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Study of Photoacoustic Effect in Solids and Liquids
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The principle and practice of Photoacoustic Spectroscopy is given. The
theoeetical formulation follows Rosencwaig in considering the selid undergoing
periodic absorptica of light acls as & piston in the surrounding gas. Data for
photeacoustic spectrescapy for solids in powder form and for sobutions of dyes of
different concentration are shown to be a good representation of the optical
absoeption of the material. The dependence of the photoacoustic sigral on the
experimental conditions ¢.2. the chepping frequency of light is also given,

1-Introduction:

Photoacoustic (PA) spectroscopy [1-8) is a technique for the study of optical
absorption spectra directly. The basic idea of the method is to place the sample 1o be
investigated in a closed cell containing a gas or air and a sensitive microphone. The
sample is illuminated by light that is modulated or chopped at audio frequencies. The
sample undergees oplical abserption at the surface and is beated through nonradiative
transitions and the heat is transferred 1o the gas in the cell. Since the sample heating is
modulated, the gas heating produces a pressure fluctuation within the cell which can be
detected by the microphone as an acoustic signal, The analog signal from the micreghone
is then phase sensitively detected. The resulting PA signal depends not only on the amount
of heat generated by the sample, but also on the way heat diffuses through the sample.
There are two medes of operation in these experiments, In the first, the light is chopped at
a constant frequency, and the incident wavelength is varied In the second, the light
wavelength is kept constant and the chopping frequency is varied. PA spectroscopy
discovered by Tyndall [9] and Roentgen [10] and fater was developed by Rosencwaig [11].
The PA technique has many advantages: i) It enables one to obtain spectra similar to
oplical absorption spectra on any type of solids or semisolid materials, whether it be
crystalline, powder, amorphous, smear, gel, etc. This capability is based on the fact that
only the absorbed light is converted into sound. ii) Scattered light, which presents serious
problem when dealing with many sclid materials by conventional spectroscopic
techniques, presents no difficulties in photoacoustic spectroscopy. iif) Tt has been found
experimentally that good optical absorption data can be obtained, with the photoacoustic
technique, on materials that are completely opaque to transmitted light [1]. iv)
Photoacoustic spectroscopy has already found some important applications in research and
aralysis of inorganic, organic and biclogical sclids and semisolids [12-13). ¥)

* Furthermore, it has very strong potental as spectroscopic technique not enly in the study
of bulk optical properties, but also in surface studies and deexcitation studics [1],
Because of the above advantages of PA spectroscopy, it was decided to initiate
- such spectroscopy and to construct the experimental set-up of the PA technique at the
Laser Laboratory at Ain Shams University, In the foilowing we preseat a formulation of
the principles of PA technigues along lines similar to but not identizal 1o thoss followed by
Rosencwaig and Gersho (RG) [14, 15)
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2- Theory:

The standard theory of pholcacoustic effect with solids developed in a classic
paper by RG [14,15), where, they formulate 3 one dimensional model of the heat flow in
the cell resulung from the absorbed light encrgy. However in this paper the theery of PA
that is developed independently and the resulting expression have a close resemblance to
RG results. This section is divided into three subsections to present first: the heat flow
through the sample, second; the temperature distribution in the PA ccll and third, the
production of the PA signal.

i- Heat- flow equations

Consider a simple cylindn- Bourdary layer of gas
cal ¢cell (as shown in Fig 1) of dia- /
meter Dandlengthlﬁl*!b#l., ,
where £is the length of the sample, = /
£ is the length of a poor thermal ple
conducting backing material and ty
is the length of the gascolumn in
the cell. Assuming that the gas and
backing matenals are not light ab-
sorbing and a sinusoidally chopped
monochromatic light with wave. L T 12 A
length 2 is incident on  the solid -tef, -t 0 2= .t
with inteasity I= 1 (1+coset)/2 o
where I, is the incident mono-
chromatic light flux and o is the Figl Schematic comfiguration of the photoacoustic cell.
chopping frequency. The following
parameters are defined: K| |, the
thermal  conductivity of matenal i (callem e K): P, the density of material i (glem?); ¢, ,
the specific heat of material i (calgK), & = Kipc; , the diffusivity of material i 3~
(@2a;)"? where the subscripts i=s, gorb denots the sample, gas or backing material
respectively. Let ¢, ( x, t ) denote the temperature in material i relative to 2ambient
temperature (T,) due to light into heat conversion process. By neglecting the heat losses by
raciation at the lateral surfaces, the temperature in the cell obeys the thermal diffusion
equations as these of RG theory [14).

The thermal diffusion equation in the solid taking into account the distrivuted
heat source can be written as

5, 5D,

1
a2 g o, Ot

= Acxp(Px)[1+exp(iat)] -{<x<0 (1)

where B is the optical absorption coellicient of the solid sample (in cm') for the
wielength ., A= Bl,nK,.uhereqistbecﬂicienqmuhichdxabsofbedlightat
wavelength A, is converted to heat by the nonradiative deexcitation pracesses. Assuming
n = 1 which is rcasonable for most solids at room temperature. For the backing and the
£3s, the heat diffusion equations are given by

do, _ 1 50,
&\2 Xy &t

-f-f 5 x5 ~£(2)
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B i &
ok Dsxg £ (3

The real part of the complex-valued . (x, 1) is, of course, the salution of physical
imteresl This, in turn, is oblained by selving the thermal diffusion equalions together with
the appropriate boundary conditions requiring the temperature and heal-fiue continuity at
the boundarics x =0 and x=—f together with the constraint that (e lermperature at (he
cell walls is at ambient emperature [ie b, (- -'.'E]- = o (=== 0] It could be
argued that the transition from the sample 1o the gas involvas aat only 2 discontimity in
the derivatives but also in the temperatire itself due to the surfzce laver with a nonzerg
surface thermal resistance. Such surface effects may be important if the lzngth of the heat
transfer into the gas becomes comparable to the gas thermal diffasion length (2o Tz
ii- Temperature Distribotion in the cell

To sobve the sbove equations for ${x, 1) in the cell, we use the method of
separation of variables. This method cannot be used directly here sines (he boundary
conditions are non-komegeneous. To analyse this problem, we first obtain an equilibrium
temperature  distribution  &(x). This temperature must satisfy the sleadv-state [ lime
independent equation)

1
df = A 100 SOUTTE
d i
d*¢ . :
and ﬁ = [ix] where £ix) is the source

Applying this role 1o the equations (1) - (3) =0 the do components of the
temperatire can be written as

belx) = (1-7-)8
£

?L{an,,;wﬂ )
]

ppix)

# (%) = e teyu+dexpifx)

where 8, W 2, e, and d are real valued constants. The de solution in the backing and
gas aleeady make use of the assumption that the lemperature (relative o ambient) is zero
at the eads of the cell The guantities W, and B, dengte the do component of the
emperature (relative to ambient) at the sample surfaces x=-¢ and x =10, respectively,
The quantity d is determined by the forcing function in equation (1) d = = A/

Then consider the temperaturs variation from the equilibrium temperaturg

¥ix,t] = DX t)=d(x)

2 i
“uch thot -ﬂ_"-"l:-":.._l = lﬂl*f{x,tj
&' a &
ie wix t) satisfy the diffusion equations. )
To find wix, ), consider wix, 1) = vix} ¢ | (hen substitute with ¥(x, 1 Into
the diffusion equations in tha three media. The ac components of the temperamre can be
writien as
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Vglx ) = Bexpl-gpx +iot)
Velxd) = Woexpley(x+£) +ict) (3)
Vilxt) = [Uespla,x)+Zexp(-c, %) - E exp{fix)] ¢

where 8, W.U.Z and E are complex-valued constants. In particular, it should be neted that
8 and W rcpresent the complex amplitudes of the periodic temperatures af the sample-gas
boundary (x = 0) and the sample backing (x = «f), respectively, The quantity E determined
by the forcing functien in (1)

E = Iﬁ = ——l—l—lﬁgn 2

Bt -o? 2Ka(B' -]}
In the ac soletion, eguaton(s), we have omitted the growing exponential
component of the solutions 19 the gas and backing muterial where this solution is nol

accepied physically. Combining equations {4) and (%), we get the general solution of
equations (1)3+(3)

x,t) = ﬁ{1+!+!b]“.".j*ullf-'q:'[ﬂhfx"'f}-l-iﬂﬁti ~f-f,sxs ~f

= gy +exx +denp(fx) + [Uexple, x) + Zexp{=o, 1) = Eexp(Px)]explivt) —f<x<0

- {I—i]ﬂg+ﬂtm{-u't+ﬁ1} Dsxs ¢
(6}

The temperature and heat flux continuity conditions a1 the sample surfaces are
explicitly given by
Dg(0,1) = (0,0

Wyl-L0 = @y(=41)
2 G
Ke—t(0.) = K, =20,1) "
X X
. ]
and  Ky"2R(-£1) Kit(-£,1)

where the subscripts s, band g identify the solution in equation (6) for the temperature in
the solid, backing and gas, respectively, These consiraints apply separmtely to the &
componenl and the sinoseidal componsat of the solution. Applying equations (T) 10 1he
sinusoidal componcent of the selution yields

B = U+Z-E (8-a)
W= Uesplom, )+ Zexp(af) « E exp(~[if) (8-x)
gl w -UsZ+rE (8<)

bW = Uexp(~ef) - Zexp{al) - r Eexp(-pH (8-d)
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where r=(l-i)L:£ z g:ELaﬁ and p = Ksaw
23! Ty kgae ksas

From equation (7), we obtain the dc components of the solution

8, = ¢ +d

Wo = & -&f+dexp(-pe)
(~kg/tg)8, = ksex+kPd &)
(kp ML) Wo = ke +kpd exp(~pé)

Equations (8) together with the expression for E deterniine (he coefficients U, Z,
W and ©. Hence the solution to equations (8) and (9) allow us to evaluate the temperature
distribution, eqquations (1-3) in the cell in terms of optical, thermal, and geometric
parameters of the system. We want to determine the explicit solution for 0, the complex
amplitude of the periedic temperature at solid-gas boundary ( x = 0 ). From equations (8-a)
and (8<)

U(g+D) +Z(g~1)~E(g+r) = 0 (10)
From equations (8-b) and (8-d)
U b-1) exp(-af) + Z (b+1) exp(af) + E (r-b) exp(-p) =0 (m
From equation (10)
U E(g+r) -2(g-1) (12
B+l

Substitute with U into equauon (11)
(b-Dig+re +(g+1){r-b) M

b (b=-D(g=De = (g+1}(b+1)et (1)
Substitute with Z into equation (12)
U = g BEDE-DO-n - (grng+ Db+ (1)
(g+1)(b-I)g-De ™ - (g +1)(b+1)(g+1) e
From equations (13) and (14), we ¢can find B
8 = U+2-E
: _ BIo (r=Db+0e® = (r+D)(b=1) e +2{b-r) oM
R r S ¢ ~ot (13)
2P -a”) (B+D(b+1) ™ - (g-1)(b=1e™"

iii= Production of the acoustic signal

The main source of the acoustic signal anses from the periodic heat flaw from the
solid to the surrounding gas. The perodic diffusion process produces i periedic
temperature variation in the gas given by the sinusoidal (ac) component of the solution

O(X,t) = ﬁu\-?(..,s-sf(&;e.z) (18
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At a distance of only 2mp, the pericdic temperature variation in the gas is
cffectively damped out. The spatially averaged temperature of the gas within this boundary
Layer as 2 function of time can be determined by evaluating

2 Gy

J%(x ) d (n

By 2:: .

From equation (16), we find

it z'I o
0{() - — dx
an‘

Then

o0 3 1% eef{or-2]

Because of the periodic heating of the boundary layer, this layer of gas expands
and contracts periodically and thus can be thought of as acting as an acoustic piston on the
rest of the gas column producing an acoustic pressure signal that travels through the entire
gas column, The displacement of the gas piston can be simply estimated by using the idcal
gas law.

Sx(1) = 2rpg —— 0(()

To

If we assume that the rest of the gas responds adizbatically, then the acoustic
pressure in the cell is also derived from the adiabatic gas law
PV’ = constant
where P is the pressure, V the gas volume in the cell, and y the ratio of the specific heat.

Sp(t) = Wz » 729-&‘(1)
\’o (‘

Thus the incremental pressire is

P(1) = ch{i(m-%)] (18)

yP, B0
where Q= T—-‘L——
2 (;G‘To
Q specifies the complex envelope of the sinusoidal pressure variation

Plot Po i’(v =B+ 11— (y + IMb =D eCrf +2(b =) o™P!
22 oty 5, To (5 -a]) (8= 1)(b+1)e0it = (g-1)(b~1)e 0

Qu

(19)
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Experimental Procedure;

A block diagram of the Pho-
lacoustic  spectrometer s given in
Fig.{2). The light source isa 1000W
tungsien-halogen lamp, with its hou-
sing cooled by water carculation and
small air fan. The light from the lamp
is focused by a glass lens L, into the
entrance slit of the monochromator
(Carl Zeiss Jena 287204} 1o provide a ] o
tunable hght source. A mechanical % coansw | e
chopper  (variable speed) [15Hz- =
10KHz light chopper, MNoise Inter- :
ference  Type Boston Electronic (617)

565-182] islocated in front of the en- Fig2 Experimental setop of the Phaloacoustic
trarge slit of Lhe monochromaiar, [is {FAS) techniquoe.

purpose 15 to interrupt the light beam

and 1o provide the reference signal for detection. The monochromator is metorized 1o
allow for accurate scan of the wavelength, The output light is focused on the sample inside
the PA cell (Model 6003) by using a camera lens L, . The signal from the PA cell is
reeerved with a Princeton Applied Research Model 186A Lock-in amplifier. The outpus
from the Lock-in amplifier is recorded on a personal computer.

Model 6003 PA cell is designed for PAS application in both FT-IR and UWV-V15
spestroscopy. Construction is of stainless steel and anodized aluminium and includes 3
built-in  calibration microphone and preamplifier. The cell volume is @.5 cuhic em.
samiples can be casily located and the sample cup is readily remevable for cleaning or
changing. The cell is designed for high signal-to noise ratios and acoustic vibration
isolation. A series of right-angle bends in the channel that couples the sample velume o
tht microphone prevents coherent pickup from scattered light and protects the microphone
from scattzred light and protects the microphone from foreign marter or intrusions, The
window of the sample cairigr i3 avalable in several materials (2mm thick) w cover the
UV-VIS-IR manges. A 45 mirror mount, adjustable in height over a one-inch range, can
be sepplied for directing the beam into the sample chamber, Plane and spherical 25mm
aluminium mirrecs are available, with enhanced dielectnc coatings A separate unil,
preamplifies/power supply, 15 also available 10 increass the signal o a level suitable for
connection to the standard director input of most FT-[R's. The gain of the preamplifier is
adjustable to allow for optimal signal levels. The PAS cell is sealed with rubber O-rings at
the sample holder and microphone outlet The cell is filled with air at room temperature
and atmaosphene pressure,

A few specira are included bere in this work o illustrate the operation of the
setup  the varaton of the amphitode of the photoacoustic signal with the chopping
[requency, and the dependence of the amplitude of the photoacoustic signal on the
concentraton of the liquid samples.

I- Pt I MeasIire i+ 0y

The sclective sensitivity of the PAS technique to the non-radiative decxcitation
channel can be wsed to great advantige in the study of fluorescent malerials such as Ho, 0y
particularly in the povder form whers no other spectroscogic technigue is possible,

[+
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Figd The normalized PA spectrum of balmium oxide Hoo O3 over the range of 350
to 700 am - modulsticn frequency 20 EHz, time constant 1 sec.

Fig (3) shows the normalized PA spectrum of holmium oxide Ho,0, over the
range of 330 to 700 nm, made with medulation frequency of 20 Hz and a time constant |
sec. A 1128A holmium oxide 99.99% is in powder form and is simply placed in a sample
holder. The reference signal is derived from carbon black sample. All of the lines present
in this spectrum correspond to known Ho'" energy Jevels the lines are nearly 320, 420,
470, 480, 530 and 640 nm.

When an optically excited energy level decays via fluorescence, then little or no
acoustic signal will be produced in the PA cell, In the case of fluoresoent materials, a
combination of conventional fluoreseence spectroscopy and PA spectroscopy will therefore
provide data zbout both the radiative and non-radiative deexcitation processes within these
solids. That is, the complete desxcitation process within these compounds can be readily
studied. Since PAS spectroscopy gives phase as well as amplitude information, one can
study exciton precesses (random walk, lifctime, ctc...) in these materials as a function of
temperature and dopant concentration,

) The pt ! ford  difr :

We have employed the PAS technique to investigate PA signal of 3 dye materials
having different absorption bands. These dyes are Rhodamine 6G (Rh6G), Rhedamine B
(RAB) and cresyl violet (CV). The normalized spectra for the three dyes in their powder
form can be scen in Figs (4-3, b & ¢). The PAS spectra for Rh6G exhibits a peak at = 560
nm, while in the case of RhB and CV, it exhibits peaks at > 570 and ~ 640 nn respectively
which are in complete agreement with their optical absorption bands. Furthermore, we
also cmployed the PA spectra (o study the dependence of the PA signal on the
concentration of the dyes in liquid form. The resulting PA spectra of different
concentrations of Rh6G in cthanol as well as in solid form is shown in Fig.(4-a), the
carresponding PA spectra of RhB are shown in Fig (4:b) and for CV in Fig.(4<). The
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figures show that the spectra in the case of solid samples exhubit the regular red shift duc

to dye aggregates.
mn
20 |
0 . .\
2, \
" 5 *
e :
- 2
fo 3 2
|
g
D 4
0 - - .
%0 0 &0 &0 0 5% %00 5%
wevelensth A [Am] wowsengen A (ami
Fig.4a The normalized PAS spccmnnot'RhﬁG Fig.4b The normalized PAS spectrum of Rh3 in
in its solid state (1) , in ethanal 102 TML its solid state (1) and in ethanol 103
(2), 0.5 x 102 ML (3) and 103 ML M/L (2), 1072 ML .
(4).

20 @

&

PA L Hokibae Intensily

o

o

Fig4c The normalized PAS spectnam of CV in
j’u solid state (1) and in ethanol 0.8 x 10°
= ML (2), 0.6 x 1072 M/L (3), 04 x 102
ML (4} and 0.2 x1073 ML (5)
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Concentration dependence studies show that, for the same concentration and
similar experimental conditions, RhB gives a higher PAS signal than Rh6G. This is
expected because fluorescence efficiency in RhB is 40% at 25°C whereas it 1s %0% for
RhGG (16], hence the PA signal would have then a corresponding reverse ratio nearly

ﬁg (%) : slms the cxpcnmenul
results of the variation of the amplitude of

the PA signa! of the carbon black sample 20 ey

versus the chopper frequencies. It is seen

that for low light modulation frquencies 5.

there is an increase of the amplitude of

the photoacoustic signal. ] ‘
There is an agreement with the St Y

theoretical which can be illustrated in z \

equation (19). Since our sample is 2 3 o \

carbon blxck «ample in this case, we 3

should follow the optically opaque, 500 4 \
thermally thick conditions, which is the
case where the thermal diffusion jeagth is
much smaller than the leagth of sample,
but larger than the optical penctration
depth. One has pg<< £, and p, < £
W, > M3 if we sctin equation (19)

explc, ) =0, cxp(fH =0 and oy \
[ > 1, we obtain

[ ¢ ®» @ W 9w\ %
Q= Y (20)
23‘ [\, Cronper Frequemecy (H2)

e &

PA Signal umplitude
/0

Equation (20) tells us that the
amplitude of the acoustic signal variesas  Fig.S PA sigral amplitade a5 a function of the
w? . This is in agreement with the modulation fraquescy for o carbor block
experimental results, sample

From our own studics and other
authors, one can conclude that PAS is a good and simple tocl to study deexcitation
processes of liqu:ds and solids in bulk or fitm forms, Furthermore, PA response depends
upon both (he optical and (hermal characteristics of the sample, and hence, quantitative
thermal analysis for certain samples ¢.g thin films [17] could be studied using this
techaique.  The technique becomes particularly useful for sample where the regular optical
absocption studies can not be used, as in the case of powdered samples.
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