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The current status of the theories on the gas-microphone detected photaacoustic
(PA) signals from condensed phases, which include bulk and powdered, porous and non-
porous solids is examined in the light of recent experiments from the author's laboratory
and eliewhere. Emphasis is placed on the influence of physical parameters such as
dimensions of the cell, particle size, chopping frequency etc., as well as experiments on
the enhancement of photoacoustic signals and studies with flowing gases in an open PA
cell. The theories seem ta be inadequate in explaining the influence of cell dimensions,
coupling gases, magnitudes of changes at phase transitions and the insensitivity PA signal
to the rate of flow of gases in an open cell.

1. Introduction

In 1881 Alexander Graham Bell discovered® that ‘sonorousness under the influ-
ence of intermittens light is a property common to all matter’. In the late 1970s
interest in this principle was revived mainly through the efforts of Rosencwaig?~*
which saw the birth of a new spectrascopic technique called photo-acoustic spec-
troscopy. Non-radiative de-excitations in a solid after absorption of light energy
causes heating of the solid followed by a heating of the gas with which the solid
is coupled. When the light is chopped at a frequency f periodic heating of the
gas results in an acoustic signal which is picked up by a microphone. Recently,
the technique has been generalized to what is now termed as photothermal spec-
troscopy. These techniques involve measurements of the thermal changes in the
solid by various ways such as measuring directly the temperature-rise, or measuring
the refraction of a probing beam which is parallel or non-parallel to the incident
beam which determines the direction of the thermal gradient in the sample, or mea-
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suring the actual expansion or deformation of the solid surface by using a deflected
beam. A recent status report on such techniques is available in the review of Tam.5

Each of the photothermal techniques has its advantages and special range of
application but perhaps the most versatile of these is the gas-microphone detected
photo-acoustic signals. We shall deal only with this article so that photoacoustic
(PA) signals will hereafter refer to the gas-microphone detected signals. This tech-
nique has attracted attention not only because of the case with which conventional
spectrometers may be modified for this purpose but also because no special sample
preparation is considered to be necessary. The areas in which this technique finds
application has been reviewed by several authors.?~7

One of the most successful and extensively quoted theories for the generation of
P A signals is due to Rosencwaig and Gersho {RG) who have used® esgentially the
model of Arnold and Crandall® for the generation of acoustic signals when a thin
filament is heated by an ac current. Oxly recently has it been realized0— 13 that the
RG theory is not strictly applicable to powders and other thermally or optically
heterogeneous samples. This has resulted perhaps in a minor crisis as much of
the early work extended straightaway the RG theory without any modifications.
The inadequacy of the RG theory is in the quantitative evaluation of parameters
although spectral information such as line positions has not been affected. In this
article we re-examine some of the work carried out in this laboratory and elsewhere
on non-porous bulk samples as well as powdered or porous samples in the light of
the RG theory and its modifications. This article therefore would not deal with the
spectroscopic content but on experiments relating to the physical parameters to the
intensity of PA signals. This includes some of our recent work on the enhancement
of PA signals as well as experiments with an open photoacoustic cell.

2. Theoretical Aspecta

Rosencwaig and Gersho make a one-dimensional analysis of the heat flow when
a solid is periodically heated due to absorption of light from a sinusoidally copped
source.® The temperature, 65, at the solid-gas boundary is obtained from a solution
of the thermal diffusion equations. The ac component of this temperature, 8,,, at-
tenuates rapidly to sero with increasing distance into the gas phase and is effectively
fully damped out at a distance of 24y where y; is the thermal diffusion length in
the gas phase. They make the assumption that only within an active volume, Vact,
defined by the region 0 < z < 2y, is the gas capable for responding thermally
to the periodic temperature changes at the surface of the sample. The spatially
averaged temperature, §{t}, within this layer is then obtained from the equation

2xp,
() = (1/2:,,,)/0 " ez, ) It

This layer of gas which expands and contracts periodically then acts as an ‘acoustic
piston’ on the rest of the gas producing an acoustic signal that travels through the
gas column to the microphone. From the ideal gas law, the displacement §z(t) of
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the acoustic piston in the volume V,., is then obtained as

Sz(t) = 2mu,0()/To
= bopsgexplj(we — x/4)/V2To (2

with 8uc(7, t) = 0o exp(—0gz + jwt), 05 = {1+ 7)/u, and w = 27p. The reat of the
gas is then assumed to respond adiabatically to the action of the piston o that the
incremental pressure, § P(t) is given by

SP(t) = YPobVacr Vo = (v Pobosy / V2, To) exp j{wt — x/4) (3)

where [, is the length of the gas phase; Ty, Py and V;, are the ambient temperature,
pressure and volume, respectively; 7 is the ratio of the specific heats. Rosencwaig
and Gersho consider some limiting cases for optically transparent and optically
opaque samples and have summarized their results as shown in Fig. 1. It is
from the fignre that the PA signal amplitude (hereafter referred to as Ipa) is
dependent on the optical absorption coefficient, 8, when the thermal diffasion length
of the solid, x,, is much less than the optical penetration depth, #s(=1/8). When
#e ® pp, Ip 4 is independent of § and is saturated. Calculations based on the RG
theory show that this happens when g, > 10425. Besides Ip 4, the other important
factor is the phase angle, ¢p4. Poulet et al., have shown'® that the phase is given
simply by

Bafip =tand - 1. 1)

Thus the experimentally measured phase lag, ®, is 45° when Befutp —> 0 and is
zero for saturated signals. The above expression is valid when e <1,
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Fig. 1. Schematic representation of the special cases for the photoacoustic theory of solids by
Rosencwaig and Gersho.®
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McDonald and Wetsel!® were the first to point out that there could be a con-
tribution due to the mechanical expansion and contraction of the solid due to the
periodic thermal heating. This contribution would become especially large when the
optical absorption length becomes much larger than the thermal diffusion length.
This is because the gas-microphone detected signal is obtained from the power gen-
erated in the solid within its thermal diffusion length while the heating of the solid
takes place over the entire volume in which the light is absorbed. Hence the effect
due to what is termed as the ‘mechanical piston’ is expected to dominate for high
values of p15/p,, or in other words for low absorption coeflicients and high chopping
frequencies.

The acoustic piston or the ‘thermal piston’ of the RG theory and the ‘mechanical
piston’ effect are strictly applicable to homogeneous non-porous substances. How-
ever, the PA technique is acclaimed only because it is versatile enough to handle
substances such as gels, translucent material, etc., which are normally inaccessible
to other spectroscopic techniques. Monahan and Nolle!® were the first to point out
that when g is larger compared to the particle diameter, 5, the optical penetration
depth is refractively determined. The intensity of the PA signal is then similar to
that observed by diffuse reflectance when measured as a function of 8. Helander et
al.,!', Yasa et al.,'? and Monchalin et al.,'® pointed out that when scattering takes
place the absorption coefficient, §, is not the same as the attenuation coefficient, ;.
The attenuation coefficient is given by the sum (f + f,) where §, is the scattering
coefficient. For very small values of 8 the scattering does not affect the signal. But
for relatively small values of § {8/, > 0.1 where I, is the length of the sample)
the photon density at the surface increases as a result of scattering and theirs is
an increase in Ip4. For high values of 8, there is expected to be a decrease, as
light-scattering reduces the number of photons absorbed besides changing the dis-
tribution. The effect of scattering therefore is to increase the PA signal for small
values of 8.

Monchalin et al.,*® were the first to suggest that besides scattering effects one
must also consider the changes in the thermal properties of the powdered sample-
air composite. They argue that the effect of a gas such as air within the voids
between the particles (§ < p,) is generally to reduce the thermal conductivity of
the composite sample relative to that of the pure sample. From the RG theory, this
should be the main reason for the enhancement of Ip4 on powdering. The second
important point made by them is that the expansion of interstitial gas in loose
powders or porous solids would lead to a considerable enhancement of the signal
especially for low absorption coefficients and high frequencies a la McDonald and
Wetsel.?> This effect is more in powders than in bulk solide because the expansion
coefficient of a gas is much more than that of a solid. ¢ps would be reduced
and tend to sero when this effect dominates. The calculations of Monchalin et al.,
for the Ip and ¢p4 for various values of Sy, and §, - . for alumina powders are
shown in Fig. 2 with g, being the effective thermal diffusion length of the composite
sample.1?
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8. Experimental Results: Comparison with Theory

The brief discussion above on the theoretical aspects shows that there are several
factors that determine Ip4. Most important of these are the optical absorption
coefficient, 8, the thermal properties of the coupling gas, solid and backing, the
dimensions of the cell relative to the thermal diffusion length of especially the gas
phase, particle size etc. We shall review in the next section some of the work
published in the literature as well as some work from the laboratory on bulk and
powdered or non-porous and porous solids in the light of the theoretical discussion
given above.
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Fig. 2. Varintion of a) [p4 and b) ¢pa calculsted by the formalism of Monchalin o of,'% for

alumina powder sample and for various values of § - i, and B, - ic.

Influence of cell dimensions: length of gas phase. The RG theory is applicable
in the limit where the length of the gas phase I, » u,;. The volume Vo in Eq. 3
is 7R3, where xR is the cross-sectional area of the cell. The RG theory is not
strictly applicable when I, < pg. When I, < py it is customary®17 to replace
4 in Eq. 3 by I, implying that the limits of integration of Bq. 1 is from 0 to Iy
instead of O to 27yy. From Eq. 3 we would then obtain Ipa as independent of
4. In practicel® 819 it s observed that Ip decreases when I, becomes less than
pg. Tam and Wong and later Korpiun and Buchner'®!? examine the influence of
a residual volume V; on Ip4 and showed that Ip, decreases contimuously as I;
decreases for Iy < jig- This may be seen in the following manner: Let the total cell
volnme including the residual volume, V;, be V =Vo +V, = *R3(l; + 1) where I,
is an effective length so chosen that xR3L, = V,. The PA pressure amplitude § P
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can then be written as (see Eq. 3).

6P = (vPybVaer/Vo) = (YPo/ To){Vactbo/ Vo) ,
= (vPo/ To)(r? /| R*) /(g + 1) = Kol /(g + 1) )

where Voot = 172l When Iy > mysy (m is a constant) we may write I} = muy and
when §, < g then §; = I;. In the early treatments'®?” m = 1, Tam and Wong'®
assume that y is retained in Eq. 5 even when I, < s,. The adiabatic condition (PV
= constant) is not satisfied®® when I, < 2.614//f ~ 10, for air so that the use
of v when Iy is less than g, seems inappropriate. Korpiun and Buchner'” use the
isothermal condition which is, however, strictly valid when [, < 0.2614/y/F ~ .
To a first approximation we may retain y for the condition I > I/ and we may use
the isothermal condition for {; < u;. Making Ku, = 1 we find from Eq. 5

IpaaP(t)

my/{lp+4), > muy,
Y+, <. (6)

We then expect a maximum when [/, = my being insensitive to the value of
I,. The maximum would be obtained at I;/uy = m if the adiabatic or isothermal
condition is used throughout. Korpiun and Buchner have been able to fit the data
of Aamodt and Murphy as well as that of Tam and Wong using various values of
I.

We have used a set up'® in which the microphone was kept below the sample
unlike the previous studies where the microphone was kept above the sample. L,
dependence was studies on a number of samples including bulk non-porous solids,
aqueous solutions as well as carbon black. A l-inch GR 1961 electret microphone
was used without removing the protective wire-mesh. We have observed that at
various chopping frequencies, Ip4, may be expressed in terms of a universal plot
of Ipaf! vs ly/u, for saturated signals, A typical example is shown in Fig. 3a.
The maximum in the PA signal is obtained for [,/u, ~ 2.5 which is comparable
to but significantly greater than that obtained by Tam and Wong'® {I,/p, ~ 1.86)
or that obtained by Aamodt and Murphy'® (I,/s; = 1.00). The reasons for these
discrepancies are not clear to us. According to Egs. 6 it would seem that various
cells have various values of m although at present we are not able to find a physical
meaning for m. In considering the residual volume, we may have to consider a
volume V? which is the volume coupling with the microphone and another volume
V! which is not directly coupled to the microphone in the sense that it is branched
with respect to the path connecting V; to the microphone. This volume ¥V, may,
for example, be the volume in the tubes of capillaries or other notches used for
passing gases etc. We have observed that changing V! does not significantly affect
the magnitude of the PA signal.

The best fit of our data with that of Eq. 6 was obtained when {, was taken
as 15 mm. Since mR? in our cell is nearly 1.1 cm?, this implies that the residual
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volume V, ~ 1.65 cc which seems to be too high since the residual volume upto the
microphone in our cell is less than 0.1 cc. For such a large value of V, one hardly
expects a universal curve of the type seen by us.

The changes in $p4 as a function of {;/u, are shown in Fig. 3b. At high values of
1,/ 1y the changes in the phase angle is roughly given by the changes in , in Eq. 4.
It is also worth noting that the phase lag is 45° as expected from Eq. 4 for large
values of I;. The phase angle starts increasing or the phase lag statts decreasing
when I, /1, becomes less than 4.0. This value is large compared to that previously
obgerved by Aamodt et al.'® One interesting factor is that the phase angle changes
when air in the cell is replaced by other gases. Gases with higher thermal diffusion
lengths decrease the value of ¢ while those with s less than that of air increases ¢
although ly/p, in all cases is greater than 4.0.
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Fig. 3. Variation of a) Ip 4 f and b} $pa with lg/ssg for carbon black powder sample for various
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values of chopping frequencies in hertz. Open circles: 11.8;
28.8; closed circles: 36.7; closed triangles: 57.4; and crosses: 73.4.

A third aspect is the frequency dependence of the signal. From Eqs. 6 it would
seem that for I, > mpglea o f=* while for lg < pglpa = f742. In general we
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may write Ip4 o f~". It was of interest to follow the frequency dependence as
a function of l;/u,. This was done by either keeping I, fixed and changing the
chopping frequency f or by keeping y, fixed and changing i;. The value of the
exponent n was obtained from the slopes of the log Ip4 vs log f plots for each
frequency. The value of n obtained was shown in Fig. 4. We see that the plot is
universal and that n ~ 1 for {/u; > 4.0 and it starts decreasing when lo/ug < 3.5.
Two pointe of interest are (i) the value of n starts decreasing at a value of [
close to that at which ¢ starts changing and (ii) as Iy /4, tends to sero the value of
n seems to approach 0.5 as anticipated from Eq. 6. Ganguly and Rao® had earlier
reported an f~1/2 dependence as I, tends to sero and attributed this fact that when
lg < py the diffusion of heat to the gas is not determined by its diffusion length.
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Fig. 4. Variation of the exponent 72 calculated from the plot of log [p 4 ve log f against Ig/Bg.
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The above discussion shows that the I, dependence is a strong function of the cell
design and all the factors are not taken into account in obtaining an expression for
the l; dependence. Aamodt et al., have explained the maximum in the I; dependence
by considering the thermal properties of the backing and the window.'® Murphy
and Aamodt?! have analyzed the P A signal in the time domain and have proposed
that there is an acoustic wave as well as a thermal wave. For small cell dimensions,
interference between these waves lead to a decrease in the P4 response. In addition,
the dynamics of the cell when there is branching pipes etc., have not been analysed
acoustically.

Infiuence of a leak in the cell. We have observed?? that PA signals may be
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obtained even if the cell is open to atmosphere. This is achieved by connecting
the cell to the atmosphere by capillaries. By a proper choice of the wall thickness,
capillary diameter and length the acoustic impedance?? of these capillaries so that
the cells may be acoustically sealed although it is open to atmosphere. We have
observed that by using capillaries of 0.5 mm diameter and about 12.5 cm length
a cell may be constructed in which there is no loss in the P4 signal at ordinary
chopping frequencies (20-300 Hz). However, at lower chopping frequencies there
is a loss of signal intensity which is dependent on the length of the capillary for a
fixed diameter. This is shown in Fig. 5. The inference is that small leaks in the
cell may dramatically alter the log /p4 vs log f plots especially at low chopping
frequencies. The influence of a leak in the cell is therefore quite important not only
in analyzing the amplitude of the PA signal but also in understanding the phase
of the PA signal since these leaks alter considerably the absolute value of the PA
signal though not the magnitude of the phase changes. Here again the dynamics of
the acoustic signal generation is important.

Ezperiments with flowing gases. We have observed that the PA signal is not
much altered in amplitude when a gas is made to pass through the capillary.?? This
could be of immense significance for the study of heterogeneous catalysts under
reaction conditions. In Fig. 6 we show the PA signal obtained when a chromia~
alumina catalyst is reduced under a stream of nitrogen gas containing methanol at
various temperatures. Temperatures as high as 500°C have been achieved by vs.?®
One of the surprising results of these gas-flow experiments is that the PA signal
is unaltered when gas is flowing through the cell and even when the flow rate is
such that the entire volume of gas within the cell is displaced during a chopping
period. This is observed with several solids with diverse thermal properties as well
as for samples in the powdered, or porous forms. The only exception so far has
been carbon black for which the signal is inversely related to the flow rate for high
flow rates. The reasons for the different behavior carbon black compared to other
solids as well as the insensitivity of Jp, to the flow rate is not clear as yet to
us. As a first approximation it seems to us that the RG theory should predict a
decrease in the PA signal since the flowing gas should effectively reduce the thermal
diffusion length of the gas phase and then reduce the amplitude of the PA signal.
That it happens with carbon black and not with other samples is surprising. The
difference is not due to the thermal properties of carbon compared to other solids
since crystals of graphite behave differently from carbon black. It is likely that the
independence of Ip4 on the gas flow rate is the general phenomenon and carbon-
black is an exception. Since carbon-black is a finely divided substance its thermal
properties is probably dominated by the air within its voids. Since the trapped air
is coupled thermally and acoustically with the pure gas phase a flowing gas could
change the thermal properties of carbon black itself and thus affect the PA signal.
The insensitivity to the flow rate for other samples seem to suggest that the acoustic
signal is mainly due to an acoustic wave as proposed by Murphy and Aamodt?! and
not a thermal wave. Experiments are under way to clarify this point further.
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Fig. 5. a) Variation of log Ipa va log f for single crystal of graphite for various conditione in
an open PA cell. Closed triangles: cell closed; open triangles: inlet arm (12.5 cm) open; open
squares: cutlet (4.6 cm) arm open; and open circles: both the arms open. b) Variation of
Ip 4 with gas flow for various samples in an open PA cell. Closed circles: carbon black; closed
squares and triangles: graphite single crystal for two intensitios varying by 40 times (normalized
to have the same value). Inset shows the pressure drop inside the cell with rate of gas fow.
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Fig. 6. Spectra of 5% Cr°+/M2 O3 at various temperatures when Methanol /N3 is passing through

the open PA cell. A: Catalyst at 298 K; B: Catalyst + MeOH/Nz; C: 308 K; D: 365 K; E: 420 K;
F: 500 K; and G: 620 K.

Influence of pariscle size. The variation of Jp4 from powdered a — Se for var-
ious particle sizes, §, has been studied by Somasundaram and Ganguly.!? There
is an increase in p4 on powdering as expected. The magnitude of the increase
on powdering is usually less than five times.?4%® In Fig. 7 we have replotted the
datal® of a— Se a5 a log Ip4 va log § plot for various values of pg/ut,. We see first
of all that the plots are nearly paraliel and that the slope is nearly 0.5 + 0.15.
The rough d~%® dependence is also seen in the data of Parke et al.,% which is
replotted in Fig. 7. This Ip4Cd =% dependence has not been anticipated in any
theoretical treatment so far. The constant C is a function of (ug/p,) increasing as
up increases. Thus signals for low absorption coefficients are more enhanced than
those with high absorption coefficients in agreement with the theories.}*~ 1%,

The phase-dependence (Fig. 8a) is also quite informative in these systems. The
experimentally measured magnitude of the phase angle ¢ as well as the amount
phase lag @ that is expressed in Eq. 4 decreases as the particle size decreases. A
comparison with the calculations of Monchalin et al.,'® (Fig. 2) shows that the
natare of the changes is similar to that due to an increase in the scattering coeffi-
cient. We find that the experimentally measure value of ¢ changes most when the
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squares: 0.7491; and closed circles: 5.420. Inset shows variation of log Ip 4 with log § for a glassy
sample of Parke of al3®

PA signal is saturated. Thus grinding introduces a phase lag. In terms of Eq. 4
this would imply that on grinding the ratio (u,/pp) is decreased. This aspect has
not been dealt with in the literature. Near saturation light-scattering effects is ex-
pected to reduce the fraction of photons absorbed. At the same time Monchalin
et al., have argued!® that for powder-air composites the effective thermal diffusion
length of the sample is reduced. These factors may lead to an overall decrease in
the ratio (u, /ptp) which may account for the change in ¢ at saturation. At higher
wavelengths when (up/6) > 1 (indicated by arrows in Fig. 8) the changes in ¢ is
n‘ot as much. This results in the phase lag © less than 45° for the smallest particle
size. In none of these cases do we see an actual upturn of & as seen in Fig. 2 s0
that the mechanical sole factor operative at these high wavelengths.

. ‘We have carried out experimente with various amounts of a dye such as crystal-
violet adsorbed on alumina of a fixed surface area but different particle sises as well
alumina of a fixed particle sise but different surface areas. We find that Jp, depends
on particle size but not on the surface area.?® Increasing surface area, decreasing
?lrticle sise and decreasing concentration of the dye leads to a decrease in ¢. Ipa
is not linearly dependent on the concentration of the dye for smaller concentrations
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giving relatively larger signals which is in agreement with the theories advanced
for porous and powdered materials.’*~13 We have observed similar results with
chromophores adsorbed on filter paper.’ However, a linear dependence betwoen
Ipa and the amount of chromophores adsorbed is observed for DNA unpregnated
on nitro-cellulose paper.?® It seems that non-linear dependence is due to the porous
texture of filter paper. We find that for the a—Se powders when /8 > 1 Ip 4 varies
nearly linearly with log (Fig. 8b). Monahan and Nolle!? have suggested that when
/6 is greater than 1 then the PA signal intensity is determined by the fraction of
light that is not reflected. This is given by Melamed’s function. This function shows
a linear relationship with log § several decades of up /6. Thus, this may account
for the log 8 dependence of Ipa for small absorption coefficients in powders. We
find that the variation of Ip4 for dyes adsorbed on alumina or filter paper shows
a gimilar logarithmic dependence on the amount of dye adsorbed. Thus despite
the rigorous theoretical work carried out by several anthors a straightforward and
unambiguous interpretation of Ipa and ¢p4 is difficult to obtain. ‘This may be
because the exact distribution of the particle sise is not known and the evaluation
of thermal and optical parameters are difficult.

Influence of coupling gas. According to the RG theory when the coupling gas
is changed then the factors that affect Ip4 are 7 and py for a fixed . The PA
intensity due to a coupling gas relative to that of air would be given by the ratio
(Ygna/ais) (#g/pais). In Table 1 we show the enhancement observed by us and
by Wong?® for various gases. This is compared with that expected from the RG
theory. The agreement is good but in the case of helium it falls far short. Tam and
Wong?® are the only workers who report a value close to that predicted in the case
of helium. There may be several reasons for the discrepancy. As seen from Fig. 3
there is expected to be a universal relationship between lg/pg and Ipa. This is
not independent of the cell design as we have shown earlier. In order to obtain the
correct enhancement it may be preferable to obtain first the universal dependence
and then obtain the value for a fixed I;/, keeping the chopping frequency fixed.
‘This has not been done to date in the literature. Thus, the results in Table 1 has
to be interpreted with caution. We note, nevertheless, that there is fair agreement
between our results and that of Wong.?® If we consider that heat is generated in
a very small region near z = 0 in the photoacoustic experiment, then we may
consider the amount of power that i apportioned into the backing and into the
gas-phase is given by the ratio (hppcb/k,p,C,)‘/’ where k;,p; and Ci are the
thermal conductivity, density and specific heat at constant pressure, the subscripts
b and g standing for backing and has respectively. If the PA signal intensity s
dependent solely on the amount of power transferred to the gas phase then for two
different gases the ratio of the PA intensities should be given by the ratios of the
factor (/(FypsCy)) aud should the adiabatic expression be used then it should be
proportional to the ratios of 11/ (FapsCq)- These ratios are also given in Table 1.
‘We note that using the latter factor we get the best fit and that this factor explains
the relatively small enhancement with Helium.
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Table 1. Relative ratics of Tp 4{gas)/Jp 4 (air) for various coupling gases.

Experimental Predicted
Coupling gas
From Ref. 37 | Ref. 20 | Ref. 8 | Ref. 17 | From ratios of
1(keC)1?
Nitrogen 1.00 1.00 1.00 1.00 1.00
Argon 123 099 125 094 0.86
Carbon dioxide 082 0.70 0.78 0.70 0.84
Hydrogen 213 2.19 266 265 2.63
Helium 209 2.66 3.66 2.82 2.36
1

Studies on phase transitions. There have been some limited applications of the
photoacoustic technique for the study of phase transitions especially with respect
to the changes in the thermal properties. For saturated signals the PA signal is
expected to be proportional to Cp'/* while for unsaturated signals Jpa o Cp*.
Pichon et al., were perhaps the first to study the phase transitions for optically
transparent samples and obtained a C7* dependence.’® Subsequently there have
been other studies of phase transitions.>'*? Recently Somasundaram et al.,% have
made a systematic study of phase transitions using the photoacoustic effect. With
NaNO, as well as BaTiO; they obtained a C7*/2 or a'/? (a = thermal diffusivity)
when ig < p, (saturated signals) as well as when p5 > u, {signal not saturated)
which is in contradiction with theory. It has also been found that grinding the
sample or using bulk sample does not change the relative amplitude of the Ipa
changes at the phase transitions. Since grinding changes the thermal properties of
the composite sample’® one should have anticipated a large change in the relative
amplitude at the phase transition. This may indicate that the amplitude of the PA
signal is not very dependent on the thermal properties of the air entrapped in the
voids. Finally, it has been observed that grinding with small amounts of carbon
black (less than 1 per cent) enables the use of visible light even though the substance
may not absorb in the visible. Since carbon-black is thermally thin the PA signal
is determined by the properties of the backing. According to Fig. 1 this should
result in the PA signal being proportional to a2/?. It has been observed that in the
case of NH{NO; where the phase transitions show a Cy" dependence grinding with
carbon black does not affect the amplitude of the changes at the phase transition
although in the latter case a Cp/? dependence is expected.

One interesting feature in the studies of Somasundaram et ol.,, is that when
NaNO, is irradiated in the uv for a long period at elevated temperatures the PA
signal intensity below 280 nm increases sharply.%® When the amplitude at 250 nm
is followed as a function of temperature after the irradiation no minimum in Ipa
due to change in Cp is seen across the phase transition although at lower wave-
lengths the minimum is clearly seen. The interpretation is that below 280 nm the
enhancement of PA signal after irradiation is non-thermal in origin and probably
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involves chemical reactions induced by light which change the number of molecules
in the gas phase during every illumination period.

Enhancement of PA signals. We have carried out several studies on the en-
hancement of photoacoustic signals by the introduction of a liquid which has a high
vapour pressure. =3 The liquid is not actually in contact with the sample and it-
self does not absorb light for all practical purposes. Several-fold enhancement may
be observed {Fig. 9) which is quite stable over a long period of time especially when
the sample is kept on top of a reservoir containing the liquid. Since the enhance-
ment is accompanied by a concommitant increase in the signal-to-noise ratio the
enhancement is not associated with a sensitivity change of the microphone. Some
important points about the enhancement are:

i) The enhancement is more from bulk solids than for the corresponding powders
the enhancement decreasing as the particle size decreases.®’

ii) For powders the enhancement is more at lower values of § and higher chopping
frequencies whereas for bulk solids the enhancement is maximum when the signal
is saturated and reduces for smaller values of 5.1

iii) The relative enhancement is independent of the coupling gas so that an
enhancement over the signal in air may be increased if air is replaced by gases such
as hydrogen or helium.3”

iv) Enhancements may be obtained with liquids also.®

v) The enhancement decreases with light intensity for high intensities.”

vi) The I, dependence of the signal changes compared to that of air. The
maximum shifts to a lower value which, however, is in agreement with the expected
changes of the thermal properties of the gas due to the admixture of the vapour.?

vii) Indirect evidence is obtained for the active involvement of a thick adsorbed
layer on the surface.®”

e

§ Enteram,
£ e watee

N s .

100 200 300 %00 500
ptmm.Hg)

Fig. 9. Enhancement observed for cadmium sulphide sample at ambient conditions, against vapour

pressure of liquida used. Squares: Single cryatal; and Triangles: powdered (< 25um) sample.
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We have proposed®*®% an adsorbed piston model for the enhancement. Periodic
evaporation and condensation of the molecules from the adsorbed layer causes either
an increase in the number of molecules in the gas phase or to a more efficient heat,
transfer to the gas phase. The number of molecules evaporating was considered to
be proportional to dp/dT where dT is the increase in the surface temperature and
by the Clausius-Clapeyron equation this would be proportional to the saturated
vapour pressure at the ambient temperature. Korpiun has essentially used the
same logic to account for the enhancement®® except that they consider the entire
enhancement to be due to an increase in the number of molecules in the gas phase.
Srinivasan et al., have refined the arguments of Korpiun especially with respect to
species conservation and obtain an expression which accounts fairly well for the
enhancement given in Fig. 8% for flat solids. The thickness of the adsorbed layer
is considered to be unimportant in both the cases. In the case of powders we have
proposed that the mechanical piston effect arising out of the evaporation pf liquid
molecules within the voids may account for the increased enhancement when the
particle size is smaller than the optical absorption length.'?

Tn both the theoretical treatments the enhancement may be written as the sum
of two terms: E, = E; + 1 where E is the contribution due to the liquid and the
unity term is due to the thermal part of the signal. In neither of the theoretical
treatments®®3° is there any dependence on the thickness of the adsorbed layer.
Simple intuitive reasoning would show that the liquid layer cannot be too large
(say much larger than its thermal diffusion length) as the thermal wave attenuation
would reduce the PA signal. An analysis of the enhancement process has been made
by Ganguly and Somasundaram®’ who show that if the enhancement is considered
to be due t0 an increase in the number of molecules evaporating into the gas phase
then the power partitioned out into the gas phase in the presence of the liquid has
to be Ey(L/CMT) times that extracted in air alone, C} being the molar specific
heat of the gas and L the molar latent heat of evaporation of the liquid. Let I be
the minimum thickness of the liquid layer to take up the minimum amount of heat
Quin to cause the enhancement Ey. If d is the periodic part of surface temperature
and A the cross-sectional area of the light beam then we obtain

Quin = IF™ACLeL80 ]

where Cy, is the specific heat per gram of the liquid and py, is its density. Similarly
we may write for Q the heat extracted into the gas phase as

Q = l;AC,p,8(t) (8)

where I, is the length of the gas phase in which there is a periodic temperature
variation. Since Qmin/@ = E1(L/CMT) we obtain for

Ipi® = By L1,Copy /CLrrCyf T(B(E)/60) - ©

We note that fo and f,(t) are expected to have the same significance as in Eqgs. (1-
3). From this we find that /F'® is in the region of 1072 to 1074 cm for f = 10-100
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Hz compared to thermal diffusion lengths of the liquid of the order of 10-2 to 103
cm. These thicknesses are too large compared to what is known for the thicknesses
of adsorbed films under saturated vapour conditions.

We believe that the enhancement of the signal is essentially by the same mech-
anism involving the enhancement of PA signals relative to that of air is replaced
by hydrogen or helium. We note that the partitioning of heat between the solid
phase and the gas-phase is given by the ratio (k.p,C,/kgpyCy)/2. For most solids
this ratio is around 200 so that most of the heat generated by the absorption of
light is retained in the solid. In the presence of a liquid layer of thickness greater
than its thermal diffusion length the ratio (k,p,C./krprC1)'/? is much less being
of the order of 2-3 so that more heat is extracted out by the liquid. This heat when
transferred to the gas phase by evaporation may lead to the enhancement. The
maximum amount of heat extracted, Qunax, may be assumed to be obtained when
the thickness of the liquid layer is equal to its thermal diffusion length. We may
therefore argue that the maximum possible enhancement due to an oscillatory mass
transfer (increase in the number of molecules in the gas phase) is

Eunax = (Qmax/QNC} T/L)
= (kLpLCL/kap, G}/ (CHT/ L) . (10)

For ether and air this is roughly 25. We note that Eyay is obtained when the
probability of mass transfer is unity, or when the liquid is at its boiling point.
Otherwise we may take the actual enhancement as being proportional to yEpax
where y is the partial vapour pressure of the liquid. Thus at 22°C the enhancement
expected is about 17.5 compared to the observed value of 14.

The following points emerge from the above model: (i} the enhancement to first
order should be independent of the thermal properties of solid; (ii) the enhancement
should be dependent on the thickness of the adsorbed liquid layer and should be
maximum for a particular value since too thin a layer would lead to insufficient
heat extraction and too thick a layer would not lead to complete evaporation; (iii)
since the model involves the partitioning of heat between the solid and the liquid
this would be most effective for signals generated close to the surface of the solid or
for saturated signals as is observed; (iv) the enhancement of signals such as those
involving the mirage effect4® is possible since a change in the number of molecules
at the gas-liquid interface or more heat extraction should lead to marked changes
in the refractive index gradient; (v) in the case of powders the thermal properties
of the powder-gas composite may be changed by the vapour in such a way that
(KaupouCoru ke airPa—nicCani) "} < 1 30 that Emmax decreases, the subscripts sv
and s-air standing for solid-vapour and solid-air composite samples, respectively.

One of the consequences of the enhancement of photoacoustic signals is that
it is possible to study the dehydration for instance of hydrates. In Fig. 10 we
show the signal from a sample of CuSo,.5H20 ground with carbon black. The
dehydration is accompanied by a marked increase in the PA signal. The two stages
of dehydration of the pentahydrate to the monohydrate through the trihydrate

|
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is easily seen.*! Interestingly, the dehydration of the monohydrate CuS04.H,;0
at higher temperatures is not seen. This indicates that the dehydration at low
temperatures proceeds by the accumulation of water in the voids and cracks formed
in the crystal during the dehydration process. This causes the enhancement. For the
dehydration of the monohydrate, the high temperatures precludes the accumulation
of water and hence the enhancement is not seen. This is in agreement without earlier
conclusions that the enhancement is due to the presence of a relatively thick layer
of the liquid on the surface.

6.0

Y

Endothermic’

| L
50 100

1 1 1 1

320 340 360 380
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Fig. 10. Variation of /p 4 with temperature for CuSO4.5H20 powder ground with carbon biack

(< 1%). Inset shows the differential thermat analysis curve for powdered CuS04.5Hz0.

Concluding Remarks

We have reviewed above some of the experiments carried out in this laboratory
and elsewhere which are important in the understanding of the photoacoustic effect.
We have been concerned therefore with the variation in physical parameters such
as the dimensions of the cell, the particle size, leaks in the cell, influence of flowing
gases, optical absorption coefficients, thermal properties etc., and their influence on
the magnitude of the PA signal and the comparisons with the theory. Although the
theories have been qualitatively successful the quantitative agreement does not seem
to be as yet satisfactory when it comes to the comparisons of the performances of
cells of different design and dimensions, the influence of various gases the influence of
flowing gases, influence of grinding, anomalies in the magnitudes of the PA changes
at the phase transition of the same compound studied at different wavelengths
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or particle sizes etc. Thus the gas-phase photoacoustic technique although still a
versatile technique for obtaining qualitative information for several purposes is still
to be well understood for the purpose of quantitative information.
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