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Standard equations for the kinetics of the concentrations of free and
trapped charges have been used to obtain explicit expressions for the
radioluminescence intensity and the concentration of induced absorption
centers in ruby with a low chromium concentration. It is assumed that
such a ruby corresponds to a band model containing one hole level and
two electron levels. The calculations are performed for the approxi-
mation of arbitrary trap filling. It is shown that: 1) the increase in
the recombination cross section at the radicluminescence centers on re-
ducing the temperature reduces the intensity of the induced absorption
and 2) the more rapid rise in the performance of the recombination chan-
nel at the blue-emission centers reduces the proportion of recombina-
tions that lead to emission of the R lines.

Experimental results and theoretical calculations have been presented [1-4].
on the R-1line radioluminescence intensity of ruby in relation to chromium concen-
tration and radiation temperature. In a previous paper [4] we considered elec-
ftron-hole processes in ruby crystals by means of a two-level band scheme that
allowed us to interpret the temperature dependence of the radiocluminescence for
gpecimens of high concentration. It was also pointed out that the two-level
model does not explain the reduction in the radioluminescence in the R lines on
prolonged low-temperature irradiation. Here we use a three-level scheme with
two electron levels and one hole level in considering the electron-hole prooesses
in ruby. The additional electron level is considered as belonging to the blue-
emisslon centers, and charge recombination at these cannot be neglected for ruby

of low concentration [4]. We therefore suppose that the levels v and v, are re-

lated to the presence of chromium in the specimen, while level v2 is the blue-

emissicn center level, i.e., recombination of a free hole with an electron local-
ized at the level gives the blue radioluminescence. This mechanism for the blue:
emission follows from data on the kinetics of radioluminescence in relation to
the redox conditions of heat treatment [5].

The physical principles of this model have been discussed in detall in [4];
the meanings of.- all the parameters characterizing the Vo traps are the same as
those of the corresponding parameters of the vy traps. As previously, we con-

sider some features of the radiation coloring in discussing the radioluminescence
of ruby. The strength of the induced absorption for low-concentration ruby at
liquid nitrogen temperature Tn is less than that at room temperature Tr' The

intensity of the radioluminescence in the R lines shows a discontinuity on cool-
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ing due to the change in the probability of intracenter radiative transitions,
whereupon the intensity slowly falls during irradiation at Tn’ which is due to

redistribution of the trapped-charge concentration [3]. We draw up a general
system of equations for the kinetics of the free and localiged charge concentra-
ticn in the three-level model for the stationary case:

%(V—n)E—on—Pa N~ 4 o(v —n) uTNT <=0, (1)

#y (V1 — ) E — oy — Byt "N+ 0y (v — 1) "N = 05 (2)

%y (Vo — 1) E — w1, — Borau "N Oy (Vs — 1)t N7 =0;

% (vy —my) E - %a (vy —mp) E - %y E - on — (3)
— By TN — Bt TNT — o (v — n)utNT = 0; ()
n =1y - s, (5)

The fecllowing expressions apply for the radioluminescence intensity in the
R lines and in the blue band: [g=gpnu-N- [41 and I,=g.Bnu*N+, where 4, has the

same meaning as the q of [4].

As previously, we put w = 0 [4]. Further, we assume that wx=x=0. In fact,
the processes relating to these coefficlents denote ejection of electrons from
the valency band into the corresponding levels. For example, 1f an electron
from the valency band is to reach an electron level, the exclting particle must
transfer energy hv such that

gy — &, < hv < &y,

where €y is the width of the forbidden band and €y is the depth of the electron

level reckoned from the edge of the conduction band. If this is not so, the
electron falls either into the conduction band or returns to the valency band.
This makes it clear that the contribution from the traps reached by electrons
from the valency band on exposure to ionizing radiation is negligible by ccomparison
with the concentration of these traps and the concentration of the traps that
interacg with free charges in other ways (trapping, recombination, and thermal
release).

It has been shown [4] that Bio!'<l in ruby; to a first approximation we will
assume that 8, = 0. Following [4], we put v = v, everywhere. On this basis we
get from (1)-(5) the following expressions for the radiocluminescence intensity
in the R lines and in the blue band:
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Measurements for low-concentration ruby show that the radicluminescence in-
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I, rei. units

1107 sec

Radioluminescence intensity in
the blue band as a function
of time after the start of
irradiation for low~concentra-
tion ruby (the dashed line
corresponds to the instant of
reduction of temperature from

T, to Tn).

tensity inthe Rlines [3] and in the blue band (see the figure) varies by about a factor:
of 3 after the discontinuilty, but the changes are in opposite directions. It follows
from this and from (6) and (7) that o(v—n) and Bn» are quantities of the same or-
der. Therefore, Irg™! is of the same order as Lg:' and xpwE so the x(v—n)E term
in (1) may be neglected, since wumwoE>xvE [4].

We also assume that blue-emission levels are efficient recombination centeré,
from which the trapped electrons escape mainly by recombination with holes reach-
ing the levels from the valency band, i.e., wme<&fumutN+ Then (1)-(5) simplifies:

o(v—myutNt — BN~ =0; (8)
Oy (v, —n)u N —aoun =0, (9)
Oy (Vg — )" N™ — By "N = 0; (10)
#VoE — o (v —n)u™NY — B tNT = ; (11)
n=ny + ny. (12)

The concentration of induced-absorption centers in an irradiated low-concen-
tration specimen remains virtually unaltered during storage at Tr (3], so one con-

cludes that o<woie i.e., ;i=wne, and this 1is independent of temperature. It is
therefore necessary to assume that some other parameters appearing in (8)-(12)
must be temperature-dependent. It is found [6] that the trapping recombination
cross sectlons in crystal phosphors with low trap concentrations may be of dif-
fuslon type, and therefore the temperature dependence will itself vary with the
state of charge of these traps and the properties of the substance. For example,
the recombination cross section may increase more rapidly than the capture cross
sectlon as the temperature 1is reduced, in which case one expects the degree of
filling to increase with the temperature. The following may be sald about the
radicluminescence intensity.
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The law of conservation of energy indicates that

I {
Bp 2 = wwE, (13)
q [}

which follows also from (8) and (11). This implies that an increase in intensity
in one band (after the step) should lead to a reduction in the intensity in the
other. The experiment indicates that the increase in intensity after the step
occurs in the blue band, which can be explained if we assume that the cross sec-
tion 82 increases far more rapidly than does B as the temperature is reduced,

which accentuates the radioluminescence in the blue band and weakens it in the
R line.

This can be illustrated mathematically from (8)-(12). The system as it
stands is too difficulft to examine, so we first simplify it. Thermoluminescence
data [4] imply that p>»o,and to a first approximation we can put thatef'— 0. Then

we have from (9) that m—0. Physically, this corresponds to neglecting the effects

of the vy levels on the processes occurring at the v and Vs levels. We then get
the following simple scheme:
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The radioluminescence intensity is

E
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- We introduce the following symbols:

p= - p= 2, ((T)=p[v—": + Vv—") + 4vvp~'].
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- We differentiate and get that (>0 if

: 203y ,
e z W (T) ¥ (v — vg)2 4 w1 Ko ( 01 )

i.e., if the derlvative 1s sufficlently large by comparison with p.

Formulas (18)-(20) take a clearer form if we put v = V,3 then
n—= ,__._v.._._.' (22 )
I+ Vﬁﬂzﬂ—l"z—l
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Jpe= —— PO ] = B (23)
R

We consider how the trapping and recombination cross sections may vary with
temperature. This problem has not been solved theoretically for the general case,
while no published evidence exists for these relationships of ruby. However, gen-
eral considerations imply that the trapping cross section at a neutral level
should be only slightly dependent on temperature [6], whereas the trapping cross

section at an attractive center has a power-law dependence 1/Tm, where 1<<m=<5
with the value of m varying with the material. If the trapping occurs at a center
with a repulsive potential, one expects the cross section to have a positive tem-
perature coefficient, and this is described for certain substances by a formula
of the type o~exp[—(TyT)*!], where T, is a constant [7].

We consider that the v and vy traps formed by trivalent chromium are neutral

in relation to the lattice in the unfilled state, and therefore the capture cross
sections are independent of temperature. The R-line emission occurs by electron’
recombination at centers with single positive charges, and therefore B~1/Tm '

The temperature independence of the free-electron trapping cross section for
vy traps is a substantial argument in favor of our supposition that these levels

have little effect on the processes occurring in the v and Vo traps as the tem-
perature is reduced.

We now consider the blue-emission levels, whose parameters are determined
by the trapping cross section o, and the recombination cross section 82. We as--

sume that Pa~YT, g3~ 1/T, where >0, r>=0, and get from (20) and (23) that we must
have /gt and 7, ¢-"in order to explain the available experimental evidence on the in-
duced-absarption strength and (>m—r.

The strength of the induced absorption thus decreases as the temperature is
reduced on account of the increase in the cross sections for recombination of
localized charges. At the same time, there is an increase in the performance of
the recombination channel at the blue-emission center (because the temperature
dependence of B, is greater than that of Bl), which causes Jg;' to increase but

reduces fpg-!, i.e., there are increases and decreases respectively after the dis=
continuity in the radioluminescence intensity in the corresponding spectral re-
gions. ‘

The size of the discontinuity in the radioluminescence intensity in low-
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concentration ruby is affected not only by the probability of intracenter radiated
transitions but also by the increase in the recombination cross sections. TFor
example, the discontinuity in IR when the chromium concentration is low is by

about a factor 2 [3], whereas the expected change in g does not exceed 1.5 [8].

Therefore, while a two-level scheme cannot explain the observed temperature
dependence of the induced absorption and radioluminescence for low-concentration
ruby, a three-level band model allows one to interpret all the results on the
variation in optical parameters of such a ruby as the temperature is reduced.
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