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Abstract

The theory and technique of the pump and probe method of Concentration Modulated Absorption
Spectroscopy (COMAS) has been extended to species with high triplet yields. In the experiments
erythrosin B and rose bengal have been applied as model compounds. Using continuous wave
laser sources and a modulated pump beam the large COMAS signal expected from the formation
of long-lived triplets is shown to be dramatically reduced as a result of strong saturation effects.
A gain expression is derived which takes into account such saturation effects and which describes
satisfactorily the interaction of coinciding focused Gaussian pump and probe beams with the sample
solution. Based on this theory, singlet and triplet concentration profiles in the focal region in the
sample can also be evaluated. Such a treatment will be of value in modelling the refractive index
gradients that arise from the differing molecular polarisabilities of singlet and triplet molecular species
and from the energy conversion of electronic excitation to heat.

Keywords: triplet, xanthene dyes, photoinduced absorption/bleaching.

1. Introduction

Studies of the absorption spectra of organic dye molecules using the methods of
UV/Visible spectroscopy are largely dominated by the changes which occur between
the ground and excited electronic states of the same spin multiplicity. Investigation
of absorption transitions from excited states is very much more difficult because
level populations of excited states are frequently depleted by rapid radiative or
non-radiative decay processes to the ground state and to any intermediate energy
states in the system. Particularly important in these energy decay processes are
the long-lived lowest-lying triplet states which frequently occur between the first
excited singlet state and the ground state. It is well-known that the presence of
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such long-lived triplets can play a very important role in a range of photophysical
processes and frequently triplet quenchers are employed to shorten the lifetimes of
these states.

Because of the intrinsic interest and importance of the triplet states, besides
the various conventional methods which have been developed for their study, of
which flash photolysis and luminescence spectroscopy have proved to be partic-
ularly successful examples [1], [2], many other techniques have been developed
in recent years including e.s.r. spectroscopy (see for example references [3], [4])
and optically detected magnetic resonance (ODMR, references [5], [6]). Other
methods for studying triplets employ measurements of secondary effects caused
by the absorption of light. Most such methods utilise the heating effect caused
by non-radiative relaxation following optical excitation and decay into the triplet.
Photo-acoustic and thermal lens spectroscopy have already gained wide acceptance
and have proved to be very sensitive methods for analytical applications, frequently
in circumstances where conventional spectroscopic methods have proved to be in-
adequate [7], [8], the spread of these techniques being markedly facilitated by the
use of laser light sources. The simplest of the various thermal lens techniques uses
one laser beam to provide the route both for sample excitation and the means of
probing the heat produced, while significant improvements have been achieved by
using separate laser sources for ‘pump’ and ‘probe’ beams.

The more typical pump/probe experiment monitors the changes in the trans-
mitted power of the probe beam as a result of the perturbations to the optical char-
acteristics of the sample caused by the pump beam, rather than the indirect beam
defocusing and beam deflection behaviour which lie at the heart of photothermal
methods. The transmission of a probe laser through a sample (a) is diminished
as a result of absorption by excited state species created by absorption of pump
photons (photo-induced absorption); (b) is increased due to stimulated emission
and the reduced absorption arising as a result of depopulation of the ground state
(photo-induced bleaching); thus the observed change in transmission depends on
the relative magnitudes of the absorption cross-sections of ground and excited states.
Where absorption of pump photons leads eventually to population of an intermediate
triplet state the methods of photo-induced absorption and photo-induced bleaching
can also provide information on the properties of the triplet state, information which
usually cannot be obtained by other less direct methods. The role of the lowest-lying
triplet state in various spectroscopic processes is already well known, but its impact
on the phenomena of photo-induced absorption and photo-induced bleaching is
less well characterised. Recent studies from this research group have attempted to
lay the foundation for the methods of photo-induced absorption and photo-induced
bleaching on a formal quantitative footing in a technique termed Concentration-
Modulated Absorption Spectroscopy (COMAS) [9], [12]. The present paper de-
scribes the extension of these COMAS methods to take into account the dramatic
changes which occur to the probe transmission when significant triplet formation
occurs in condensed phase systems. The detailed experimental studies on solutions
of erythrosin B, rose bengal and eosin y will be presented in a separate paper [13].

The effect outlined below may occur in any photothermal experiment as an
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unwanted side effect and may have to be considered in the quantitative treatment
of thermal lens experiments. Interestingly, it is only recently that scientists deal-
ing with thermal lens spectroscopy have recognised the significance of this ef-
fect. At first this effect was regarded as an ’error’ or ’abnormal signal’ in thermal
lens spectroscopy [14]–[16]. Theoretical treatments are given by CHARTIER and
BIALKOWSKI [17], [18] and by TERAZIMA and co-workers [19]–[22]. The latter
authors distinguish between a ’population lens’ and transient absorption, both being
superimposed on the normal thermal lensing signal. In our COMAS measurements
we try to avoid the thermal lens signal in order to study the transient absorption
signal independently.

2. Concentration-Modulated Absorption Spectroscopy

The term COncentration-Modulated Absorption Spectroscopy (COMAS) describes
succinctly the process which occurs when a modulated flux of pump laser photons
perturbs the state concentrations of an absorbing chromophore. Laser radiation
may be characterised by a well-defined flux of photons flowing through identifiable
regions of space. The absorption of such photons in a defined volume produces
a measurable change in the concentrations of state, the lower state concentration
being diminished and the higher one increased by this perturbation, the net change
as a function of time being determined by the subsequent history of the system.
This change is monitored by measuring the transmission of a probe laser, whose
power is kept sufficiently low to avoid further significant changes to the populations.
The quantitative basis of this method of studying absorption spectroscopy was laid
in a series of papers describing its application with mode-locked picosecond laser
systems [9]–[11] and high frequency (10 MHz) modulation methods. However,
its generality is substantially greater than its application with rapid repetition rate
pulsed laser systems, and the theory was modified for use with continuous wave
lasers and variable frequency modulation methods [12]. It is this latter aspect of
COMAS which is of relevance to the study of photo-induced absorption/bleaching
in systems containing significant triplet formation.

Many studies of lifetimes of excited singlet states have been carried out with
mode-locked picosecond lasers [23], monitoring that fraction of the excited state
population which reverts directly to the ground electronic state rather than via the
triplet state. For that fraction of the ground state which is repopulated via the triplet
state, however, mode-locked laser systems have no advantage over c.w. lasers
because of the slow time scale of the recovery of the state populations as a result
of long triplet lifetimes. Under such circumstances there are many benefits to be
derived from the use of c.w., rather than mode-locked lasers, and from variable
frequency modulation methods that can be matched in time to the recovery rate of
the ground state concentration repopulated via the triplet.

In order to study the saturation effects on COMAS signals, model experiments
have been carried out on xanthene dyes, erythrosin B and rose bengal in dilute
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(∼10−6 M) solutions in ethanol and ethylene glycol. The experimental arrangement
for which the theory outlined below is developed is shown in Fig. 1A. Both the
pump and probe beams are produced by c.w. lasers, the pump being of longer
wavelength. An electrooptic modulator/polariser combination produces either sine
wave or square wave modulation of the intensity of the pump beam. The two
beams are made coincident and focused into the sample cell, following which they
are separated and the probe beam is sent to a photodiode detector. The signal is
processed by a phase sensitive detector locked to the frequency of modulation.

The co-ordinate system used in the theoretical treatment is shown in Fig.1B.
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Fig. 1. (A) Schematic diagram of the c.w. COMAS experiments. DM - dichroic mirror; L
– lens; S – sample; Pr – prism; D – detector; FG – function generator; EO MOD
– electrooptic modulator; P – polariser; PSD – phase sensitive detector; REC –
recorder. (B) The co-ordinate system used in the theoretical treatment.
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With a modulation frequency f the measured fractional increase of the trans-
mission of the probe laser, the ‘gain’ (attenuated absorption), using the modulated-
pump/unmodulated-probe COMAS method for a two-level system of broad absorp-
tion features, is given by the standard gain expression [12]

Gst = nπ · σp · σpr · Ne
1 · i p

λm · k2
· F, (1)

when different wavelength pump and probe lasers with absorption cross-sections
σp and σpr are set to different parts of the ground state absorption band. This
expression is analogous to Eq. (28) of reference [12] except for:

(i) the replacement of σ2 in that publication by σp · σpr , the product of pump
and probe absorption cross-sections;

(ii) the fact that the probe is of shorter wavelength than the pump so that the
concentration perturbation of the ground state only is interrogated, as a result
of which the ‘gain’ is effectively halved; and

(iii) the replacement of λ by the mean wavelength of the two lasers λmin the
medium of refractive index n. In Eq. 1 Ne

1 is the unperturbed equilibrium
concentration of the chromophore in its ground state, which is equal to the
equilibrium population difference N�e (= Ne

1 −Ne
1 ) for electronic transitions,

i p is the average flux of modulated pump photons incident on the sample per
second, and k2 ( = 1

/
τ2) is the rate of re-population of the ground state from

those levels populated by the pump laser.

The decay function F of Eq. (1) is given by

F = 1[
1 + (2π f/k2)

2
]1/2

. (2)

Eq. (1) presupposes that the fractional increase of the probe transmission in each
region of space has been integrated over the whole region of space in which gain is
created.

When Eq. (1) is employed to evaluate the gain for fluorescent dyes in solution it
is found that where no intermediate electronic states exist and for excited electronic
state lifetimes in the range 1–10 ns the measured gain values agree broadly with the
values predicted by Eq. (1) using known values for the various parameters involved.
Where efficient inter-system crossing to a low-lying triplet level occurs, however,
it is the lifetime of the triplet which controls the rate of re-population of the ground
state and k2 in Eqs. (1) and (2) is replaced by kT ( = 1

/
τT ) the rate constant of

the decay of the triplet [12], [24]. Since triplet lifetimes can be 4–5 orders of
magnitude longer than those of the singlet from which they are populated, kT can
be 104 s−1 or smaller and Gst can approach unity, far from the conditions for which
the gain expression of Eq. (1) was determined. With such long-lived triplets, in
the focal zone, ground state singlet species are excited via pump (and probe) laser
during the early stages of the pump modulation cycle into the triplet sink, ground
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state population is diminished dramatically so that little further absorption of the
pump laser occurs later in the pump modulation cycle, and the gain saturates at a
value far below that predicted by Eq. (1). The dramatic effects of this saturation
process were discovered during early studies of erythrosin B and rose bengal in
dilute solutions in ethanol and ethylene glycol. Fig.2 shows a plot of the ratio of
the experimentally measured gain, |Gexp|, to the standard ‘gain’, | Gst |, (calculated
using known parameters in Eq. (1)) versus the standard gain as abscissa. The
experimental data points represent: rose bengal in ethylene glycol – open circles;
rose bengal in ethanol – filled circle; erythrosin B in ethylene glycol – open squares;
erythrosin B in ethanol – closed squares. Although the samples and solvents are
different in many respects, the nature of the problem (i.e. triplet saturation) is
thought to be the same in each case so that the form of the plot of Fig.2 for these
different samples is felt to be justified. The data of Fig.2 were evaluated at the low
frequency limit ( f � kT in Eq. (2)), the triplet lifetime being evaluated by fitting the
experimentally measured gain values versus the modulation frequency according
to Eq. (2) (see inset to Fig. 2). Since the calculated relative gain data cover a range
of approximately two orders of magnitude they are plotted in Fig.2 on a log/log
format and although they exhibit a marked scatter, there is a clear cut correlation
establishing the convergence of the observed gain to that expected for low gain
conditions (log ||Gexp||Gst ≈ −0.6, see later). This behaviour is symptomatic of
the type of saturation behaviour described above.

It is apparent from Fig. 2 that even under conditions of very low pump and
probe laser powers, where relatively low gain values are to be expected, there are
still significant deviations between calculated and measured values of the probe
laser gain. Avoidance of this discrepancy between observed and calculated gain
values by reducing pump and probe laser powers proves to be extremely difficult to
achieve for systems with long-lived triplet states.

In practice it was found that problems arising from the wholesale conversion
of ground singlet state molecules into the triplet could be avoided by enlarging the
beam radii in the sample, leaving the only problems to be resolved as (i) those as-
sociated with the evaluation of the theoretical gain for confocal parameters (defined
as 2nπw2

o/λ) substantially greater than the absorption path, and (ii) the appropri-
ate gain expressions employed where both singlet and triplet species give rise to
significant absorption of pump and probe lasers. These aspects of the theoretical
treatment of the probe laser gain in triplet-forming systems are considered in detail
below.

3. Concentration-Perturbation and Triplet Formation

In considering the influence of a modulated pump laser on the time-varying concen-
trations of singlet and triplet states it is convenient to consider the kinetic scheme dis-
played in Fig. 3. This scheme includes triplet absorption but does not include either
the reverse intersystem crossing or any chemical reactions of the triplet molecules.
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Fig. 2. The variation of the experimental to standard (Eq. ( 1) gain ratios versus the standard
gain values for erythrosin B and rose bengal in solutions in ethanol and ethylene
glycol. The data points are fitted by theoretical expressions which take account
of the non-integer α and β values : (a) without pump or probe saturation effects;
(b) pump laser saturation only (Eq. 14); (c) with pump (Eq. 14) and probe (Eq. 7)
saturation. The broken lines employ the constants for erythrosin B; the solid lines
are calculated for rose bengal. The inset to this diagram shows a typical temporal
gain versus modulation frequency ( f ) decay curve.

(The former of these two effects will be considered later in this paper and the latter
effects will be discussed separately [13].)

When an infinitesimally low flux of photons ip(r, z, t) of an axially symmetric
laser beam falls on radial element 2πr ·dr at longitudinal position z of a sample
between time t and t+dt in the pump modulation cycle (Fig. 1B), the decrease of
the flux of photons due to sample absorption is given by

− di p(r, z, t)

dz
= Sσp · N1(r, z, t) · i p(r, z, t), (3)
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Fig. 3. The energy level scheme and associated spectroscopic and kinetic parameters em-
ployed to model the singlet-triplet excitation processes. S0 and S1 refer to ground
and first excited singlet states, T1 and T2 to the corresponding triplet states. i , λ

and σ refer to the incident photon flux, the radiation wavelength and the absorp-
tion cross-section, respectively, for the pump (subscript p) and probe (subscript pr)
lasers. N(r, z, t) refers to the appropriate state concentration at radial position r
and longitudinal position z of the radiation profile at time t .

Sσp being the absorption cross-section from the ground singlet state at the pump
laser wavelength.

For a Gaussian laser beam the radial flux of photons is given by [12]

i(r, z, t) = 4r

w2(z)
· exp[ − 2r2

/
w2(z)] · i(z, t) · dr, (4)
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where w(z) is the beam radius at position z, and i (z, t) is the average number of
photons incident upon the sample between t and t+ dt .

Since this change dip(r, z, t) in the number of pump photons corresponds to
the number of molecules excited from S0 to S1 in volume of space 2πr ·dr ·dz at
position z (Fig. 1B), the decrease in the ground singlet concentration in this spatial
element at time t can be easily expressed. The flux of pump laser photons in any
time interval dt is expressible as ip(z,t) = ip(z) · f(t) · dt, f (t) being the form of
the modulation function applied to the pump laser.

It is assumed in this treatment that since the lifetime of the lowest triplet is
very long in comparison with the lifetimes of all higher singlet and triplet states,
the population of such higher energy states remains extremely low, and in particular
N2(r, z, t) = 0, so that

Ne
1 ≈ N1(r, z, t) + NT (r, z, t). (5)

After setting up the kinetic equations for d N1
dt , d N2

dt and dNT
dt , and considering the

assumptions above, we obtain

d N1(r, z, t)

dt
= kT · Ne

1 − kT · N1(r, z, t) −

α · Sσp · N1(r, z, t) · 2

πw2
p(z)

· exp(− 2r2/w2
p(z)) · i p(z) · f (t), (6)

where α ( = T k2 / (Sk2 + T k2)) is the fractional efficiency for triplet formation
from S1, Sk2 and T k2 being the rate constants for the decay processes from level 2
to the ground singlet and the lowest triplet state, respectively.

Eq. (6) can readily be rearranged to a form which is near identical to the
type of expression derived (Eqs. 8a and/or 8b of reference [12]) in the original
treatment of the modulated concentrations of ground state species created using a
c.w. laser modulated by function f (t). The differences between the two treatments
arise from:

(i) the present evaluation of the ground state population only (and not the pop-
ulation difference N�(= N1 − N2) between Levels 1 and 2, since here the
probe laser of higher frequency than the pump only interrogates changes in
the population of Level 1);

(ii) the fact that only fraction α of excited singlet species transfer to the triplet;
and

(iii) the replacement of k2 by the triplet decay constant kT .

Since the form of the temporal evolution of the concentration in Level 1 in
region of space (r, z) is identical to that of our previous study [12], it is not necessary
to pursue the complex time behaviour of that treatment here. One can accept that the
time-dependent probe gain generated in each region of space has precisely the same
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form as that derived in our previous study, namely a ‘gain’ expression modified by
the function F of Eq. (2) for a sine wave modulated pump beam.

The aspect which is of particular relevance to this study is the magnitude of
the gain signal generated in each region of space (and the resulting overall gain) as
a result of the kinetic processes identified above. In evaluating the maximum gain
signals, which may be generated at low modulation frequencies, it is convenient
to calculate the steady state concentration NSS

1 (r, z) and N SS
T (r, z) of ground state

singlet and excited triplet species, from Eq. (6), which result when each region
of space (r, z) is illuminated by continuous pump laser radiation for times long
compared with the triplet lifetime. With f (t) = 1 Eq. (6) is readily integrated to
yield the steady state concentrations:

N SS
1 (r, z) = Ne

1


1 − b(r, z) · i p(z)

kT

(
1 + b(r,z)·i p(z)

kT

)

 = Ne

1 · kT

(kT + b(r, z) · i p(z))
,

(7)
and

N SS
T (r, z) = Ne

1 ·

 b(r, z) · i p(z)

kT

(
1 + b(r,z)·i p(z)

kT

)

 = Ne

1 · b(r, z) · i p(z)

(kT + b(r, z) · i p(z))
., (8)

with

b(r, z) = α · Sσp· 2

πw2
p(z)

· exp

[
− 2r2

w2
p(z)

]
.

The model described above does not include the possibility of reformation of ex-
cited singlet species from the lowest triplet. In the case of eosin y the so-called
e-type delayed fluorescence is caused by emission arising from this process. In-
corporation of this process into the above theory leads to the replacement of kT in
Eqs. (7) and (8) by k∗

T , where k∗
T = [kT + (1 − α)] · 2kT , 2kT being the rate con-

stant for reformation of excited singlet species from the ground triplet. Because k∗T
contains only constants this modification does not change the basic theory, which
now continues as below.

4. Concentration Probing

Since the probe laser is unmodulated, its transmission through region of space
(r,z) at the low frequency (steady state) limit may be derived by the Beer-Lambert
relationship from Eqs. (7) and (8), allowing for the fact that both singlet and triplet
species absorb, as
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−di SS
pr (r, z)

dz
= Sσpr ·N SS

1 (r, z)·i pr(r, z) + T σpr N SS
T (r, z) · i pr(r, z),

yielding:

−di SS
pr (r, z)

dz
= Ne

1 · Sσpr

{
1 − β · b(r, z) · i p(z)

(kT + b(r, z) · i p(z))

}
· i pr(r, z), (9)

where β ( = (Sσpr − T σpr) / Sσpr ) is the fractional difference in the cross-
sections for absorption by the triplet and the ground singlet states.

Introducing the appropriate expressions for b(r, z) and ipr (r, z), assuming
both pump and probe lasers have the same spatial profiles (wp(z) = wpr (z) =
w(z)), and integrating radially, yields:

−d ln i SS
pr (z)

dz
=

Ne
1 · Sσpr


1 −

∞∫
u=0

2αβ·Sσp·i p(z)· e−2u ·du

[kT πw2(z) + 2αSσp · e−u·i p(z)]


 , (10)

where u = 2r2/w2(z).
Under very weak focusing conditions and low pump absorption, the second

term in the denominator of the integrand of Eq. (10) may be neglected and this
equation may be integrated algebraically over the whole focal zone to yield the
steady state probe transmission in the presence of the pump laser. Hence, by
comparison with the probe transmission in the absence of the pump (see [12]),
the probe gain expression G (modified by the frequency dependent function F of
Eq. 2) is given as:

G = nπαβSσp
Sσpr Ne

1 i p(0)

λmkT
· F, (11)

where i p(0) is the average flux of modulated pump photons incident per second
on the sample. Comparing this equation with Eq. (1), it can be clearly seen that
the effects outlined above lead to the introduction of two factors, α and β in the
numerator, and to the replacement of k2 by kT .

Because of the appearance of the triplet decay term kT in the denominator,
even under mild focusing conditions and low pump powers, the predicted gain
can become unmanageably large for longer triplet lifetimes. This difficulty can be
overcome, while still retaining measurable probe signals, by using larger spot radii
to avoid significant fractions of the available ground state molecules being converted
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to triplets (even by the low power unmodulated probe laser). Use of a large spot
radius wo, however, brings in its train certain difficulties due to the marked increase
of the confocal parameter (2nπw2

o/λ, where λ is the vacuum wavelength and n is
the refractive index of the medium), which can be significantly greater than the cell
length. The expected gain under these circumstances is evaluated numerically by
integrating Eq. (9) over the length of the cell, L , to yield the low-frequency-limit
gain, G , for modulation frequencies approaching zero (i.e. F=1), as:

G = i∗
pr (L) − i pr(L)

i pr(L)
= exp




L∫
z=0

Ne
1

Sσpr · β
[

1 − ln(1 + B(z))

B(z)

]
dz


−1, (12)

where B(z) = 2αSσp

kT πw2
p(z)

· i p(0) · exp
[−Ne

1
Sσp · z

]
, and i pr(L) and i∗

pr (L) are the

transmitted probe fluxes in the absence and in the presence of pump laser radiation,
respectively. The exponential factor in the expression for B(z) allows for sample
absorption as the pump laser propagates through the cell.

The beam radius w(z) at distance z inside the cell is obtained for a Gaussian
beam from the expression:

w2(z) = w2
o

[
1 +

(
λ(z − zo)

n π w2
o

)2
]

, (13)

where zo is the distance of the beam focus from the entrance to the cell.
The effect of increase in the spot size on the calculated low-frequency gain is

displayed in Fig. 4 which plots, for a series of wo values, the calculated G values as
a function of zo, the position of the focus in relation to the front surface of a 1 cm
cell. In order to avoid saturation problems related to significant triplet formation,
the triplet lifetime in these calculations was set to 10 ns, far shorter than would
realistically be expected for these states. Other constants in these calculations were
similar to those determined for erythrosin B, one of the dye molecules studied in
detail.

Fig. 4 shows that for the lowest displayed focal spot sizes the maximum low-
frequency gain, relative to the ‘gain’ value given by Eq. (11), with α = 1 and β =
1 approaches unity (and contours effectively the 1 cm cell profile). With increase
in wo the relative gain diminishes and the profile as a function of displacement of
zo from the cell centre flattens, reflecting to the increase in the confocal parameter,
2nπw2

oλ, where the major part of the gain is created.
Eqs. (1) and (11) are only applicable when the confocal zone is totally con-

tained within the cell, and kT (k2) is fairly high so that no saturation effects occur.
Otherwise a fuller treatment derived from the original expression (9) is necessary.
To maintain generality, and consider that it is frequently difficult to employ pump
and probe lasers with the same beam diameters, the gain in most practical situations
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Fig. 4. Variation of the calculated low-frequency gain (Eq. ( 12)) with position of the focus,
measured from the front surface of the 1 cm cell. The data are normalised to unity
by dividing the calculated gain values by the standard gain expression of Eq. ( 1).
Data are displayed for spot sizes w0 of 2, 5, 10, 25 and 80 µm. To avoid the
effects of pump/probe saturation data are evaluated with k T = 108 s−1. The effect
of significant pump absorption is shown by the decay of the gain with position near
the maximum of the gain profile (clearest for the 2 µm data).

is derived by integration of Eq. (9) with different pump and probe diameters, wp(z)
and wpr(z), having a common focus as:

G =




exp


Ne

1 ·Sσpr ·β
L∫

z=0

∞∫
u=0

B(z)·v·exp [−u (1 + v)]

(1 + B(z)·exp( − u))
dudz





 − 1


 ·F,

(14)

where u = 2r2

w2
p(z)

, v = w2
p(z)

w2
pr (z)

and β = (Sσpr −T σpr )
Sσpr

.

Because of the complexity of this expression, only numerical integration is
possible.

The global data, presented in Fig. 2, were derived for different solutes (ery-
throsin B and rose bengal) in dilute (∼10−6M) solution in ethanol and ethylene
glycol under tight focus, extreme-saturation conditions, with a range of different
focal spot diameters in the vicinity of 5–10 µm and very similar pump powers.
The discrepancies between the measured and calculated gain (or loss) values, as
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reflected by the ordinate values of Fig. 2, are so extreme that they clearly cannot
be attributed to uncertainties in the known absorption cross-sections, spot sizes
or triplet lifetimes: all of these parameters are in any case incorporated so far as
possible into the calculated gain values, and hence should be allowed for in eval-
uating the ratio Gexp/Gst . Clearly the difficulties of gain saturation considered
above play a significant role in accounting for the discrepancy of up to two orders
of magnitude between measured and expected gain values. That triplet saturation
alone cannot account for the observed discrepancy is apparent from Fig.2, which
shows that even for non-saturation conditions (Gst ∼ 10−3) the gain converges to
∼ 25%(log10(Gexp/Gst) = −0.60) of the expected value. This convergence of the
ratio to a value of ∼ −0.6 is ascribed to the influence of triplet absorption and to
the non-quantitative conversion of excited singlets into triplets (i.e. α is less than
1). The two horizontal lines (a) show the influence of these processes on the gain
calculated from Eq. (14) with α and β values and with absorption cross sections
appropriate to those derived from the analysis of the erythrosin B and rose bengal
data, as well as with a large kT to eliminate the effects of triplet saturation. The
fact that Eqs. (12) and (14) account correctly for the form of the decrease of the
Gexp/Gst ratio as the calculated gain Gst (obtained from the simplest theory [12]
using Eq. (1)) increases is apparent from the pair of lines (b) in Fig.2. The broken
(erythrosin B) and solid (rose bengal) curves of Fig. 2 were evaluated using the
spectroscopic constants (sσp and sσpr) for these species in ethanol with appropriate
α and β values from the fuller analysis of reference [13], with wo = 10µm and
an average power of 1.8 mW, typical of the conditions employed for the studies
displayed in Fig. 2. The expected variations in the calculated gain from that based
on the simplest theory (Eq. (11)) were derived by changing the triplet lifetime from
0.1 µs to 170 µs (kT from 107 to 6,000 s−1) in Eq. (14). A further curve (c) shows
the additional influence of probe saturation on the calculated gain. This curve takes
into account the diminishing singlet concentration caused by the presence of a con-
stant level of probe laser radiation on the sample using Eq. (7). This effect is only
taken into account for erythrosin B, since probe saturation is markedly less signifi-
cant for rose bengal as a result of its very much smaller absorption cross section at
the probe wavelength.

Comparison of the experimental data points displayed in Fig.2 with the var-
ious curves calculated on the basis of the theory outlined above serves to confirm
the essential validity of the present treatment. It is worth to briefly note the rather
unexpected observation of the effects of probe saturation on the measured gain val-
ues. As normally investigated experimentally, this effect would not be considered
since the probe is generally kept very much lower in intensity than the pump, and
occurs on the high frequency side of the absorption band, where the absorption
cross sections are very much lower, and hence it would be less likely to generate
significant saturation effects. In spite of these factors, however, probe saturation
clearly has a significant influence, as shown by Fig. 2, a result, no doubt, of the
localisation of the saturating effects of the probe laser in those spatial regions where
the probe intensity is highest. Account was taken of this effect in Fig.2 by eval-
uating the residual singlet concentration at the centre of the focused beam with a
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probe power of ∼ 0.35 mW, typical of the probe powers employed for the majority
of these studies. With the inclusion of the effects of triplet–triplet absorption and
the saturation effects produced by the pump and probe lasers the theory developed
above provides a very satisfactory explanation of the discrepancy of more than two
orders of magnitude between the gain measured experimentally and that, which
would have been expected on the basis of the very simplest gain theory.
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Fig. 5. Variations of the relative singlet and triplet concentrations with position near the
focus of a continuous-wave laser beam. The spectroscopic parameters employed
(Eqs. 7 and 8) are appropriate to erythrosin B in ethanol at a probe wavelength of
488 nm and a concentration of 10−6 M (see text), with w0 = 10 µm, kT = 13,100 s−1

and i p = 0.1 mW. The concentration variations are plotted every 10 µm radially and
every Rayleigh parameter (∼ 0.9 mm) longitudinally.

As an illustration of the dramatic effects of saturation produced by the lasers,
Fig. 5 shows a typical example of the steady state singlet and triplet concentrations
calculated at various positions on the intensity profiles of the laser beams. This
diagram shows that for the spectroscopic constants appropriate to a species such
as erythrosin B in ethanol (Sσpr = 7.41 · 10−17 cm2 molecule−1 at 488 nm, kT =
13,100 s−1) some 46 % of the ground state singlet molecules are converted into
triplets at the maximum of the focused laser intensity profile (wo = 10 µm) for as
little as 0.1 mW c.w. probe power incident on the sample. Clearly, these concen-
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tration variations in localised excitation regions will have a significant influence on
the absorption of pump laser photons, and hence on the probe gain. This effect
will become very much more dramatic for greater absorption cross-sections, longer
triplet lifetimes, and higher pump and probe powers. Without taking these con-
centration perturbations into account there is little hope for obtaining a quantitative
interpretation of the time- and space-varying transmission characteristics of pump
and probe lasers in these studies of photo-induced absorption and bleaching.

5. Conclusion

The theory developed in this paper satisfactorily explains the discrepancy of more
than two orders of magnitude between measured probe ‘gains’ in pump-probe stud-
ies of systems generating significant triplet formation as compared with those which
would be expected on the basis of the simpler theoretical picture of continuous wave
COMAS [12]. The theory provides detailed estimates of the absolute concentra-
tions of singlet and triplet molecules in localised regions of space based on known
(or evaluated) spectroscopic constants, including absorption cross sections of sin-
glet and triplet molecules and pump and probe laser intensity profiles. These laser
absorption processes generate the concentration and refractive index gradients that
drive other processes such as transient induced gratings, thermal blooming and pho-
tothermal deflection spectroscopy. As a result, these concentration profiles will be
of value in modelling refractive index profiles of laser excited processes in con-
densed phases arising from internal energy conversion of electronic excitation to
heat; and in generating the electronic contributions to the localised refractive index
arising from the molecular polarisabilities of singlet and triplet molecular species
created by laser excitation.
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