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Abstract. Systematic investigations of the eifect of self-absorption on the dynamic and steady-
state spectroscopic properties in ruby have been carried out at different teroperatures (from ~ 130
to S00 X) using a long, pink laser rod. At about 140 K, the lengthening of decay times of the
R lines reached a maximum and then decreased with increasing geometric trapping, Spectral
diffasion as large as 10 cm~! was observed in the complete-trapping regime. These observations
suggest reexamination of the theoretical model for phonon-assisted radiative energy transfer in
ruby.

1. Introduction

When radiation is emitted by an atom (or ion} in the transition from an excited state to
a ground state, it may, after traversing a short distance through the medium, be absorbed
by another atom {or ion) of the same type in the ground state, thereby raising the latter to
the excited state. This phenomenon is called ‘self-absorption’. Self-absorption can have
both dynamic and static effects on the spectroscopic properties. It causes the lengthening of
the observed decay time beyond the intrinsic radiative decay time and it leads to the self-
reversal of the observed emission under certain conditions. Seif-absorption is a well known
phenomenon in gaseous luminescence, such as in an Hg discharge, and was theoretically
addressed as early as 1922 by Compton [1] and later by others [2-5]. The major concern
of these studies was the dependence of the observed decay rate on the gas density.

Self-absorption in ruby was first proposed by Varsanyi et al (6] as the cause of the
particular intensity ratios of Zeeman components in a dilute ruby sample. It was also
confirmed by many authors (see, e.g., [7]-[11]) who observed the lengthening of the decay
time of the R lines in the bulk samples and by others who performed titne-resolved FLN
{fluroescence line narrowing) experiments [12]. The condition for the self-reversal of R
lines was first given by Jekeli [13], although the phenomenon was reported as early as 1911
by Du Bois and Elias [14].

The situation is complicated by the inhomogeneous broadening of the absorption and
emission lines in solids, where it is more appropriate to consider self-absorption as an energy
transfer process between inhomogeneously perturbed sites whose energy mismatch can be
made up by phonon energy. The energy transfer is obviously radiative in nature since the
interaction between the two sites is mediated by a real photon. As a result, it is called
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phonon-assisted radiative energy transfer. The issue of phonon-assisted radiative energy
transfer has been theoretically formulated by Holstein et ai {15, 16], who predicted that a
one-site two-phonon-assisted resonant process involving the 29 cm™! phonons is dominant
among all possible phonon-assisted processes in ruby. This seemed to have been confirmed
in time-resolved FLN experiments [12] and in the study of the 29 ¢m™' phonon dynamics
in ruby [17].

In order to discriminate non-radiative from radiative energy transfer, a dilute sample,
in which no significant non-radiative energy transfer occurs, has to be used. With a long
sample of this dilute material trapping can be observed, since the absorption coefficient,
though small, is not negligible. However, because of the difficulties encountered in low-
temperature experiments with such a long sample, no detailed experimental results have
been previously reported, to the best of our knowledge, to compare to the theory. Using a
home-made Dewar we have revisited this issue by carrying out a systematic study of the
self-absorption effects on both steady-state and dynamic spectral properties of a ruby laser
rod in the temperature range from about 130 to about 500 K. We found that the lengthening
of the decay time is limited by the spectral diffusion caused by the phonon-assisted radiative
energy transfer process. The one-site two-phonon-assisted resonant process does not fully
account for the large spectral diffusion (~ 10 cm™') observed in this work. We present our
experimental results in this paper hoping to stimulate theoretical efforts to revisit the issue
of phonon-assisted radiative energy transfer.

2. Experimental results

The sample we used in this study was a ruby laser rod whose length and diamter were 16,5
and 1 cm, respectively. Both ends of the rod were polished. One of them had a Brewster
angle and the other was perpendicular to the rod axis. The cylindrical surface parallel to the
rod axis was ground. The ruby rod had a molar concentration of 0.05% Cr,Os in AlyOs,
which corresponds to a concentration of N =~ 2.4 x 10" Cr** ions em™.

Dewar
l Ruby Rod

Detection K -

‘-_/ Pre-cooled
Laser beam \ pump Helium Gas
[ -

0 16.5cm
f—p Excitation Position
d
Figure 1. The schematic set-up for low-temperature experiments on the ruby rod, & is the

distance between the centre of the detection surface and the laser spot on the rod and is referred
to as the excitation position.

Thermocouple

Because of the large size of the sample, a special Dewar was built for low-temperature
experiments. He gas, precooled by liquid Nj, was brought inside the Dewar to cook down
the rod {see figure 1). The lowest temperature reached was 133 K. For high-temperature
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experiments the rod was placed inside a long Al pipe with a thick wall and a narrow slit
{~ 1.5 mm width) through which the rod was excited. The rod could be slid along the pipe
to change the excitation position. The pipe was wrapped with a heater tape and could be
heated up to about 500 K.

Both steady-state luminescence spectra and radiative decays were studied. In the steady-
state experiments an Omnichrome Model 532 air-cooled Ar ion laser was used as an
excitation source, 2 Spex % m grating monochromator as an analyser and an RCA 4526
(5-17} photomultiplier as a detector. The luminescence was chopped by an American Time
Product mechanical chopper, which provided a reference signal for the lock-in ampfifier.
The signal was amplified by an EG&G 5101 lock-in amplifier and recorded on a chart
recorder,

In the radiative decay experiments a Molectron DL-14 (Cooper Laser Sonics) tunable
dye laser (pumped by a pulsed N laser), tuned at 540 nm, was used to excite the rod. The
luminescence signal was detected directly by the photomultiplier through an Onel 52780
interference filter, which transmitied the R; line. The signal from the photomuldiplier was
amplified and processed by a Tektronix 2230 100 MHz digital storage oscilloscope, which
was interfaced, through an JEEE-488 GPIB, with an IBM XT personal computer. This
oscilloscope has signal-averaging capability. All the decay patterns used in this study were

the average of at least 128 individual sweeps.
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Figure 2. Decay patterns of the R) line of the ruby rod for different excitation positions: (a)
d=05cm; (b) d =45 cm; (¢) d = 16.5 cm; and (d) the decay pattern with an intrinsic
lifetime of 3.6 ms. « is the excitation position.

The decay patterns of the R, line at 133 K for different 4 are shown in figure 2, where
d is the distance between the laser excitation spot on the rod and the detection surface of
the rod (see figure 1). In what follows, 4 shall be referred to as the ‘excitation position’.
The dependences of the decay time on 4 for different temperatures in figure 3 show that

(i) at 133 K, the decay time increases from 8.0 to 9.32 ms, when & increases from 0.5
to about 4.5 cm, then decreases with increasing & to about 8.0 ms when 4 is 16.5 cm,

(ii) at 196 K, the decay time changes with the excitation position similarly to that at
133 K, but it is shorter (increasing from 5.45 to 6.55 ms then decreasing to 5.73 ms),

(iii) at room temperature (295 K}, the decay time increases monotonically from 4 to
about 5.1 ms,
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Figure 3, Observed decay times as a function of the excitation position for the ruby rod at
different temperatures.

(iv) at 397 K, the decay time alsoincreases monotonically from about 2.5 to about 3 ms,
and

{v) at 473 K, the decay time is almost independent of the excitation position with a
value of about 1.5 ms.
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Figure 4, Normahzed emission line shapes of the ruby rod for different excitation positions at
143 K: {2) d = 0.5 cm, (b) = 4.0 cm, and (c) 4 = 16.5 cm.

The spectra at 143 and 295 K for different excitation positions are shown in figures 4
and 5 respectively. The seli-reversal of the R; line does not happen until d increases
(the excitation position is moved away from the detection end) to about 1.5 and 7 cm for
T = 143 and 295 K respectively. The squares of the wave number difference between
peaks and the valley of the self-reversed R line as a function of excitation position for 143
and 295 K are given in figures 6 and 7 respectively.
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Figure 5. Normalized emission line shapes of the ruby rod for different excitation positions at
205 K:ayd=0cmand (b) d = 162 cm.
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Figure 6. The square of the wave number difference between peaks and the valley of the
seli-reversed R, line as a fonction of the excitation position at 143 K: open circles are the
experimental data and the solid line is the calculation result.

3. Discussion and interpretation of experimental results

It is well known [5] that the decay time of an emission line in the presence of self-
absorption is longer than its intrinsic decay time. This is called the lengthening of the
decay time. The intrinsic lifetime of ruby is 3.6 ms [18]. By comparing the observed
decay patterns (figure 2(a)~{c)) to the intrinsic decay pattern (figure 2(d)) one can clearly
see the lifetime lengthening due to the self-absorption. The lengthened decay patterns are
essentially exponential over more than two decades. Only the first decades of the decay
curves are shown in figure 2 for clarity. The exponential behaviour is present regardless
of excitation position or temperature. The observed decay times at 133 K are lengthened
by a factor of from 2.2 to 2.5 depending on the excitation position. This lengthening effect
becomes less effective as temperature increases (see figure 3).

Assume that I is the intensity of initially generated luminescence radiation. The
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Figure 7. The square of the wave number difference between peaks and the valley of the
self-reversed R; line as a function of the excitation position at 295 K: open circles are the
experimental data and the solid line is the calculation result.

radiation penctrates an absorption layer with length d, where self-absorption occurs followed
by reemission of luminescent light. If the reemiited juminescence radiation is assumed to
contribute negligibly to the transmitted intensity one can write for the latter as a function
of the wave number

Treans(v) = Ip(v) exp(—a(v)d) D

where o(v) is the absorption coefficient. Since there is no Stokes shift between the
absorption and the emission of the R lines in ruby [7] the original emission peak will be
more strongly absorbed and may become an intensity minimurs in the transmitted spectrum,
in which case the spectral line ‘splits’ into two peaks symmetrical about the original peak
position and ‘self-reversal’ occurs. In order to find the position of the split peaks, one has
to determine the extrema of Jyans, With the length of the absorption layer, 4, as a parameter,

For a Gaussian or a Lorentzian line shape, assuming the line shape and the line width
are the same for the emission and the absorption, the position of the split peaks, v, can be
expressed, respectively, as [13]

v — vy = =(y /2 In 2)[In{etmaxd)] 2 for 2 Gaussian line (2)
and
v — v = (¥ /2) (@maxd — 1)? for a Lorentzian line 3)

where v is the position of the minimum (valley) of the transmitted spectrum, y is the spectral
width of the absorption and the intrinsic emission line, and oy, is the peak absorption
coefficient. Self-reversal occurs, therefore, only for [13]

Omaxed > 1. 4)

1t is interesting to note that for both Lorentzian and Gaussian line shapes the condition for
the self-reversal is the same, but (v — vg)? is a linear function of 4 in the former case and
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is proportional to the logarithm of d in the latter case. This difference may be used to
discriminate between a Lorentzian and a Gaussian line shape.

The dependence of (v — 1p)? of the self-reversed R, line on d was calculated using (2)
and (3) for T = 143 and 295 K, respectively, with y and o, as adjustable parameters.
The results are shown in figures 6 and 7, respectively. It can be seen from figure 7 that for
T =295 K the data agree very well with (3), indicating that the shape of the R; line at this
temperature is basically Lorentzian. It can also be seen from figure 6 that for T' = 143 K the
data agree fairly well with (2), indicating that the shape of the R line at this temperature has
a Gaussian component, although it is not pure Gaussian. These conclusions are consistent
with previous results [7]. The parameters used in the calculations are given in table 1.

Table 1. Calculation parameters for the self-reversed R line.

~I
y {cm™')
Temperature Calculation  Calculation parameters (cm™!)  measured at  etmgy (cm™1)
K equation ¥ Pmax d=05cm from (4)
143 (2) 257 072 2.91 0.67
295 (3) 1174 016 1493 0.14

The calculations give aya = 0.72 and 0.16 cm™! for T = 143 and 295 K, respectively.
These values are consistent with the values, 0.67 and 0.14 cm™’, obtained from (4) based
on the 4 values at the occurrence of self-reversal. Jekeli [13] measured the absorption
coefficient of the R; line and found that ey = 3.22 cm™! at room temperature for a ruby
with a concentration 20 times as high as that of the sample used in this study, Taking
into account the concentration difference the agreement between the present result and the
experimenta) data reported by Jekeli [13] is remarkable. There are no direct low-temperature
absorption data available to compare the present result but it is certain that oy, is larger
at lower temperatures although the integrated absorption coefficient of the R; line is almost
independent of temperature [7, 13] as indicated by the present result. The larger the value
of trmax, the shorter the average distance a photon travels through the medium before being
absorbed. Therefore self-absorption is more effective at lower temperature. This can be
seen from the lengthening of the decay time at different temperatures (figure 3).

Analysis of the data using (2) and (3) also gives the intrinsic spectral widths of 2.57
and 11.74 cm™! for the R line at T = 143 and 295 K respectively. The actually measured
width of the unreversed R, line {when excited at & = 0.5 cm} is 2.9 cm™! and 14.93 ¢m™!
for T == 143 and 295 X, respectively. This indicates that the emission spectrum is indeed
affected by the self-absorption process even when the rod is excited at the detection end
d=0).

The simple considerations discussed above can indeed give one 2 qualitative
understanding of the experimental results. However, the following more quantitative
guestions arise.

(i) Why does the decay time decrease for d > 5 cm at 133 K (figure 3)? Photons emitted
at some larger d are more likely to be reabsorbed and reemitted before they eventually reach
the detector. One would therefore expect the observed decay time to increase monotonically
with increasing 4.

(i1) Why are the two peaks of the split line not symmetric with respect to the original
one? In particular, why is the higher-energy side stronger than the other side for large d
{d > 8 cm) and the opposite for small 4 (figure 4)? Since there is no Stokes shift between
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the absorption and the emisston of the R lines in ruby [7] the split peaks in the self-reversed
spectrum are expected to by symmetric with respect to the minimum. Also, why is the
observed emission line for large d much broader than that for small 4 (in figure 8, compare
curve c to curve d)?

(iii} Why, at & =~ 0.5 cm, is not at least half the observed radiation seen with a decay
time equal to the intrinsic radiative lifetime (3.6 ms [18])?

The key to questions (i) and (ii) lies in understanding the phonon-assisted radiative
energy transfer involved in the self-absorption process. The discussion of self-reversal given
above was based on the assumption that the observed photons are only the transmitted ones
(i.e. once the photon is absorbed it will not be reemitted and contribute to the detected
signal again). However, this assumption is not true because it has been shown by the
time-reselved FLN experiments [12] that the absorbed photon not only can be reemitted but
also can be reemitted with energy different from the original one due to phonon-assisted
radiative energy transfer [15, 16]. When a photon is emitted at site 1 and absorbed at site 2,
the excitation energy is transferred from site 1 to site 2. The transfer can be spectrally
diffusive or not. If not, then a particular type of ion transfers to a like ion; if so, then the
transfer is to a (slightly) dissimilar ion and requires the involvement of phonons.

0.4

intensity (a.u.)
o
(3]
1

0.1 B
[
0 nngnv°°| y 2 A
14430 14420 14430 14440

wave numbar (cm'l)

Figure 8. Normalized line shapes of the R; line: {a) calculated intrinsic; (b) calculated
transmission from o = 16.5 cm; (¢) observed for 4 = 16.5 ¢mn; and (d) observed ford = 0.5 cm.

The spectral diffusion can also be seen from the steady-state spectrum in figure 8.
From the previous discussion we known that the intrinsic emission line shape at 143 K is
approximately Gaussian, and given by [19]

Io(v) = Inax exp(—(2vI0 2/ (v — 1)) (5)

where y is the spectral width of the intrinsic emission line. With the previous calculation
result, y = 2.57 cm™', the emission line shape at 143 X is plotted in figure 8, curve a. The
expected transmission spectrum can be plotted, according to (1), and is given in figure 8,
curve b, using the previous calculation parameter, &y = 0.72 cm™?, and the Gaussian
absorption line shape [19]

(V) = oy €Xp(— (210 2/ ¥ Y2 (v — 1)). (6)
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The actual observed R; line spectrum at 143 K (when the rod was excited at d = 16.5 cm)
is also given in figure 8, curve c, for comparison. The areas of all spectra are normalized
to unity.

By comparing figure 8, curve ¢, to figure 8, curve b, one can see, in this particular
case, that more than 70% of the observed photons originate from the wings, which are
spectrally diffused up to 10 cm™! from the centre. This can only happen through a phonon-
assisted radiative energy transfer process which alters the spectrum. We have noticed that
the percentage of emission from the wings increases with increasing d. This indicates
that the efficiency of the phonon-assisted radiative energy transfer process increases with
increasing 4.

The efficiency of the phonon-assisted radiative energy transfer process depends on the
degree of radiative trapping in the sample [16], which is determined by the ratio of the
geometric size of the sample to the photon mean free path. The phonon-assisted radiative
energy transfer process can be 100% efficient under conditions of complete trapping, where
every photon emitied is subsequently reabsorbed and reemitied until it couples with a phonon
at a particular site and the energy transfer takes place. On the other hand, the photon mean
free path is a strong function of the photon energy. Strong trapping may hold at the centre
of the emission line but photons corresponding to the excitation energies of sites in the
wings of the line will be considerably less strongly trapped.

When d reaches a value such that the phonon-assisted energy transfer process is
100% efficient, every time an emission—absorption—reemission takes place the emission is
spectrally diffused from the line centre to the line wing, where the photon has a much longer
free mean path and will experience less self-absorption. When & is further increased, more
and more photons will be transferred from the centre to the wings so the overall trapping
becomes less and less effective with increasing d, so does the lengthening of the decay time.
Therefore, the decrease of the decay time with increasing d for > 5 cm at 133 K (see
question (1)) can be understood as the result of competition between the spectral diffusion
resulting from the phonon-assisted energy transfer and the increase in geometsic size. The
increase in the geometric size increases the degree of radiation trapping, which in turn
favours phonon-assisted energy transfer, but phonon-assisted energy transfer decreases the
degree of radiation trapping due to spectral diffusion.

The second question posed earlier is, we believe, related to the specific mechanism of
the phonon-assissted process, since a particular mechanism is expected to have particular
effects on the emission spectrum.

Phonons can be involved in the energy transfer process in various ways, and make up the
energy mismatch between sites 1 and 2. One phonon or two phonoens can be involved in the
process, which is then called a ‘one-phonon-assisted’ or a ‘two-phonon-assisted’ radiative
energy transfer process [15, 16], respectively.

The one-phonon-assisted process is pictured in figure 9(a). A phonon is emitted or
absorbed (for AE, > 0 or AE|y < 0, respectively) at site ] first followed by the emission
of a photon at the same site. Then the same photon is absorbed at site 2. The energy-
conserving delta function in the Fermi golden rule requires that the phonon energy be equal
to the energy mismatch between the two sites. The phonon emission or absorption can also
of course occur at site 2 where the photon is absorbed.

There are, in general, two types of two-phonon-assisted radiative energy transfer process
depending on where the two phonons are involved. They are the so-called two-site two-
phonon-assisted (TSTPA) and one-site two-phonon-assisted (OSTPA) processes, as pictured
in figure 9(b) and {(c) respectively. The phonon emission and the phonon absarption take
place at two different sites for the TSTPA process and at the same site for the OSTPA process.
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Figure 9. (a) One-phonon-assisted, (b) two-site two-phonon-assisted, and (c} one-site two-
phonon-assisted radiative energy transfer processes. The solid vertical lines represent photons,
the broken lines phonons, and the horizontal broken lines the intermediate states. The circled
numbers represent the sequence of the perturbation chain. The open circlies denote initial
electronic occupancies. Downward and upward arrows represent the emission and the absorption,
respectively, of photons or phongns.

The energy difference between the two phonons is equal to the electronic energy mismatch
between the two sites for both cases. For the two-site process the energy of the mediating
photon is equal to the electronic energy of site I minus (plus) the energy of the phonon
emitted (absorbed) at the same site. This photon energy is usually not the same as the
electronic energy of site 2 as is the case in the one-site process.

Holstein et al [15, 16] have theoretically studied and compared in detail the transfer
rates for various phonon-assisted processes. They concluded that the one-phonon-assisted
processes are much less efficient than the two-phonon-assisted ones for ruby due to the
small phonon energy density of states for small energy mismatch. They also concluded that
of all the possible two-phonon-assisted processes the OSTPA processes are more efficient
than the TSTPA processes. In particular, they concluded that the OSTPA resonant process,
which involves two resonant phonons (ones whose energies are in resonance with the energy
difference between 2A and E levels), is the most efficient in ruby. This idea appeared to have
been confirmed by the time-resolved FLN experiment [12] and was successful in explaining
the trapping of 29 cm™! resonant phonons in ruby [17]. However it cannot qualitatively
account for the large observed spectral diffusion (~ 10 cm™!) shown in figure 8, curve c.
In contrast an OSTPA resonant process can only cause a spectral diffusion up to the order
of the resonance width of the 29 c™! phonons. This width is only .02 em~! [20]. 1t is
possible that a TSTPA non-resonant process can qualitatively account for our observations
because it involves photons whose energy is shifted by the energy of phonons from the
electronic energy. Since non-resonant phopons are involved, the energy of these photons
can be shifted out of the inhomogeneous broadening line width. Therefore these photons
may have trapping lengths considerably in excess of the zero-phonon emission photons
and may escape from the sample in the strong-trapping regime. This may account for the
large observed spectral width in figure 8, curve c. As pointed out in [16], except for the
previously reported results on ruby and Cr**:LaAlQ;, all other studies appear to exhibit
TSTPA non-rescnant transfer, We therefore suggest that modelling of the phonon-assisted
radiative energy transfer process in ruby be revisited to identify the source of discrepancy.

Question (iji) is, we think, more profound than it seems. When the rod is excited
at d = 0.5 com, it is expected, according to Beer’s law (using the previous result,
Omix = 0.72 ¢m™1), that at least 70% of the initially generated luminescent photons will
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escape the sample with the intrinsic decay time (3.6 ms) without being absorbed and
contribute to the detected signal. Therefore the detected decay curve is expected to be
non-expenential with the initial part having a decay time of 3.6 ms, but this component is
not seen in the decay pattern (figure 2(a)): instead a pure exponential decay is seen with a
single, lengthened decay time (8 ms). This implies that all the photons initially generated
are completely trapped within a distance of 0.5 cm and experience the emission—absorption—
reemission cycle at least twice before they escape the rod.

This is obviously inconsistent with Beer’s law, which predicts that a photon will
experience absorption-reemission less than once on average when the rod is excited at
d = 0.5 cm. One of the pictures one might think about to reconcile this contradition is the
migration of the excitation energy (i.e. the excitation energy migrates inward along the rod
so effectively that the emission appears to come from some large 4 even though the rod
is excited at 4 = 0.5 cm), but earlier four-wave mixing grating experiments [21-23] have
shown that the energy migration in ruby is not effective and the excitation diffusion length
is less than 60 nm. We therefore believe that the trapping even at small 4 is due to some
other microscopic processes, since the same phenomenon has also been observed for a thin
{~ 1 mm thickness) sample even when excited on the surface,

4. Conclusions

In conclusion, the effects of a phonon-assisted radiative energy transfer process on both the
steady-state spectrum and the lengthening of the decay time have been directly observed
in a long, dilute ruby rod. The saturation and reduction of the lengthening of the decay
time in the complete-trapping regime was explained as a resuit of the spectral diffusion
caused by the phonon-assisted radiative energy transfer process. Large spectral diffusion
and asymmetric, self-reversed line shapes were observed at about 140 K. These resulis call
for a reexamination of the theoretical models used to explain energy transfer in ruby. For
example, there may be a geometric dependence of the radiative phonon-assisted energy
transfer mechanism that must be invoked to explain our results since a long rod was used in
our experiments assuring complete trapping. The data presented mean that the microscopic
radiaton trapping mechanism applicable to ruby needs further study.
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