574-nm band was similarly
unchanged in the ultra-high-purity material.
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