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Single-Ended Infrared Photothermal Radiometric
Measurement of Quantum Efficiency and
Metastable Lifetime in Solid-State
Laser Materials: The Case of
Ruby (Cr’*: ALOy)

Andreas Mandelis, Mahendra Munidasa, and Andreas Othonos

Abstract—A new, simple, and self-consistent frequency-
scanned photothermal radiometric (PTR) detection scheme was
applied to the measurement of the metastable state de-excita-
tion parameters of a ruby laser rod. From the extrema of the
photothermal phase and the amplitude slope versus the exci-
tation laser beam modulation frequency curves, we have cal-
culated the radiative quantum efficiency and lifetime in this
material, without recourse to the conventional second mea-
surement to eliminate effects of photothermal saturation. This
technique simplifies significantly the experimental methodol-
ogy, guarantees uniqueness of the measured quantities, and in-
creases the measurement range of lifetimes as compared to
other photothermal-based methods. Therefore, it may prove
valuable as a fast industrial quality control, as well as for fun-
damental studies of laser materials.

I. INTRODUCTION

HOTOACOUSTIC spectroscopy (PAS) was utilized

early on in the study of nonradiative processes in lu-
minescent systems exhibiting metastable excited-state
structure {1], [2]. The advantage of this technique over
purely optical methods is its ability to measure the abso-
lute nonradiative quantum efficiency nyg. This, in turn,
can be readily used to determine the absolute radiative
quantum efficiency, 5z = 1 — x5z, without recourse to
complicated and often inaccurate absolute detector cali-
bration procedures such as the integrating sphere method,
or knowledge of absolute ion concentrations in the case
of solid-state laser media [3]. This important feature of
PAS has been exploited by Murphy and Aamodt [4] in
interpreting the observed concentration-dependent meta-
stable level quenching rates in ruby. Other authors have
also applied PAS to the study of luminescence quantum
efficiencies of laser-type solids [5], [6] and liquids [7]. At
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the same time, the ability of PAS to yield measurements
of metastable lifetimes in laser materials has been dem-
onstrated, essentially independently from the quantum ef-
ficiency measurements [1], [8]. These measurements were
spectroscopic and, as a rule, difficult to interpret.
Quimby and Yen [9] have developed a working pho-
toacoustic technique to determine 7 in solid-state laser
materials, which depends on the measurement of the PAS
phase. This technique can, in principle, estimate both the
quantum efficiency nz and the metastable lifetime 7. Be-
sides ruby, it has also been used successfully with alex-
andrite [10]. In practice, however, there are several dis-
advantages: in order to eliminate the effects of both PAS
saturation (i.e., the often nonlinear signal frequency re-
sponse dependence on the optical absorption coefficient
of the material), two optical excitation wavelengths are
required with (ideally) equal absorption coefficients. This
can only be attained if, by coincidence, the available laser
source can operate at two separate lines at which the sam-
ple exhibits nearly equal absorption coefficients, as is the
case of ruby and the Krypton laser: the latter emits at 407
and 568 nm, for which lines the absorption coefficients 3
are nearly equal in E L c polarization (8 = 41 cm ™', AB
= 1.2 em ') [9]. A less accidental but more labor and
instrumentation-intensive method is to adjust the polar-
ization of the laser beam by rotation with respect to the ¢
axis of the crystal [10], so that the absorption at the two
operating lines may become nearly equal. Under these
nearly ideal conditions, and assuming one-dimensional (1-
D) PAS response, the PAS phase difference between the
two signal at the two exciting wavelengths is a rather sim-
ple function of nyg and 7, which yields these two param-
eters through the best fit of the theory to the data. This
method, albeit very important as the simplest and most
straightforward measurement technique of nyg (and con-
sequently ng) to date, unfortunately, does not guarantee
the uniqueness of the two-parameter (5z, 7) fit. Besides,
it is experimentatlly awkward and time consuming as it
requires the aforementioned 8 adjustment, coupled with
two sets of frequency measurements, one at each excita-
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tion wavelength. Most importantly, i) the required signal
phase difference recording at each modulation frequency
appears to produce significant scatter to the data, which
compromises the measurement accuracy in an already low
signal-to-noise ratio (SNR) situation, such as is the case
with high-quality laser materials (gyg < 0.1); and ii) PA
detection is intrinsically severely limited to low-fre-
quency measurements by the significant roll-off of the mi-
crophone transfer function [11]. This important drawback
limits the acceptable SNR to a range of lifetimes of sev-
eral hundred ps, at best. Ruby ( = 2.7 ms [9]) and al-
exandrite (7 = 260 ps [10]) are but two of all the inter-
esting and important laser materials with (usually) much
shorter relaxation time constants. A case in point is the
highly promising Ti** : Al,O; crystal (1 = 3.3 psat T =
300 K [12]). It is necessary to be able to access modula-
tion frequencies on the order of the inverse lifetime in
order to obtain both yyg and 7 information.

In this paper we sought to eliminate the deficiencies of
the technique by Quimby and Yen [9]. For the first time,
we demonstrate suitability of infrared photothermal radi-
ometry (PTR) [13] to the determination of 5 and 7 in a
laser material (ruby). The ability of PTR to access high
frequencies (> 100 kHz) renders it a viable candidate for
the study of other laser materials with short metastable
level! lifetimes. We further developed a simple analytical
technique based on extrema in the PTR phase and ampli-
tude slope, to obtain unambiguous ng and 7 information
for both amplitude and phase of the signal. These quan-
tities may be determined self-consistently and uniquely
from a single frequency scan at one (arbitrary) excitation
laser line, provided the photon energy can populate the
metastable level.

II. PTR oF THREE-LEVEL LASER MATERIALS

Tom et al. [14] have presented a generalized model of
the photothermal radiometric response to optical excita-
tion of non-opaque matter. Under the 1-D laser beam ge-
ometry assumption, they derived a complicated analytical
expression relating the PTR signal in the frequency do-
main to the optical and thermal properties of the sample.
These authors further assumed no excited-state dynamic
behavior, in that the solid system under consideration de-
excites ‘‘instantaneously’’ with respect to the period of
the sinusoidal modulation of the incident light intensity.
They showed that radiative heat emission following heat
absorption (Kirchoff’s law) is not important in PTR ap-
plications for the determination of the temperature oscil-
lation, and may be neglected. This reduces the nonlinear
integrodifferential heat diffusion (thermal-wave) equation
containing the heat source due to absorption of thermal
radiation to a simpler linear differential equation for dif-
fusion. A further simplification occurs in linearizing the
temperature dependence of the diffusion equation due to
convective heat flux from a 5/4-power, and showing that
normally the convective heat flux is small compared to the
conductive flux.
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Under these conditions, the dependence of the PTR sig-
nal on parameters of interest to this paper involves: i) the
absorption coefficient 8(\) at the visible exciting optical
wavelength \; and ii) the mean infrared absorption coef-
ficient B8, an averaged value over the spectrum of the
black-body thermal-wave radiation emitted as a result of
optical absorption of the incident radiation and subse-
quent heat release in the material following nonradiative
de-excitation:

6(1 = B()\H‘) (1)

Equation (1) corresponds to the ‘‘gray body’’ approxi-
mation of radiative heat transfer. Experimentally, the
range of \;, depends on the spectral bandwidth of the IR
detector employed.

For the test case of a ruby crystal, the value of §, is
very large in the 8-12 um detection spectral window of
our HgCdTe sensor. Using the transmission of a CO, laser
beam, it was estimated that 8, > 10* cm™', so that 8,/
>> 1, where [ is the thickness of the laser rod: [ = 6 cm.
From the calculated absorption spectrum of the ruby crys-
tal following optical transmission measurements, Fig. 1,
it was found that 8 (514.5 nm) = 0.325 cm ™' at the 514.5
nm line of the Ar* laser. Using the value of thermal dif-
fusivity « = 0.13 cm?/s [15] in the expression for the
ruby thermal diffusion length [16]

w(f) = (a/xf)'? @
the range of u values covered in the experimental fre-
quency scan (5-200 Hz) was found to be 9.10 X 1072 cm
> p(f) = 1.4 X 107% cm. It was thus verified that in

the entire range of experimental interest, 3(514.5 nm)
w(f) << 1. The conditions

Bol >> 1, Bp << 1 3

correspond to the following simplified form of the com-
plex PTR signal expression by Tom et al. (Case 2(a) of

[14]):
Wee(w, 1) = 4aQ[A@)/wle™™"? @
where
Q=eT [k
a constant in a given experiment, and
A@) = 3 1,Be™. (5b)
2

Here e is the effective emissivity of the sample; ¢ = n°o
where n is the IR index of refraction of the sample and o
is the Stefan-Boltzmann constant; 7, is the ambient tem-
perature; I, is the incident laser intensity; and k is the
sample thermal conductivity.

Equation (4) is valid for ‘‘instantaneously’’ de-exciting
materials. For a solid-state laser medium exhibiting three-
level behavior, such as the Cr'*: Al,O; system, Fig. 2,
this equation must be modified. Assuming a modulated
pumping rate to level |3) given by

W,(w, 1) = 3 W, (1 + ) 6)

(5a)
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Fig. 1. The optical spectrum of the test ruby crystal obtained with light
incident normal to the polished surface of the crystal. ( ) Ab-
sorption coefficient; (---—- ) optical transmission. The coefficient of ab-
sorption was calculated from the transmitted intensity, frand 8 = (1//) In
[1=r/Ir+ r(1 = r)] where r = [(n — 1) /(n + 1)}* at normal incidence
(n: index of refraction, calculated from the reflectivity curve of the sam-
ple).
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Fig. 2. Simplified electronic energy kinetics diagram for a three-level sys-
tem, such as ruby (Cr'* : ALLO,).

the optical pumping by the excitation laser beam photons
will drive a synchronous modulated population of the
metastable level [2)

O

It can be further assumed that N, is constant [9], valid for
sufficiently weak pumping of the ground state |1), which
is, nevertheless, always heavily populated. Neglecting the
initial condition term in the rate equation of level |2),
which accounts for the presence of residual (or cavity)
photons before the onset of each half cycle of laser beam
irradiation [17]

Ny(w, 1) = 3 N (@) (1 + ).

N2 ((J), t)

T21

d
——NZ(‘*” n = NI u/p(wv nH — (8)

dr

where

1

=——. 9
WR+WNR ()

721

As the result of the slow |2) — |1) decay, preceded by
the fast nonradiative |3) — |2) transition, the thermal
power density [J /cm®s] which is released in the laser ma-
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terial is
A(w, 1) = %[Nl WooExn + (ing/ T2ONS (@Ex ] (1 + e’
(10)
where
721 Wi
=l —pp= o TN 11
e =1 — nr e We F Wag (11)

From the solution of (8) subject to (6), (7) we obtain

)

Furthermore, the absorption coefficient 33, at the exci-
tation wavelength is proportional to the population of level

[1):

Wpu T2t

N (@) = N, ( (12)

1+ i(x)Tz[

By l, = N,

Substituting from (12) and (13) into (10), the ac compo-
nent of the released thermal power density becomes
A(w, 1) replacing the constant 4 in (4):

}eiwl.

_1 Esy Ey
4@, 1) =3 b <E31> [1 * <E32>
(14)

In the case of fast (w7y,, << 1), entirely nonradiative (Wg
=0 = gz = 1) decay, (14) reduces to
Aw, 1) = %1,,6318"",

This is the limit in which the PTR (4) has been derived
[14]. It is clear from this analysis that (14) must now be
modified as follows:

4

poE3l' (13)

NINR
1 + inZl

(14a)

25T

w

InB}l 1:(("’)eAi1r/2

Wie(w) = (15)
where the temporal modulation factor ¢’ was suppressed
for simplicity. The function F(w) contains the dynamic/
kinetic information of the three-level system. In terms of
PTR signal amplitude and phase

F(w) = |F(w)|e (16)
where
TINR(Ezn/Eaz) ’
|F(w)| = (Ex/Ep) i[l + m}
"INRwTZI(EZI/EH)r 12
{ [+ (@) } (172)
and
- Mg wT21 (Exi / E) } 17b
(@) = tan {1 + (wr9))" + mar(Ea/Ex) | (17)

III. EXPERIMENTAL AND DISCUSSION

Experiments were performed to obtain both the pho-
tothermal (PTR) and luminescence frequency response of
a cylindrical ruby sample, 6 cm in length and 1 cm in
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diameter [18]. The two flat surfaces were polished
smooth, whereas the curved surface was rough and light
scattering. Fig. 3 shows the dual experimental setup: A
CW Innova 100 Ar* laser from Coherent was used as a
pump with output power <2.5 W at 514.5 nm. The
blackbody radiation from the optically excited ruby crys-
tal surface was collected and collimated by two Ag-coated
off-axis paraboloidal mirrors, and subsequently focused
on the active area of a HgCdTe detector (EG & G Judson
Model J15D12)/pre-amplifier element with frequency
bandwidth between dc and | MHz. The detector was fitted
with a GE window which filtered out the excitation beam.
The spectral response bandwidth of the detector was in
the 8-12 pm range. The PTR signal from the preamplifier
(EG&G Judson Model PA-350) was fed into an EG&G
Model 5210 lock-in analyzer. The internal reference
square-wave voltage generator of the lock-in was used to
drive the AOM and to automatically change the modula-
tion frequency applied to it. This setup therefore allowed
computer-controlled automated frequency scans of the
modulated laser intensity. Luminescence emitted through
the curved side surface of the optically pumped ruby rod
was filtered from excitation line photons using a sharp
cut-off glass filter (Melles-Griot Model 0G550) acting as
a low-pass filter in front of a fast(ns) risetime Si photo-
diode. The photovoltage generated by the spectrally in-
tegrated luminescence of our crystal, the spectrum of
which is shown in Fig. 4, was fed into an EG&G Model
5210 lock-in analyzer and the amplitudes and phases of
both PTR and luminescence signals were stored in the
computer. In order to account for the instrumental transfer
function, it was found convenient to pump the rough side
of the ruby rod and use the PTR signal thus generated to
normalize the frequency response of the flat polished sur-
face. It was observed that negligible luminescence was
generated when the laser beam was incident on the side,
and that the laser beam was absorbed much more strongly
here. Under optically opaque conditions the predicted
PTR dependence is given by Tom et al. (Case 1 of [14]):

W, (w, f) = QAc'? /' e ™/4, (18)

It was, indeed, found that the signal phase from the
pumped side surface was leading the phase from the flat
surface by 7 /4, in agreement with (4) and (18). The am-
plitude ratio for materials exhibiting instantaneous relax-
ation is expected to be

[Wee () sransparent / Wae (@) = const. X w2 (19)

opaque
reference

These signal normalization considerations are also impor-
tant for solid-state laser materials studies and are very easy
to implement: the instrumental frequency response from
an opaque surface, such as the rough side of the ruby rod,
with no delay relaxation, as witnessed by the lack of lu-
minescence after pumping that side, is very reproducible
and can be stored in the computer memory once, to be
used with all subsequent sample data. Rationing ampli-
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Fig. 3. Experimental setup for PTR and luminescence measurements.
AOM: Acoustooptic modulator; M: mirror; PM,, PM,: off-axis parabolic
mirrors: MCT: HgCdTe detector, EG&G Judson Model J15-D12, dc-cou-
pled with fitted Ge window.
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Fig. 4. Ruby crystal luminescence spectrum. Note the strong domination

of the 2E metastable state luminescence at 694.5 nm.
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tudes and subtracting phases in each frequency scan nor-
malizes out the instrumental transfer function.

Fig. 5 shows the PTR phase and amplitude slope de-
pendence on modulation frequency. Fig. 5a shows a
polynomial fit to the experimental amplitude slope. The
minimum of the fitting curve is at 36 Hz. The ordinate in
Fig. 5(a) was obtained, in view of (19), by numerically
differentiating the quantity

(| Wac(ﬁ )|p0lished/| Wm'(fj" )lmugh) X \/fj

Assuming that gy << 1 for ruby [9], the only w depend-
ence of the above quantity should be that of |F(w)|, (17a),
which can thus be approximated

nr (B /Esz)

1 + (wry) ] 20

|F(@)]gppect = (Exa/Ey) [1 +

This function of w predicts a slope with a minimum at a
frequency f5™®, such that

1
Ty = .
N e

The experimental data with the (average value) polynom-
ial fit with f§™ = 36 Hz + 9 Hz yield the range of values

(22

@n

2.14ms < 75 < 3.5ms
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Fig. 5. Normalized PTR signal data from ruby crystal: (a) Amplitude
slope. Continuous line: best polynomial fit with fFTR = 36 Hz; (b) Phase.
Continuous line: best fit to (17b) withf,F;IR = 45 Hz.

in agreement with the earlier reported PAS value of 2.7
ms [9]. The noise in all presented data curves in this work
was of a magnitude such that:

_ Mean Value

" Standard Deviation

SNR

Fig. 6 shows the respective luminescence data. The rate
equation (8) leads to the population modulation (12),
which is responsible for radiative emission from the level
’E in ruby. Therefore, the luminescence signal

S(w) = const. X N (w) = const. X |[N¥|e
(23a)
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Fig. 6. Luminescence signal data from ruby crystal; (a) Phase. Continu-
ous line: best fit to (23c); (b) Amplitude slope. Continuous line: best
polynomial fit with 4™ = 30 Hz.

with
. B N W,, 72
INS (@) = oy (23b)
and
0> (w) = tan~" (w7y)). (23c)

Fig. 6(a) exhibits the expected linear behavior of tan 6,
versus w, with some deviation below 22 Hz. From the
slope of that curve we obtained

24)

at the high end of the values calculated from the PTR am-
plitude slope, yet in good agreement with earlier optically

Ty = 3.63 ms
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obtained values [15]. Subsequent experiments with pulsed
laser excitation and PMT detection exhibited exponen-
tially decaying luminescence from which the value 7,, =
3.78 ms was extracted, in good agreement with (24). The
generally superior SNR of the luminescence signal, com-
pared to the lower dynamic range of the PTR signal (a
feature shared with other photothermal techniques), ren-
ders the value 7,; = 3.63 ms more reliable than the mean
value 2.55 ms calculated from Fig. 5(a). In addition, the
luminescence amplitude also carries 7,, information. As
a function of w, (23a) predicts a slope with a minimum at
a frequency 5™, such that

1

Ty = ——————. 25
21 2\/5 7rf'jUM ( )

From the data in Fig. 6(b) one obtains
352ms < 75, < 3.88ms (26)

consistent with the luminescence phase data. Using pulsed
laser excitation of the ruby rod at 475 nm in a separate
measurement we obtained a purely exponential lumines-
cence decay signal, in agreement with the transient solu-
tion to the rate equation (8), which gives:

N, (1) = const. x e™'/™, 27
The time constant measured at 694 nm was
72, = 3.786 + 0.005 ms (28)

well within the range of the values (26). Now using the
value 7,; = 3.63 ms obtained from the slope of Fig. 6(a)
in the PTR phase expression ¢ (w), (17b), with nyg as the
only adjustable parameter, the best-fitted theoretical curve
in Fig. 5(b) was drawn. For this fit the following values
were used:

E, =179¢eV,

Eyp =Ey — Eyy =24¢eV — 1.79 eV = 0.62 eV.

Therefore, (E,, /E3;) = 2.88 for 514.5 nm photons. The
best fit produced the value nyz = 0.04, or

nr = 0.96.

It can be easily verified that (17b) exhibits a minimum at

a frequency f,'%, such that

g = 1 — mg = (En/E)[Qury fF)? — 11, (29)

The best fit of Fig. 5(b) shows some deviation below
approximately 20 Hz, in agreement with the lumines-
cence phase deviation frequency range, Fig. 6(a). The
value nz = 0.96 appears to be very reliable as a result of
the excellent fit of the theory to the data in Fig. 5(b).
From the range (26) of 7,, obtained through the minimum
in the luminescence amplitude slope, the following range
of ng results when use is made of the experimental PTR
phase minimum f,‘,’TR = 46 Hz, and of (29):

0.90 < 7z < 0.98. (30)
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These values are consistent with the conclusions of
Quimby and Yen [9] and earlier references named therein.

IV. CoNCLUSION

Self-consistent PTR and luminescence frequency-
scanned measurements of a ruby laser rod were per-
formed. The data were analyzed in terms of photothermal
and optical models, respectively, of a conventional three-
level solid-state laser medium. Expressions were found
for the extrema in the frequency response curves of the
PTR amplitude slope and phase, as well as for the extre-
mum in the luminescence amplitude slope. The 7,, de-
pendence of the PTR amplitude slope minimum and the
(721, 1nr) dependence of the phase minimum can be used
self-consistently to yield a unique pair of (75, nyg) values
for a given laser material. In practice, it seems that the
optimal combination of measurements in terms of SNR
for these parameters involves the luminescence phase
slope (7,;) and the PTR phase minimum (gyz = 7nz). The
broad frequency response of frequency-domain PTR is,
in principle, capable of extending these measurements to
solid-state lasers with sub-millisecond lifetimes and work
is in progress on the Ti** : ALO; system.

The present work has demonstrated that (7, ngz) mea-
surements can be simply and accurately performed in a
single-ended manner, with no need for precise and com-
plicated dual wavelength operation, or photoacoustic gas-
cell geometry restrictions as is the case with Quimby and
Yen’s method [9].
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