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Historical Introduction

1.

Generic Photoocoustic Configuration

2.

Radiation Absorption by the Sample

3l

Types of Signal Path

al

Signal Detection Methods

5I

Photoacoustic Configurations for Various Sample Types

Conclusions

7'

A, G. Bell “The Production of Sound by Radiant Energy,”

Phil. Maog, 11 (1881) 510,

Sunlight

Perforated Whee!

V4
Modulated
light

Deteclor and
signal processor

[ 1} .
Bell’s sp hone : () chopper (b) sp b {from Bell 1281).

lIdentified the signal sources for powdered samples:
1} Heot Transfer to Gas In Hearing Tube

2) Therma! Expansion of Sample

3)  Thermal Expansion of Interstitial Gos.
Resulting from the Absorption of Light.



Technique was an outgrowth of applied resedrch into optical
communicotions and @ technical problem with the selenium
photoreslstors,

Fig. 4.

Others involved in the phenomenon were also well known 1n Physics:

gen

1

1
|
2

FIGUREL Tyndallsapp

Sound, 6th ed_, Longmans,

i
g
i

Green, London, I!Oi.)

WILHELM KONRAD ROENTGEN
German physicist
March 27. 1845 - Feb. 10, 1920



Moduloted Wavelenath Photoacoustic Sample
Light Source Selector Cell
Data Reduction Detector &
& Plotting Preamplifier
1) Hoduluted Lisht —> Periodic: Pulse; Random.
2) Mavelength Selection ——> Dispersive System
‘ -{U.V.‘to Infrured} Tuned Light Source
and Microwave Interferometer
3)  Absorption of Radlation by Sample in Photoacoustic
Cell —> Vvgrlous De-excitation Paths Possible
4) Absorbed Rodiation Degraded to Heot with Some
Efficiency. Other Competing Processes may Contribute
to Signal.
5} Detection — Gas Microphone
Loser Beam
Radiation Detector
Plezoelectric Detector
" B)

_Rormalization and Reduction of Spectral Data.

7, <

A}  Periodic

1) Use Mechanical Chopper to Produce Intensity
Modulation of Light, Single Frequency. 3

20 Hz to 1 KHz.

: .
1) = 3? (1 + cos(t)
or

I
y 1? Re [1 + eXD(ILJt)]

11) Interferometer. Each wavenumber (wavelength)
has a different modulation frequency that depends
upon the mirror velocity —> wlde ronge bf
acoustic modulation frequencles

Frequency

o | o = oA [1 + cos(%—t)]

v = Mirror velocity

~ 0,02 om sec’1 to

59, 666"' 0.2 ¢m sec:‘1
: i
400 . Wavenumber
111) Polarization Modulation: Intensity Constant
periodic chenge of direction of linear polariza-

tion of the lfght




Nd:YAG Pumped Dye Laser
“ Flashlamp. Pumped Dye Laser

- Boxcar

Gale

AT

Amplified

OA
Signal

VA Vi

PR

——T 3 1

Laser

Pulse ™

—b! |-— 5 usec

Detect the Signal in the Time Domain

C. Pseudo_Random_Modulgtion

]

g

-
1)
&

Use Correction techniques to Recover the Signal

\O -

1) Dispersive Sysiems

| Light
\ |

i Source
Entrance Slit .

JExit St
[

Holographicl -
Grating

Wide Spectral Range UV —> IR, 6ood for survey
Spectra. Low Spectral Resolution *~ 4 nm.

2)  Tuned_Light_Sources
Dye Lasers for CW of Pulsed Radiation.

Narrow Tuning Range with @ single Dye. High Spectral
Resolution, '
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Fixed Mirror
»
| I |

r Movabde Mirror

ty

1 ! x' T

Vi } Velosity V
raavaeid | gt | )
lychromatic Beam, Transiator

Light Source Splitter L_:I
{n.g. Glow Bar)

High Optical Throughput. Wide Spectral Range. Spectrol
Selection Using Modulation Frequency Discrimination.

A

Behematic reprasentation of {a) diffuse reflection: (@) diffuse tr
{) nbeorption upon reflection; () abeorption upon transmision.

Absorbed Radiatlon is Responsible for PAS Signal., The
Energy Distribution Within the Sample is also Important.
Both Absorption and Scattering of the Rodiation will
Influence this Profile. '

f34 = Absorption Coefficient

ps = Scattering Contribution

I(x) I(x) = 1, exp - (/00 +ﬂs)x .

X

f - .
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Absorbed Radiation May Crecte Electronlcully Exclited Stotes
or Interact with Infraored Modes of the Muteriul Under Study.

De-excitation Paths which Product Heat or Photochemlstry
may Contribute to the PAS Signal.

quR.

by * e * b =1

Quantum Efficiency for Heat Generation by Non

Radiotive Decay

Pec

|

¢

quantun Efficlency for Photochemical Processes —

AP?

Quantum Efficiency for Fluorescence Decay

51

Photon
Absorption
hvl

1) Fluorescence

~—> Non-Radiative Processes

Vi) \

) 4‘jt _

= (V +'%)hv .

N
<.I-‘M\»l

/) giiaa )

Photons Increase Energy Assocliated with One of the Modes
of Motion are the surface Atom or o G6as Phase Atom.

The Surface Atom Couples to the Bulk Solid and the Eneray
Degrades a5 Heat. '

The Gas Pnuse Atom Suffers Collisions with Other 60s
Phase Atoms and Vibrational —> Translational Energy
Transfer Occurs Increasing the 6as Temperature,
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The Heat Generoted by the Non Radiotive Decay Processes
Produces a Space and Time Dependent Heat Source Within the
Sampie that Produces the PAS Siagnal,

The Spatial Extent is Characterized by the Optical
Absorption Length,

(A) = 1

By = { i )

The Temporal Behavior is Determined by the Modulaotion Mode
EmpIloyed.

For Light Scattering Samples it is Convenient to Separote |
the Two Contributlions to (X viz Absorption and Scattering
X = (X5 + (Xg) and Define Two Characteristic Lengths for
the Sample:

Absorption Length Lo(A) = { 1 }
JiXPY
Scattering Length U (A) = {E_.'(lﬁ }
' s

A6

For ¢ One Dimensional Non—Scatterlng Sample Exposed to
Harmonicolly Modulated Radiation Heat Transfer from the

Sample to the Fluid in Contact with It is One Source of

the PAS Signal.

|
=1, exp(-px) |

Sample Fluid

The Heat Deposited In dx ot x is:
- dA(x) os IH(D) exp(-px) )f] dx .

This Heat Diffuses in the Sample and Into the Contacting
Fluid, The Perlodic Component Glves Rise to a Perlodic
TemDerotUre Chonge in the Near Surface Fluid. Thls May be
Detected as a Pressure or Refractive Index Change of the
Fluid, 1t is olso Possible to Detect the Temperature
Change of the Surface Directly.

Both the Amplitude and Phase of the Signaol Depend Upon
the Deposition Profile,



A

Thermal Diffusion can be Characterized by a Thermal
Diffusivity, . Which s Related to the Thermal Diffusion
coefficlent of the Material, Q. by

172
Gi-.__:(_.u—) _:__l_
20 T

Where [y Is the Thermal Diffusion Length in the Material

and {4/ the Modulation Frequency of the Perlodic Heat Source.

The Energy Deposition Profile can be Characterized by the
Location of its Centroid which is the Weighted Average of
the Heat Contribution ot the Interface from each Absorbing
Laver dx.

e

j 1o Brxexp [-(us + [ x] dx
[ fe I, B exp’[-‘(os + x] dx ]

<X> =

A8

For a Material for which the Optical Absorption Length is
snort Compared to the Sample Thickness L.e. fp << A the
Posttion of the Centroid can be Approximated o -

For an
I U S Optically Thick

@ Mg u}_’} Sanple
For a High Optical Absorption Coefficient

u1;<< Mg and <X>S.3‘F§g .

The Phase of the Photoacoustic Response then Contains o
contribution due to the Thermal Diffuslon Time from a Depth
Equal to the Optical Absorption Depth. As f3 Increases
this time Decredses. '

For a Low Optical Absorption Coefficient
My ps o R b

The Phase of the Photoccoustic Response s then Dominated
by the Thermal Diffusion Time from o Depth

I-ls = 1/



A9

The Amplite ‘= of the Surface Temperature Excursion Determines
the Ampiitude of the PAS Signal. The Approximate Volume
Heated by the Radiation Scoles as y ~ . Once fn << Ug
the Surface Temperature is Independént of #ﬂ and the Signal
is Constant 1n Amplitude.

—® —
Bt — B

13 U ' Hs 1

90

The Surface Tempergture is also Frequency Dependent. Both
the Exposure Period and the Thermal Diffusion Length Depend

on the Modulation Frequency,

For a sample in Photoacoustic
Saturation Lo >> "ﬁ

Amplitude # f(f3)

Exposure oc (1/0/}

PAS Signgl e tJ71 .
N, rG-aP :SAMI;L& ,

hY
\\/—&u--lﬂ.u,l
A
N,

3]

Ll
‘\

L

CARBON BLACK SAMPLE

Otpysing Irmpernry ot

For a non-Scturated

Sample uﬁé Us

Ug &< (/Y )

Exposure oc (1/0LJ)

PAS Slgnal oc /=372,
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LENGTH_SCALES_IN_PHOTOACOUSTIC_SPECTROSCOPY

. Mnp= Optical Absorption

Incident Modulated

[< 7 Length

Mg = Thermal
i Diffusion

Radiotion WsA

JL¢ = Thermal Diffusion
Length in the

P Length

SAMPLE

Transducer Fluid

FLUID

For. g < “ﬁ Haove a Spectroscopic Tool.

“Thermal diffusion

Density p  Specific heat C - Thesmal Conductivity Thermal Ditfusivity Length at 100 Hz

Substance @/em?)  (cal/p*C) k(cal/cm-sec-°C)  amx/pClem/aec) weQa/w)/em)
Aluminum 27 0216 . 483x1o7! 0.2 s.ix10°?
Stainless steel 1.5 0.12 33x10°? 371072 L1x107?
Brass 8.5 0.089 26%107! 0.34 33x1067?
KC1 crysut 2.0 021 22x%10°2 52x10-2 13x10-?
Crown glass 26 0.16 2.5%107? 60%x107* 44x107°
Quariz 2.66 0.188 22%167? 44%10"3 3%}
Rubber  * 512 0.35 1Tx 0 9.4x10~* 1.7x107?
Polyethylene 092 - 0.55 %107 99x10~* 18%1073
‘Water 1.00 1.00 14%x10-? 1.4x10°? 20107
Ethyl alcohol 0.79 0.60 42x107* 89x10* L7x107?
Chioroform * 1.53 on 29x107* BAx10~* 1.6x107*
Air 1.24xi0™* 024 s1%107% 0.19 25% 1072
Helium 1.80% 10~ 125 34x1074 152 70x1072

- Source: Rosencwaig, 1978,

2.

Many Samples are 1n Powder or Fiber Form. New Signal Paths
occur. Thermal Properties are changed. Optical Properties

are Changed,

Pressure Contribution
to the PAS Signal

due to Interstitial Gos

O

s> O

0080

Thermal Contribution
to the PAS Signal

Porous Sample

O

Modulated

Rodiatlon

Transducer Fluld

The Sample'con be Characterized by its Porosity, €.

D<€ <1,

The EnerQy peposition Profile is Changed by Both Absorption

and Light Scattering Changes

B — pa-er.



28, | 24

Diffuse Light Scattering Doubles the Effective Opticel Path Another Signal Path due to the Thermal Expansion of the
Length in the Powder as Compared to a Non-Scattering Material. Interstitial Gas is also Possible. This Glves Rise to g

“Pressure Term” in the PAS Signal which Depends on the
The Thermal Conductivity of the Sample is Domingted by Gas 'Volume of Interstitiol Gos Heated,

Phase Heat Transport.

| Importont at Low Absorptlon Coefficlents.

The Heat Capacity of the Sample is Dominated by the Solid : .

Phase Heat Capocity, No Phase Lag at Normgl Frequencles Since Information is
Transferred with the velocity of Sound.

For 510, Powder or Fiber in Alr '

P = Psio,t1 - €) = 2.66(1 - €) g e g ol02 IN ARGON POROSITY = 8.93
s
€= Cgyp. = 1.88x1071 cal (g 072 | *
$10, g 8
' ]
K= Kygp = 5.7x107 cal (em sec %01, )
o
FOr o Powder with 50% Poroslty Wi 1;..........I.‘..........................................4.................................-...
—
-4 2
Q =2.28%x107% cm? sec U=285x10"" cm =
| L)
For a Flber Sampie with o 95% Porosity EE J
I
&. v . L nd r
- -3 - -z 88 .60 1.20 1.80 2.40 3.00 3.60 4,20 4.89 5,40 6,00
O =2.28%107° cn? sec WU=2.69%x207> cm LOG ABSORPTION COEFF

For Single Crystal Quartz

Ot=4.4 x1073 e sec M =3.7 x103 cn



Pressut-

25

_;ntributipn from the Expansion of the Interstitlal

Gas add: to the Thermally Induced Pressure ond Dominates at
Lo Onijcal Absorption Coefficlents,

LOG PAS SIGNAL

8
wn

5102 IN RARGOM FOROSITY = 0.98

.

L60 1.20 1.B0 2,40 3.00 3,60 4.20 4.80 5.40 6.00

LOG ABSORPTION CCEFF

26

Periodic or Pulse Heoting of a Condensed Phase Generates Thermo-
elastic Waves which can be Detected by Piezoelectric Transducers.

" For Cylindrical Geometry of Energy Absorption the Fractional
VChange in Radius Produced in an Adiabatic, Isobaric Expansion is:

AR _ Xt AT
R 2

This Expansion Generates a Radial Pressure Wave that Interacts
with the Plezoelectric Transducer to Generate the Photoacoustic
Signal. AT Depends upon the Optical Absorption, f3, In the
Sample so that the Signgl has the Form: '

{S!gnol Per } = K Efgééi_E
Unit Energy CD

K 1s o Geometry Dependent Constant, C the Sound Velocity and CD
the Specific Heat of the Medium.’
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Thermoelnstic Parameters for Varlous Substances

Coefticient of Lincar
Density  Thermal Expansion Bulk Modulus Sound Velocity (25° ©) . : -
Substance pg/en’) a, (% 107%) B(x IO‘“)(dyn‘;/cm’) co(nx io;:c:l/sec)“ a @g§-mlgrgpngﬂg'(‘:§ll§
Liquids ] 1} Mon-Resonant Cell with Flat Freguency Response
Acetone 0.790 48 0.79 1.20
Carbon disulfide 1292 4 108 114
Carbon tetrachloride 1.263 4.0 . 0.94 0.93 Window
Chioraform 1527 42 : 099 1.00 o, KD Incloent Radiotlon
Ethyl akcohol 0792 37 0.50 1.16 !
Glyeerin 126 L7 476 1.5 \ é
Methyl aboohal 0.791 38 041 LI2 ~
Water 1.00 067 189 143 Reovable . '
. Charbe fios Vojuse
St T [ 71,,/"’ 1 o)
Aluminum 2.0 0.23 n 642 ’ l .
Brass . . 8.2-88 018 105 470 \ /@_ ' J
Copper 8.9 0.17 135 50l : ~
Glass {crown) 25-27 0.09 50 5.10 —
Gold 193 0.14 185 3124
Lead 1634 (132 a 1.96 Micraphone
Siver 105 .19 100 3.65 Rezovable (B+K 4155}
Steel 78 0.25 175 594 . m'r e
*The sound velocities given for sotids rep longitudinal velociti (Powder, Crystol, Llquid)
Piezoelectric Detection is not good for Detecting Pressure 2)  Resonant Cell with Slgndl Enhancement
Stgnals 1n Gases because of the Acoustic Impedence Mismatch - ‘
7]
Between the Gas and the Transducer. oo il

The Method !s good for Direct Coupling to Ligquid and Solid

T,)
7 ¥
Sumples which have a Similar Acoustic Impedence to the /422///422% o

Transducer, ] [

NN

Separation of Microphone and Sample Permits Sample
Temperature to be varled over a wide range,

6as Flow Capability Permits In cell Reactions to
be Employed,
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b) Leser Probe. Mirgge Effect Cells

Detects the Near Surface Temperature Gradient through
its Effect on the Refractive Index of the Fluld. Good
for either a Gas or Liguid In contact with the Sample.

FOCUSED. MODULATED
LIGHT FROM MONOCHROMATOR

SILICON

SLIT IMAGE
ON SAMPLE

ABOV
SURFACE

SAMPLE

FOCUSED Ha/Ne
LASER BEAM

Periodic Component of the Eeam Deflection Scales 08
the Excess Surface Temperature,

o (40 AT,
b a1 He

c)

20

Detects Change Infra-red Emission by the Sample as @
Result of Optical Absorption Processes

LOCH- 1N RATIO LocK-
APy, METER AMPL,
\)\  DETECTOR ®

FILTER

* LENS
POWER
[ O F—)
CHOPPER
- 1o
€Oy LASER ! > L 4
SAMPLE

Rodient Energy Emitted by the-Sumqle Depends on
Stefan-Bol tzmon Low '

W=es T

Temperature Change AT due to Photothermal Process
Causes a Signal Change

W=4€8T ATECA)LB) .
A, _ { ll__A_TLE_(AL.B_)}
W T

Can be Used without a Cell. An Advantage for Some
In Situ Studles,
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d) Piezoelectric_Detectors

Direct Detection of the Pressure Pulse Using g Solid

Piezoelectric Material

Polished Surfaces

Front .Stain less
Stee! Diaphragm

PZT Cylinder

e
Thin Layer [NE2 - Teflon Ring
of Grease &

Lead

Stainiess Copper
Steel Casing

“Microdot”
1 Connector

Q
Amplifier

Piezoelectric Mateirals are also Sensitive to Light
and Temperoture Changes. The Above Detector Provides

Electricol, Thermal and Optical Shielding.

Pulsed or
Modulated
Light Beam
12 Photo-Thermal- +1- Opto-Acoustic
Acoustic Wave Wave Tranparent
Window
71 N JERY
p— N |——Transparent
/ Coupling Liguia
Piezoelacinc
Transducer
-
Song /
Sample = / FL—
Schematc T —

‘A /]\OA Cell

32

Plezoelectric Cell Conf!guratl'on for Powder Samples

v . PLOTTER
— TER I "
8 A ¥
oF

Iaoxr;mﬂ @uﬁm a]

SCATTERED .
LIGHT

FUSED
AR

QUARTZ
PLATES

N

:
LAYER U — -
|
2-METER
SPECTROMETER
POW

BETU?EEEN
QUARTZ
Piezoelectric Cell for Studies of Solution Somples.

Cover

Liqu‘id Level / La!!:l:'ls%:edam
£ .
s
. (7
Spring ,ﬁ‘:g Trapsducer

g
7
4

Rubber Pad
for Mounting

Thin Layer
of Grease

To Preamplifier
Stesl Ciamp
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Photoocou:_1c7819nnl is Proportiongl to the Incident EFFECT_OF _NORMALIZATION
Rodiation Intensity. The Signal must be Corrected for the

Spectral Dependence of this Quantity. A Black Absorber in
Photoacoustic Saturation gives a Signal that Depends on
1()A). Graphite Powder is @ good Black Absorber.

i)  Spectral Output of a Xenon Arc Source.

g
8

T 11 7 T LI T 1 71 T r 1 1 1 T

Black Body

¥ 2 5883 3% 2
T
b
¥ g &332 388

[ Y AR W TN TR NN (N NN N NN EN S NN G T O M ]
200 250 300 350 400 450 500 S50 600 650 700 750 400 850 0O 650 1000 10501100 1150

1%#% R B Lj‘:ﬂ RGW FT[R PAS DGtG

i1y Spectral Throughput of Fourier Tronsform Interferometer.

Normaiized Data

——

| + 1 + i N
LFTT 2880, MR i nﬁa.cn-t

WAVENUMBERSE



Powder or

Backing { -
Material | [} -
=

The Mirage Effect.

Thermal Expansion Contributions to the PAS Signal:

Thermal Transport in a One Dimenslional Model
Fiber Samples

Photothermal Deflection Spectroscopy,
Concentretion Gradient Effects

Light Scattering Effects

1)
2)
3)
4)
5)

3%

For a Homogenecus Sample the Photoacoustic Signal Path
This is the Problem to be

Modeled in terms of One Dimensional Heat and Pressure

has the Form Shown Below,

Transport,

AN

Condensad Sampia

Front,
Window !

.

\

Periodic
Optical
Absorption

AT

) o —

Heat Generated in

r Absorption Langth

Acoustic Waves
in Sample,
Causing Interface
to Osciilate

Light Modulated

f o ——

Heat Within
Thermal

- Ditfusion
Length
Communicates
with Interface

Thin

-

Detection
by
Microphone

Layer
J{' of Gas

Heated
Pariodicalty

ALY

I--—n.—-——--

iy —

'

" PA Signat

For Powder or Fiber Samples the Thermal Expansion of the
Interstitial Gas Contributes to the Pressure Term in the

Model .



ONE_DIMENSIONAL _PHQTOACQUSTIC MODEL

"‘—/”f“"]

B

I"'/l‘_s

N
ﬂa o

Backing Sample

_'L 0

Assume
Photons Deposit Energy only in the Sample which has
an Absorption Coefficient S(A).

-

2)

3)

4y -

5)

Incident Rodiation is Modulated Periodicolly

I
I(t) = E; [1 + cosLJt] :

Fluid in Cell

Ww=2nf

"~ Window

= (1/3).

f~20 Hz = 1 kHz.

No Light Scattering occurs so that Energy Deposition

Profile has the form

I(x) = 1 exp(-}Slx!).

All Components of the System are in Good Thermal Contact.

The Quter Walls of the Cell Remoin ot o Constant

Tempergture To.

38

The Photoacoustic Response of the System is Measured by the
Pressure Fluctuations 1n the Cell Fluid. In the Steady
State these will be Perlodic with the Same Frequency. L/,
as the Incident Radiation and with @ Phase Shift, ¢, with
Respect to the Radiation.

/I(t) ~F[1+cos wt ]

’-"\.

The Pressure and Temperdture are Coupled and Described in
One Dimension By

2% Lok, p p 2k
2 B 52 oMt 2

o0X~ ot ot
KQZ_T-LM+S=_TﬁMI

gl Ot 0”7t at

$ = Thermal Energy Source due to Optical Absorption:

K = Thermal Conductivity; (= Thermal Diffusivity;

B = Isothermal Bulk Modulus; (3 = Thermal Expansion
Coefficient; D, T, = Amblent Density and Temperature.
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Provided the Radiation Modulation Frequency
W << (c3/aty) ~ 10% Hz For Alr

The Time Required for Sound Propagation in the Gas is

Much Shorter than a Modulation Pericd and the Pressure in
the Cell Is not Spatially varying. p = p(T) Only Provided
the Volume Change of the Solid is Small so that the Gas
Velocity ot All of its Boundaries 1s Zero.

-Under These Conditions the Coupled Pressure and Temperature
Equations can be Replaced by Thermal Diffusion Eduations
for the various Reglons of the Cell. This Approach was
first followed by Rosencwalg and Gersho ond will be Adopted
Below.

Three Dimensional Effects.moy also be Neglected Provided
the Lateral Distance Between the Optically Heated Sample
and the Cell Walls is Greater than a Thermal Diffusion
Length. For Typical Cell Dimensions this is True Above
about 5 Hz.

b0
COUPLED_ THERMAL_DIEFUSION_EQUATIONS

For the Solid: 0> x> -/

ATt | AT Bty
2 Qg at K

ax s
For the Gas, Window and Backing:
2
.} TI(X;t) _ __1_ BTI(X;t) - 0
2 CXi ot

ax
=g, W, D ay = Thermol Diffusivities

The Boundary Conditions reauire Heat Flux and Temperature
Continuity at the Junctions between the Realons,

Ty(boundary,t) = T;(boundary,t)

Ky -2 T, (boundary, t) = K; -2 T, (boundary, t)
IX X%
Only the Solid Phase has a Heot Source Term

*
W =lq (-8 |x]» costut
Hout) =2 o_ﬁ exp(<3 x|} costv

oty =11 15 B ewB1x) reexpiest]
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The Tempetciture Profile In the Gas as a function of Time
In the Period ond Distance from the Surface has the form
shown Below,

The Thermal Wave Decays in ¢ Distance of Approximately
2Tl g away from the Heated Sample Surface. This has o
value of about 1 mm for alr with (/= 100 Hz,

Tg(surface) = Tg(0,t) = @ costyt

Tgtxt) = @ exp(-ggx) cosll/t - agx)

"

<Dg(t)> Is a complex quantity and the Amplitude and Phase
of the Pressure with respect to the Modulated Light Simulus
may be Obtained from its Real and Imaginary Components

Pglt)> = Re[@ exp(i{LJt - %}}J = Re[q expi{LJt - %;} - ¢!ﬂ
Q=q +1i QZ = q exD(~i¢1) .
| The Amplitude of the Signal
1/2
l<pg(t)>| = 18] = a = (af + &)
The Phase Lag with respect to the Light Source
: -@
P - R Y = '-E + tan'lt-—z)}
4 4 . Ql.
Both these Expressions are Algebrafcally Complicated and

Simplification by Suitable Choice of Experimental Conditions
is Needed.
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Physically Distinct and Interesting Cases were first discussed 1) Optically Transparent, Thermally Thick Sample
by Rosencwaigd pased on the Relationship between Yarious 277'#5 5 yi . > L
characteristic Lengths for the problem. viz: , B
I t
‘ |
Thickness of the Sample L ll : tnctdent |
| | Radiation  °.
Thermal Diffusion Length g l {
| 4
1 e fs
Optical Energy peposition Length 1113-13
The Radiation Absorbed In the Thermal Diffusion Length Mg
is the Main Source of the signal
expt-GAL) » - LY expl- O ) 205 Il <<l
OPTICALLY TRANSPARENT OPTICALLY OPAGUE —L u
1 [ __-i
CASE '8 CASE 2o Q i ( ) Y(ﬁus) [)

LT ey R 209 Ks

] 1 1 [ : '
Lot e e | , o) Signal Depends on the Product of an Optical and o
T Jese wrban (52 Thermal Property of the Material

o [ ! .
P : ) oc (Ol -
H I GaSE 1t ) CASE 2c ' y
O ey o
P . » b)  Both energy per cvcle and g depend on the Modulation
e e L Frequency 372

<plt)>ec (W )

c) The Sample is Thermolly thick so backing Properties do
not enter the signol Expression.
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2) Optic?zly Trunspurej;; Thermally Thin, 3)  Optically Opogque, Thermally Thick
uS > ; Ko ? ; H'S T ) u <L ; <<
I Incident ! ! : .
] | | - IO(A’IU) | Incident LW
L Rodlation I | Radiation © 7
| Mg |
Hw " Ay € o L p /;,? o
exd-BL) = (1 -BL) , edEFd Ll L Irl vl exp(-BL)»0  exn-0gdyro  Irl>1
0-n Mo
g= "= (KD)Y(BL)- p< -t HMsyy Voo I,
g 244 kg
® Slgnal depends on the Product of an Optical and a a) Signal Contains only Thermal Properties of the Sample,
Physical Property (§4). No energy is deposited in Since M << [ the Detalls of the Energy Distribution
the Transparent Backing and so L replaces Mg for Profile dre not important.
this case.
‘ b)  Since Y scales as 1, the PAS Signal vartes os 1.
b)  Since WUpH ond U ore both lorger than A and the This s a Direct Measure of Io(}-)'
Backing is Transparent their Relative Values are not ‘
lmportant. ¢l g depend on VIJ so that (U /o) = (1/agag e (W),

Signal has an tnverse dependence on fregquency,
c) Heat 15 Lost to the Bocking and this influences the

Surface Temperature of the Sample and Hence the PAS d) Photodcoustic Saturation,
Signal.

A (Uplag = (Vegag « @H



4)

a)

b)

c)

ke

.nermally Thick, Optically Thick

<’L‘ H </L H >
S | u‘ﬁ E uB u'S
| .
‘ l Incident ‘
| l Radiation (A st
i
o /uﬂ Ms

exp(-ﬁj,) v 0, exp(—o's,f,) ~0, Irl <1,

0= EsyBuy
205 kg
Signal Again depends on Product of a Thermal and an
optical Property of the Hoterial (/31.15)

M
(8 L o —— , and the Signal Therefore
0, W Us* V@

varies as u‘3/2.

This is a Common Condition for PAS Measurements of Bulk

Samples and the ampl itude and Phase Expressions are
Rother Simple for this Case.

&0
For this Case the Signal Amplitude 1s given by:

gl | BRSO

4KsagTot w/q;’,u )24 2(/3;,(5) +2

And the variabie Component of the Phase by:

= 2
tuntp =(1 +————-—(ﬁ#s)

The Amplitude can then be written in terms of the Phase:
1 PQIEMCX;C( ]
q-= cos
[2'\{_ 2 K Tg L v
where f 1s the Modulat ion Freguency.
At a constant Modulation Freauency g is a constant and both

the Amplitude and the Phase of the Photoacoustic Response
depend on )8 .
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Photoacoustic Amplitude and Phase for a Thermally Thick
Sample,

At Low Optical Absorption Coefficients (fitg) << 1
tanyy — oo, Yr—>90°; cosyy — 0, qa—>0

At Large Optical Absorption Coefficients (Su¢) >> 1

tanyfy — 1, Y — 5%, cosy —> constant , q # F(B),

This Behavior is illustrated above and corresponds to the
situation considered previously in terms of the Centroid of
the Energy Deposition Profile.

52

2) Thermal Expansion Contributions to the PAS Slgnal

Q) Homogeneous Sample. Liduld or Solid.

If the materfal under study has a High Thermal Expansion
Coefficient Absorption of Radiation which causes Periodic
Heating will produce a displacement of the Sample-Gos Interface.
This now glves rise to new Boundary Conditions:

Vg = Vg atv=0 ond Pg = Pg

The Motion of the Sample Surface Contributes 0 Periodic Pressure
Signal that must be added to the Pressure Signal discussed
obove that arises from the Hedat Transfer to the 6gs,

The Actual Length of the Somple heated determines the Surface
Displacement rather than the Thermal Diffusion Length. For

a Wavelength dependent contribution to the PAS Signal from.
this Source the Sample must be Transparent viz.

uﬁ > L and (- exe(- B4 — S

I
&~
>
r~

{6
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Sx(t) can be evaluated for a Thermally Thick, Acoustically
Thin Sample and has the form:

-ict, |
Sx(t) v —L-0 (1 - exp(-3L)
SPTIT.IAR p(-B4)) exp(il/t)

when po <A and Klg<< 1,

This Surface Displacement gives rise to a Pressure Contribu-
tion In the Gos

p
Pg =-z%%1 Hxit)

which may be odded to the Thermal Pressure to obtain the
complete Photoacoustic Signal

<p(t)> =

17p, ! J
- o ¢ Qylt - eot- L))
2P Ly gL L OgTotat)(r+D) - et A4

Both the Amplitude and Phase of this Signal differ from thelr
values for the Thermal Pressure Term alone.

54

The Dependence of the Total Pressure upon the value of the
optical Absorption coefficient for a Dye-Water Sample has
the Form shown below

10°% 103
50 s I
i
/
/

LA ot
- -
£ E
x z
H :

108 10

10 w

Alew)

The dashed lines are the contributions from the Thermal Term
olone. As expected the additional contribution due 1o
Expansion is greatest at Low Optical Absorption Coefficlents.
At High Optical Absorption coefficients the Expansion Term
saturates and is Absorption coefficient Independent. Only
the Thermal Term Contributes to the Signal in this Range.
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b} Heterogeneous Samples -- Powders_and Fibers

These samples are considered to be Composite Materials with-
the Interstitial Gas being the Component that exhibits
Thermal Expansion and contributes o Term to the PAS Signal,

The Composite Nature of the Sample introduces two additional
Factors:

1) - The Thermal and Optical Properties involve combinations
of Gas and Solid Values.

2) Light Scottering will alter the Photon Distribution
in the Sample at High Scattering Coefflicients,

The Light Scattering Contribution depends on the Size of the
Particle compared to the Wavelength of the Probe Light.

With Realistic Particle Sizes Scattering tends to be impor-
tont in the visible spectral region and less important In
the Infrared (4000 —> 400 cw D).

56

Light Scottering by the Sample Produces two Competing Effects
on the Signal:

1) Diffuse Reflection ot the Sample Surface reduces the

Total Energy deposited in the Somple ond tends to
reduce the PAS Signal,

2) Redistribution of the Photon Deposition Profile by
Scattering moves the Distributed Heat Source Closer
to the Sample Surface and tends to Incregse the “Thermal”
PAS ‘Signal Component., '

1=1, exp(-{ﬁU + 135}X) ;B¢ = Scattering Coefficient
A= %(1 + 2R) : R = Refiection at Boundary

R=0 , A=0.67 5 R=0.40 , A=1.2
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The Pt .oacoustic Configuration for the Porous Sample 1s
111us rated Below.
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The Sample has a Totol Volume V and d Porosity € so that
the Total Gas Volume in the Cell is
Ve = Vg + €V

The Volume €V is heated by interaction with the absorbing
Solid of Volume (1 - €)V and the Soiid and Gas Phase of
the Composite Sample are always in Thermal Equilibrium,

Expanslion of the Interstitial Gas Increases the Cell Pressure.

58

Heat 1s also Transferred by conduction from the Composite
sgmple to the Gas above the Sample. This heat transfer
causes ¢ Pressure incredse Qs was discussed above.

These Two Pressure contributions add and the Totol {Complex)
Pressure in the Cell is given by the following expression
due to Yassa, Jackson and Amer.

PA(Total) = PA(Thermal) + PA{Pressure)

= —ia {————Q”( +
Vekg ~ Yg

L
O%‘;é[ T(2)0z

Qg = Thermal Expansion coefficient of the Gas
a=€0g*= Thermgl Expansion coefficient of the Composite

mmmtag>>a§

7(0) = Temperature pistribution within fg of surface -

T(z) = Complete Tempergture

profile in Sample.

The First Term is the “Thermal Signal”. The second Term 1s

the “Pressure Signal”.

The Form of the Signgl may he seen by Considering the Thermally

Thick, Optically Thick Limit

in the absence of Light Scattering.



In this Limit:

p 1+ 7)p1
PA(Thermal) = —9—~~—7[—‘L (—ﬁ—h)]
NTo Uy KO B+ 0

Pl
PA(Pressure) = —9-0__ e[l - exD(yﬁAL)]
VeToko 2

In the Low Absorption Coefficlent Region where the Pressure
Contribution is most Important:

exp(-3L)~ 1 - 3L

« B,.8
B << Ty so that (ﬁ+0') G

and the Total Photoacoustic Response is:
Polo B [+ 7)
PA(Total) g—Q—Q—-E[ Y €4
VeToKO g
For Materials of High Porosity for which

ed > 1+ 7)/2Jg
1.0.€ B4
PA(Total) ~ -"—D—’i—
| VT KO
This is: Linearly Dependent on the Absorption Coefficient,
Increases with Increasing Sample Thickness, Independent of

the Gas Properties, Varles Inversely with Frequency and has

a Constant Phase Lag of TT/2.

In the General Case the Complex Signal can be Written in Terms of the Properties

of the Solid and Gas Phases to Give:

172

WpC, 9

[(1-1)(1{)’) K

115 B

VeTo (DT

PA(Total) =

€
+ (1 - exp{(€ -1) )
(1-€)8 e /SSJ’}]

The Amplitude and Phase Spectra for this Case are shown below.
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In Mony Real Situations the Sample Backing 1s not Transparent
but has a High Reflectivity. This Alters the Energy Distri-
bution in the Sample and the Coupling between the Sample and
the Backing Alters the Phase of the Pressure Signal. Since
the Sample is Thermally Thick the Phase of the Thermal Signal
does not Change.

LOG MAGNITUDE

PHASE

’
y I\o'
’
rd

A 1
10 100 1000 10000
ABSORPTION COEFFICIENT
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when Light Scottering is taken into Account the Photon
Penetration into the Sample 1s Reduced. The Optlcal
Energy is Deposited Closer to the sample Surface ond
Reflection from the Saomple Holder becomes Unimportont,
When this is the case the Pressure Contribution to the
Phase does Contain Effects due to the Backing and is
Approximately Indebendent of the Absorption Coefficient.

"y

LOG MAGNITUDE

PHASE

1
[ 10 100 1woo 18000
ABSORPTION COEFFICIENT
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PHOTOTHERMAL DEFLECTION SPECTROSCOPY

THE_MIRAG E

In the Mirage Effect the Temperature Gradient near the Sample
Surface tn the Fluid in Contact with the Absorbing Sample is
Detected through its Effect on the Refractive Index. A Laser
Beam is used to Probe this Local Refractive Index and the
Beam Deflection 1s the Source of the Photoacoustic Signal.

Solid

Backing SampledY Probe Fluid
(1 {1} »- Beam {1
24 1
1)
% Light (A}
4
l,, Prabe beam path §
N =l 0 ‘ul X
1
1
\
-2 ]|
R

To Detector

The Laser Probe Passes a distance X Gway from the Iilumi-
nated Reglon of the Surface. In General Xo £ Wg. The
Sample 1s the Only Region that has Optical Absorption 13(,1)
and it Is Assumed to be Homogeneous and non-Light Scattering.

o

The Incident Radiation is Periodically Modulated and 1s
Converted to Heat in the Sample with an Efficlency 50
that the Distributed Heating Rate has the Form:

. 71]
Nt = 222 3 exo(-RIxD) Re[l + exp(lut)]
5 Bexwt-f3l _

The Temperature Distribution in the near Surface Fluid is
again found by solving the Coupled Thermal Diffusion Equatlons
for the System in one dimension using Boundary Conditions of
Temperature and Heat Flux Continulty at each Interface,

T 10t = Re[Tr. D] + T,

Where T, 1s the Amblent Temperature of the Fluld and
Re[T¢(x,1)] 1s the solution to the Thermal Diffusion
Equations which contains both a Periodic, Tactxt), and
Steady Stotg, Tpc{x), Component. It Is these Departures
from the Ambient Temperature that Cause the Deflection of
the Laser Beam through the Refractlve Index Grodients
they Produce.

The Total Deflection, € . will have a periodic, Bactx),
ond a Steady State, @pc(x), Component.
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Deflection
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In the Thermally Thick Opticolly Opaaue Limit Bilg >> 1
and the Amplitude and Phase Become

WrixgSldg) » Zo tun'l[f——z———]

_ LI . 172 1/2 X
OBy v — 8T (@hd - AT et 72
S -—

kg g a2 Bl Ke
In the Limit of Photothermal Deflection Saturation the
Frequency Dependence of the Deflectlon Signal Arlses from
the exp(-x,/M¢) Term and the Signal Decreases Exponentially
with the Square Root of the Modulation Frequency.

Curves shown are
for Different Values
of Xg+

L= 140 i

Fraquancy tH}

7o

CENT N _GRADJENT

The Preceeding Discussion of Mirage Effect Spectroscopy has
assumed that the Refractive Index Gradient causing the Beam
Deflection arises from o Temperature Gradient.

The Expression for the Deflection in terms of the Refractive
Index Gradient hos the form:
Y1
f=a (9D gy For Paraxial Rays
y=y, O

0
A Refroctive Index Grodient can also be produced by a
Concentrotion Gradient in the Near Surface Fluld so that

(dny = (dny (4
dx dc dx

~(%§) may be Time Dependent as a Result of Photochemical
X .

Reactions in the Aoild and so @ = §(t). This Signai may
therefore be used to Probe C(x,t).
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The Time Dependence of & has a simple form when C(x,t) is
Controlled by Diffusion Processes in the Fluid, Two Examples
of Experimental Situations where this may occur are illus- -
trated below.

a}  Charge Exchange ot an Electrode-Electrolyte Interface

Electron Transfer to
—T}‘"‘ Solution Species

777 77,

7
Metal /i; Electrolyte

Electron exchange between the electrode and lonic species in
the electrolyte may be caused by the application of an
electric field. The process creates a new species at the
surface which will diffuse into the bulk electrolyte, and

b} Material Dissolution qggTrunsport through a Membrane
).

Ions into Solution

Photocorrosion of Semiconductors is an example of this
type of Reaction.

ZnSe + By ->-anr(a¢9)~r5e.°

.
When the Process Generoting New Specles for the Fluid is
Such that the Surface Concentration can be malntained Constant

and the Transport Process is Diffusion Limited then the
Concentration Profile has the Simple form shown below

CO6) = Gl - erf{x/ViDE))

CS = Surface Concentration, D = DIffusion Coefficlent

Fally

[ F]

. 1 1 1
%o [ [ [F] [0 10 24 FO

The Laser Probe Beam 1s in a Fixed Location x, above the
Surface and the Local Concentration Grodient is Time
Dependent as Illustrated in the Diagram.

=4 - erf{x/V
Bty = 4 [Cs(l erf{x/ th}}]

X=Xo

-5 -
D= %10 cm® sec
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Bitxg) = £ [csu - ert{x/ ﬁ'ﬁ}]

X#XO

2 expl-x2/unt) — K -

q x/ VDt
dt[o N ¥ 4Dt

' 2
Bit,x) = —2— exp(- £)
0" Tt 4Dt

]x=x0

The Dicgram Below shows the Time Dependence of @ for Various
values of x, for the case {B/V‘n’Dt} = 1x107 and D = 1x107,

Defiection (Arbitrary Units)

X = 2x1073
%p = 5x107%
Xq = 7x1073

xg = 1x1072

Time (Seconds}

7

The Times Assoclated with Processes of this Type are Long
(~ 100 secs) and it is essentiolly “DC* compared to the
Spectroscopic Modulatton Period (~ 0,01 secs). The Twa
Effects are therefore easily Separable.

The Thermal Diffusion Process that gave rise to €pc
discussed with respect to Spectroscopy has o Time Constant
that is similar to this Matter Diffusion Process, The
Combined effects of Thermal and Matter Diffusion are showh
below for a Photodecomposition reaction in ZnSe.

Laser Deflection, ¢

= Light On

<

g
4

-

40
Time {Seconds)

(gﬂ) and (d—”) have Opposlite Sians.
de dT
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2)

3)

)

5)

6)
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EXPEPTMENTAL METHODS IN PHOTOACOUSTIC SPECTROSCOPY

Considerations in the Cholce of Components

Deslian of a Practical Gas-Microphone Photoacoustic
Cell

Dispersive Spectrometers
Fourier Transform Spectrometers
@) Contlinuous Scan

b) Step and Integrate

Mirage Effect Detectors

Discussion

7%

CONSIDERATION [N THE CHOICE OF COMPONENTS

Photoacoustic Spectroscopy is Hormaolly o Detector Noise
Limited Technique., It is therefore important to obtaln
the Largest Slgnal possible from the Photoacoustic Cell,
to Minimize Preamplifier Electrical Noise and to Minimize
External Acoustic Noise Reaching the Cell,

To do this:

|

2)

3)

i)

5)

6)

7)

Maximize the Llight Reaching the Sample Since the
Signal Scales as I5(A).

Reduce Scattered Llght and Absorption by Other
Components of the Cell.

Minimize the Cell Volume since for @ given Energy
Input the Signal 1s proporticnal to (1/V).

Use ¢ Microphone with o High Sensitivity., A Value
of about 50 mv/Pa is desirable,

Keep the Distance Between the Microphone and the
Preamplifier to a Minimum, Electrically and
Acoustlically shield both components

Filter and Stabilize Power Supply Voltages to the
Microphone and Pre-Amplifier, Avoid Ground Loops in
the Signal Path.

Make the Cell Walls thick to act as good Acoustic

Shields and Support the Cell-Preampl!ifier System on
Acoustically Isoloting Platforms.
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IGHT SQURCES - INCOMERENT

These are necessary for a wide spectral range capability.

Spectral Range Light Soutce
v —> Visible Xethon Arc Source
200 nm —> .800 nm 150 w —> 500 w

[10 mi/aam2-sr-nim)

Near Infrared Quartz Halogen
800 nm —> 5 WM Tungsten Filament
{1 m/mm2-sr-nm)

Far Infrared Globar
2,5 Um —> 25 Um Nernst Glower

The Collection Optics for the Light Source Should Match the
Requirements of the Monochrometer or Interferometer.

Higher Wattage Lamps are not always an Advantage since the
Source Size may Increase. The Collection Optics may be
unable to Send the Extra Radiation into the Dispersion
Element.

Source Stability is important since the PAS Signal will
Fluctuate with the Output of the Source. Feedback Control
of the Lamp Power Supply is an Advontage for Precision
Measurements.

R
COHERENT LIGHT SOURCES

Limited Spectral Range but High Brightness. Continuous or
Pulsed. High spectral Resolution

uw —> visible Dye Lasers
Particular Laser Lines .

Infra Red 0, €0, Laser Lines
Roman Shifted Dye Laser
Color Center Lasers
Diode Lasers

Because of the Collimated Nature of the Laser Output and its
Narrow Spectral Range the spectral Radiance is Higher than
that of an Incoherent Source. (Rosencwalg: 20 uW dye laser.,
Spectral radiance up to 1010 nM/nn?-sr—nm.)

Tuninog Range is normally Narrow so these Sources Need to
Match a Partlcular Absorption Feature of Interest.
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WAVELENGTH SELECTION_SYSTEMS

Grating Monochrometers

Holographic Gratings have the Advantage of a Wide Spectral
Range, Low Scattered Light and Focussing Capability., A
Typical Optical Configuration is shown below for a Jobin-
Yvon H20 Menochromator

200 —> 800 nm . F4.2 40 x 45 mm Concave Grating

A Three Grating Version (HT20) is Available and was Developed
for PAS, In this the Mirrors M, and M, are Absent and the
Optical Configuration S}, s} is used. 200 —> 3200 rm,

F4,2 Three 40 x 45 mm Concave Gratings. Dispersion

~ 2 nm/mm.
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DESIGN OF A PHOTOACOUSTIC CELL

The General Configuration of a Cell with o Resonant
Frequency above 1 kHz 1s Shown Below. This has been used
with Visible and FTIR Optical Sources,

Window

{KBr, NaCl, ZnSe, Sapphire) Incident Radiation

Removcble N -
Chamber ————__| as Volume
[~ | (v em)
\ =] J

Microphone
Removable {B+K 4155)
Somple .
Holder Sample

(Powder, Crystal, Liauid)

The Cell is Fabricated from Aluminum and Stainless Steel
and all Internal Surfaces are Polished Metal to Minimlze
Stray Light Absorption.

The Sample Holder is Polished Stainless Steel of about

2.5 cm dla. with a 1 cm dia. sample well about 1 mm deep.
The Window Diameter 1s also 2.5 cm dia. and Scattered Light
from the Sample Tends to Exit from the Cell through the
Window.,
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The Cel’ Windows are Chosen for the Wavelength Range tO
be Studied.

Window Approximate
Haterid Spectrgl Range Comments
Sapphire 200 nm —> UM _Godd General Window

KBr, NaCl 200 nm — 254m Hygroscopic., Good for IR.

inse 600 nm —> 254m Good General IR Window.

Sapphire is ¢ Good Window for the UV — IR Range and is
Durable. KBr is used to get FTIR Dato in the 25/m Region
but 1s Easlily Damaged by Water. ZnSe 1s o Durable Window
for the IR Reaion.

All these Materials can be Obtained in the 2.5 cm dia, size
and about & mm thickness from Infrared Spectroscoplc Supply
Houses.

In Some Cell Designs Double Windows Separated by an Alr

Space are used to Reduce Acoustic Transmission into the Cell.

82

The Micrphone i1s In the Same Compartment as the Somple.

The Model used is Manufactured by Bruel and Kjaer and has @
Sensitivity of 50 mv/Pa. The Frequency Response 1s Flat
Between 4.0 Hz and 16 kHz +2 dB. The Microphone is Self
Polarized and about 1.3 cn diameter.

An Alternate Microphone of Higher‘Sensltivity is the B+K 4179.
This has o Diameter of 2.5 cm and a Sensitivity of 100 mv/Pa.
This Microphone is spectally developed for low signal strengths
and may be used with a B+K Type 2660 Preamplifier for Maximum
Signal to Noise Ratio.

Knowles (or other) Electret Hearing Aid Microphones may also
be used. These microphones are compact and easily fit in
the PAS Cell.

ALL MOLES LIE WITHIN
4 4.76{.1875) DIA. CIRCLE

o T
50 e - L e f——
HE N 7.92(32)
b i l i en WAL W
= T T t [ TR T VT y ——L
= . | [ _‘l L
> ! b
£ TR ——- + —1,=r!L. - 5.59(220)
H : sy MANTML R
bies L — :
H T -
" | '_WA'—”: Hom 3
0% . - 4448
H 1361053 I [ Mta MM
-75 L
|.0° H Te .|DDD
FREQUENCY IN HERTZ
NEGATIVE POSITIVE
TERMNAL  QUTPUT TERMINAL

TERMINAL

KnowLEs 1685 wiTH 2.6 V Bias: U mV/Pa AT 100 Hz.
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The Preamn! 1fier is Closely Coupled to the Microphone with
Short Leads so as to Reduce Mechanical and Electrical Noise.
A Circult with reasonable performance used with the B+K 4155
Microphone {s shown below, Components should be selected
for Low Nolse {f possible.

PREAMPLIFIER CIRCUIT

POWER 61 R, c,

R, T
i Y 2
+v T sy P_‘ b . @s " ,_?
L Ton ‘L Twon s
80X G,
POWER SUPPLY
c ]
2 +5 c!
1 RTR
c, ¢,
G I Gy
C R R c,
' e
C"] -5 E
2 A =
G2
-15 '—J—!ﬂs
& Ca 1 €z B
G,

Component Values

@) Preamplifier
Rl =1 MQ), R2 = R3 = 10 MQQ, R4 = R5 = 100K§},
Cl =1 [F = C2. All reststors are carbon or metal fiim,

b} Power Supply
R =120Q0, €| = 50 UF, C, = 0.01 UF.

3

The Circult Blagram and Component Lavout of a High Quality
Commercial Preamplifier (BgK 2660) are shown below., This
yields a Signal to Noise Ratio about ¢ Factor of 5-—> 10
Better than the Previous Design. This Improvement can
reduce doto toking time by a Fgctor of 25— 100.

Iapul Amplitier f Low Noiss Amplifiar Output Buffar \

oty

k2! 23 T} J

‘ Cii.;"-‘ﬂﬁ@ .rj -(;.“7

T L
TR x:"?ﬂ%}’l&o‘ - 2-;@‘3 ot

ZE 0494 Input Chrouit

Close Coupling of the Input Circuit to the Microphone is
Essential for a High Signal to Nolse Ratio, High Quality
Selected Components are Used,
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An Alternate {ell Conflguratldn that con couple well to @

cvlindrical Microphone and Preamplifler 1s

sketched below.

The Courling Gas Volume should be kept to a Minimum and the
connecting tube should have as lLarae @ diameter as possible.

Light should not hit the Microphone.

The Preamplifier should

be directly behind the Microphone and sealed ggainst external

pressure fluctuotions.

Metal PA
Cell |

Narrow
Passage

O-HRing

vl

goo iy shown below,

Glass Window

Sample

O - Ring

Coupling
Gas

cell suitoble for both $ingle Frequency ond FTIR
EG+G:

PAR 600> Ceui.
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A Diagrom of the Commercicl EDT401.10 PAS Cell {s Shown ﬂ!SPEBSiVE'SPEQTBUMETERS
Below. Again the Microphone is Closely Coupled to the
Preamplifier. The Sample Cell Volume is Small with ‘0’ : The Optical and Electronic Configuration of a Typical Gas
rings providing Acoustic Isolation, Microphone PAS Cell Spectrometer is shown below. '
RECORDER
| S
i ‘
HP 9825 A RO oG
. DATA SYSTEM
_washer _ ‘
O LOCK-IN gt
~ S J

ORDER
FILTER

B W BEAM
' SPLITTER
Al
H
Preamplifier et PAS
PAS 113 Cell

The Optical System Is put together on an Optical Breadboard
for Ease of AdJustment of the Components. To Reduce
¥ibrations Transmitted to the System the Breadboard is
Supported on Antivibration Mounts. The Photoacoustic cell
1s Isolated from it with Antivibration Mounts. The Light
Chopper is also Antivibratlon mounted and separated from
the Cell to reduce Acoustic Transmission through the Atr,
The Pyroelectric Detector {s used to Monitor Varlations in
INPRE

sample holder
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The L ht Chopper can Produce Radiation with an Amplitude
Moduiutlon Frequency in the Range 20 Hz —>'1 kHz. Choice
of the Actual Frequency is made on @ Signal/Noise Basis.

Because the Thermal Diffusion Length of the Solid and the Gas
are Frequency Dependent Amplitude and Phase Contributions
from the Backing and the Window may Arise at Low Modulation
Frequencles.

T 1 T1Ir 17 11
Helium filled call -

,—_———-Q-\\SZEZ':’,S" ]

LBLIL
com
L}
e
)/1
Ll

| Plexiglas D =0.027

bt Llli Lol s
a1 1.0 10 100

X~ vilZagh }

Room Noise has a (1/f) Amplitude Behavior and Damping of Low
Frequency Vibrations 1s More Difficult.

Modulation Frequencies Between 70 Hz and 200 Hz are often
a Good Choice.

Lock In Detection Provides a High Rejection of Freauencies
that are not at the Signal Modulation Frequency.
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FQURIER TRANSFORM SPECTROMETERS

The Optical Layout of a Fourier Transform Spectrometer 1s
I1lustrated below. The Movable Mirror can be driven at
speeds from 0.02 cm sec -1 to about 0.2 cm sec -1 for pas
Data Collection, When used for Photoacoustic Measurements
the Gos-Microphone Cell is Placed at the Focus of the Exit

Mirror.
Meveable Mircor
Light Bource - 1 Ipmm t
Collimating Lena ’ 1 amsplitier
l ¥ A/’k
vy, | | om——— I-—’ — T S— il i— e St —
l Ireflected % InFM
¥ Fixed Mirror
‘ — _..- — —  \— —— il ——r—
lrefecied
Apertura Intar- .
ferogram .
sl Le ot . I Texit I
acceptance
O(—-—Munlu Lns

| o batactor

Light of a Given Wavenumber is Modulated by Interference of
the Beams that Take the Two Paths in the Michelson Interfero-
meter. The Modulation Occurs dt an Acoustic Frequency that
Depends Upon the Mirror Veloclty.
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For Typico! FTIR-PAS Spectroscopy the Wavenumber Range Studied
is 400 et to 4000 cm™L (254m to 2.5, m) with a Mirror
Veloclty of V cm sec™d the Acoustic Modulation Freguency is

f =2 VYV at the Wavenumber YV,

For the Above Wavenumber Runge_the Acoustic Modulation
Frequencies with a Mirror Velocity of 0.02 cn sec! lie
Between 16 Hz and 160 Hz,

These relatively Low Frequencies are an Advantage for PAS
Since the Signal Magnitude hos g Reciprocal Dependence on
the Modulation Fregquency,

Bullding Noise also hos o High Amplitude In this Range. The
Spectrometer and Cell must therefore be well isolated in
order to obtain an acceptable Signal to Noise Ratto, A
Satisfactory Method 1s to Support the Interfereometer on an
Isolated Table and to Further Isolate the PAS Cell within
the Spectrometer using suitable Antivibration Mounts.

L

To Isolate the Interfereometer at Low Frequencies some form
of Air Suspension is desirable. Laser Table Leds are good

in this Application and have a Transmission Behavior of the
form shown below,

b TYPEA
TSOLBS RNt

PRAMSPISEINILITY
s

—— -
1 1 s,

i i
w1 I

1
4
H

] 5 3
il SN [
i ™

L T SO TR ¥

¥

Above 10 Hz the Bullding Noise is Attenuated by Two to Three
Orders of Magnitude by this Method.

The Photoacoustic Cell can be Mounted In the Interferometer
Cell Compartment on Small Air Balloons or Soft Rubber Isola-
tion Mounts. These Support a Heavy Well Damped Table on which
the Cell s placed,

Noise Transmission reduction can greatly reduce Data Acquisi-
tion Time. Nolse Reduction by Signal Averoging n Interfero-
grams only improves the Signal to Noise Ratio by ¥m . A
Direct Nolse Reduction by @ Factor of 10 is Equivdlent to
Increasing the Number of Scans by Two Orders of Magnitude.
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BOMEM FTIR
Michelson
Interferometer Frequency
500
Moduloted
IR Rodiation 50
400 4000
Wavenumber
PAS Cel{
Contulnlhg . é .-
Saomple ﬁ :
Interferogram l .
E :l
V :lo A 12 t.su m * 4.1;
DATA POINTS
BOMEM Vector

Processor and
PDP 11/23
Computer

Sample PAS
Spectrum

PHOTOACOUSTIC SKNAL  [Arh wnits}
2
——
L4
{) .-"1
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The Signal Path Shown Above should be Free of Ground Loops
to Minimize Electrical Noise in the Signal to the FTIR.

Some Variable Amplification is desirable so thot the Analog
to Digital Converter In the FTIR can be used Properly

{(1.e. ~75% of Mox. Range), This Reduces the Digital Noise
in the Signal.

PAS PAR 113 Bomem
> Low Noise ~» Signal
Cell L Prefmp Input

The PAR 113 Low Noise Preamplifier Permits the Signal Band
Width to be Controlled. Thils 1s Adjusted so thot the High
Pass Filter is ot Approximotely 0.5 x Lowest Modulation
Frequency ond the Low Pass Fillter at 2.0 xHighest Modulation
Freguency. The Gailn Ronge of this Amplifier is between 10
and 10,000, For Typlcal Samples galns in the Ronge 200 to
2,000 are Needed with the Cell Hoving an Electronic Galn of
about 40,

%

The Modulation Freguency Range Assoclated with the Spectral
Bandwidth Studied in an FTIR also has an Effect on the PAS
Signal,

Af any Given Wavenumber the Number of Photons Arriving at the
Sample. IO(A), Depends upon the Exposure Time per Perlod and
1s Therefore Inversely Dependent on the Mirror Velocity.

At o given Mirror Velocity the Modulation Frequency varies
Inversely with the Wave Number BUT the Photon Energy Varies
Directly with the Wave Number. The Energy Deposited 1in the
Sample if these Photons are Completely Absorbed 1s Therefore
Independent of Wave Number.

The Thermal Diffusion Length ({, does Depend upon the Modula-
tion Frequency and Hence Varles Across the Spectral Range at
a Given Velocity.

e = V2T ; W« WV ;Mg oc V20U

where ‘is the Wavenumber of the Radlation,

In the Thermolly Thick, Opticaily Thick limit the PAS
Amplitude Depends on (ii¢. This Wavenumber Dependence of Lg
will Therefore Contribute to the Measured Peak Helght,

At any 6iven Wavenumber the Sional will have the Modulation
Freaquency Dependence expected from the PAS Theory, The Signol

will therefore vary inversely with Mirror Velocity., Low
Velocities are therefore an Advantage,
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STEP_AND INTEGRATE FOURIER TRANSFORM METHODS

An Alternate Approach to Fourier Tronsform Spectroscopy 1s to
construct the interferogram step by step. The Moving Mirror
is displaced to some Path Difference, the Radiation through
the Interfercmeter is modulated and lock-in detection methods
are applied to recover the sional. An Experimental Appargtus
of this type developed by Debarre et al is shown below.
Similar equipment was also developed by Farrow et al.

Laser Fringes from a Cooxial He/Ne Reference Laser are used
to Megsure and Control the Moving Mirror position. A sinus-
oidal motfon is added to this Mirror to Provide Medulation
of the Incident Light at a Measuring Frequency W,

Vaave °
w /\Q_. /\C-— — Ca
N N VN
"o S ATAA A"
LWL A T
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This Method for Fourler Transform Spectroscopy hos the
Following Advantages:

Spectral Ronge between 360 nm and 34m,

High Light Throughput due to Large Input Aperture; 0.6 W
High PAS Signal.

Single Modulation Frequency SO no wave number Qenendence
of Ug.

Internal Modulation of theIODtlcul Path Difference avoids
Noise due to a Mechanical Chopper,

This mode of Modulation Prbduces an Interferogram that
looks like the derivative of the DC Interferogram and
therefore has a Zero Mean Value.. This makes it less
Sensitive to Long Term Lamp Power Fluctuotions.

spectral Resolution on the Order of 1 cm'l can be obtoined.

Both the Amplitude and the Phase of the PAS Signal moy be
obtalned.

Rapid Productlon of Spectral Data with @ PC Type Computer
doing the Data Reductlion.
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Because o7 the High Light Throughput of the Spectrometer MIRAGE EFFECT DETECTORS

care must be taken with the Rodiatfon Incident on the Samples. _

This could Domoge Biological Materials. A Mirage Effect Detector may be used with either g Dispersive
or Interferometric Spectrometer. Over the Visible Spectral

Heating of the Sample near tné Zero Path Difference setting Range the Transducer Fluid may be Water, Carbon Tetrachloride,

of the Mirrors causes a DC Component of the Sianal that has Methanol or a 6as such as Nitrogen or Air. In the Infrared

a Finite Relaxation Time. This may limit the rate ot which Spectral Reglon a Gas will provide the widest Absorption Free

data may be token in this region. Range. Dry Nitrogen is a Good Choice. For Limited Ranges

Ligquids can be found that have Transmission Windows,

Photochemical Reactions that are sensitive to the DC Light
Intensity (e.q. photosynthesis) will contribute to the Signal. The Optical Configuration Employed for a Mirage Effect
Detector Is Illustrated below,

The Anqlog to Digital Converter used to input the data to the

Computer may introduce a Digital @uantization Error and Limit Interference Modulated

Filter Radiation
the Dynamic Range that can be Recorded, \ Beam Shield

He/Ne Laser

Computation Time and Preciston of the Fast Fourler Transform L \/
by the Small Computer may also restrict the Dynamic Range Position Sample gt Lens
and Spectral Resolution. Detector Beam Waist 7.5 cm

b 50 ¢m } :

The Sample must be Positioned so that the Beam Waist of the
Probe Laser Passes within about a Thermal Diffusion Length
Above the Surface for alr at 100 Hz. Mg = 2.5x1072 om =
250 ym for Water at 100 Hz, K¢ =2,1x107> cm = 21 um
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The Beam Walst Dicmeter for a 1 mm Beam Diometer from the
Laser is obout 40 m, The Beam samples o Large Fractlion of
Us for most Systems. The Sample Should have Translation
and Rotation Capabilities with this Degree of Precision of
Motion,

FOCUSED MODULATED
LIGHT FROM MONOCHROMATOR

SILICON

TIME
DEPENDENT
BEAM
DISPLACEMENT

ELECTROLYTE
5LIT IMAGE

QFFSET
ABOVE
SURFACE

The Silicon Position Detector should aiso be Adjustable so
that the Beam can be Centered on the Detector once it 1is
Correctly Positioned with Respect to the Sample Surface,

Both the Pointing Staobility of the Laser ond Beom Defiection
due to Air Currents ore Important Sources of Noise.

402
Table Vibrations Caousing Relatlve Motlon between the Laser
and the Position Detector must also be Avoided, Optical
Breadboard Tables are Good in this Respect and a Conflguration

Similar to thot for the Gas-Microphone Cell may be used for
Spectroscopy.

RECORDER
1 LIGHT
FOCUSING CHOPPER
HP 9825 A A
DATA SYSTEM
LOCK-IN

ORDER
FHTER

POSITION | He/Ne LASER
DETECTOR
TH LENS
ELECTRODES
ELECTROLYTE

This Configuration cen also be used to study Concentration
Gradlent Effects. For Photocorrosion Studies a Steady State
111umination s used to Promote the Reaction and to Ensure
Overlap between the Spectroscopic Probe Light and the Photo-
Corroded Region the Same Light Source and Monochrometer are
used.



Photoacoustic Spectroscopy In the Visible and Infrared Spectral Regions.

n

Depth Proflle Data

2)

Photosynthesis -- Photoacoustic Spectroscopy tn the Presence of @

Photochemical Reaction.

3

-103

-104-

BIOSPECTROSCOPY

Photoacoustic Spectroscopy has an Advantcge of Not
Reauiring Sample Preparation and being able to Provide
Spectral Datg on Light Scattering and Optically Thick
Samples.

Quantitative Megsurements are Difficult Unless the Sample
is Thermally and Optically Homogenegus,

In the Infrared Spectral Region Gas Phase Impurities
(C0y and Hy®) provide Strong Signals and may Mask the
Response from @ Condensed Phase Solid Sample,

With Special Ce!l Desion in situ Measurements are Possible,
As for all PAS leasurements the Slanal to Noise Ratlo 1s
the MaJor Problem for in situ Dagta.
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HEMOPRLTEINS
A. Rosencwalg, Sclence 181 (1973) 657.

Demonstration of the Similarity of Spectra Obtained by PAS
and Transmisslion Methods. PAS'SDectru of Cytochrome-C
obtained on a Powder Sample in Both its Oxidized and Reduced
State. This is Compared to the Transmission Spectrum
Obtained from the Material in Aqueous Solution.

Cytochwame-C powder

o
S -

-1

200 400

Transmission PAS Data
Data
visible Spectral Range. Powdered PAS Sample will glve q
Stronger Signal than the Same Material in Solution due to
the Pressure Term. Light Scattering will Influence the Energy
Deposition Profile. Peak Locations are Correct. Peak Hejdht
Ratios may be Different.

_105,

Oxyhemoglobin also Studied. in the Yisible Spectral Range in
Several Physical Forms. Spectra Exhibit the Same Features

in Each Case. Choice of the Form of the Somple can There-
fore be Based on the Desired Experiment. Light Scattering

is the Main Barrier to Conventional Transmisston Spectroscopy.
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6, Alter, J. Biological Chem. 258 (1983) 14960: 14966.

- Use of Visible PAS Spectra to Look at Conformation Changes
due to Various Aducts and Dehydration. Comparison Between
Computed and Measured PAS Spectra,

- Samples: Oxyhemoglobin, Aquomethemoglobin, Cyanide, Azide
and Fluoride Methemoglobin in Crystalline, Lvophilized or
Solution State. Horse, Bovine or Human Source,

- Spectral Rgnge: 200 »m —> 700 nm using @ Commercigl
Photoacoustic Spectrometer.

spectra of Ho!!IeN and HbIIIN3 are Insensitive to the State
of the Materigl. The CN and‘N3 Adducts are Strongly Bound
and the Spectral Features are Insensitive to Perturbations
of the Globin Structure. Computed and Observed Spectra ore
in Good Agreement,

e ks
Wavwlength, nm

FIc. 2. Predicted (——) and oheerved (-.... PA

Iyophilized HECN (107} And smmmen e salf i dbectra of

Hb™N, (battom). Preparations de and apectra pred;
deurib:dinlheun.m were made and spectra predicted as

(24}
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Spectra of ! 1T and HblIIHZO show strong Differences Between
the Solution Spectra (which vield the predicted PAS Spectra)
and the Actuol PAS Spectra observed for Lyophliiized and
Precipitated Samples,

1.OF,

0.5+

o8-

o
Wavelength. nm.
Fic. 4. Predicted (... } and observed {-—) PA spectra of

hrokl:i[i:.ed Hb"™F (rop) and i suliste-p:
Bb'HyO (battom), Preparations wert tade, and predicted spectra
were calculated as described in the text.

Spectral Shifts Suggest that Imidozol Methemoglobin Contri-
butes to the Solid State Samples Spectra.

The Processes Causing the Spectral Changes tend to Dehydrate

the Protein,

- Direct Removal of H,0 during Lyophilization,

- Amonium Sulphate Precipitation Competing with the Protein
for Water of Hydrotlon during the Precipitation Reaction.

Both Mechanisms Perturb the Heme Pocket so that the Distal

Histidine can associate with the Heme lon.
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A.J. Sadler et gl., Analytical Biochemistry 138 (1984) 44.

Use of Near IR PAS to Study Proteins.

Spectral Range 260 rm —> 2800 nm.

Powdered Samples dand D20 Solution Spectra,

commercial PAS Spectrometer, EDT 0AS-400, Samples Normally
Fill the Complete Sample Cup which Request 5 to 50 mg of
Proteln.

Lock in Amplifier Detector for PAS Signal.

Normalization Using a Pyroelectric Detector.

Modulation Frequency Range 20 —> 160 Hz.

Spectral Assignments Made for Egg White Lysozyme and Bovine
Ribonuclease. Comparison made with Amino Acld Mixtures of
Similar Global Composition.

% POLYIGLY]
| !
F R
T
5 .
H e ’ T (LY
LYSOZYME AMING ALILE
9L
MATIVE RIBONICLE
LY
—= il HBOMUCLEASE AMiNQ ACIDE
(L MR TR ¥ 6 2

uuGT Mlu
WAVELENGTH
WAVELENGTH (um)

solid 6lvcine In various Polymeric Stotes also Examined.

to

Solution PAS Spectra were made 1n D0 to avoid strong water
absorption in this spectral region. Concentrations of About
100 mg/mi ore required. Peaks in the Specird are Tentatively
Identified. '

) % T
WAVELENGTH (i

WAVELENGTH {um}

Some Samples were Denatured by Dissolving in Hy0, heating to
90%c for 30 min and Lyophilized., Powders so produced were
compared to Native Material. Parallel Circular Dichroism
Measurements suggest some Renaturation by the drylng process.

Spectral Locatlons are Reproducible. Quantitotive Doto are
hord to obtain. Method Good for Protein on Opague Substrate.

Makes Optical Probe in this spectral Region Relatlvely Easy.
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Fourier Trunsform Photoacoustlc Spectroscoy has been Used
to Extend Dotg on Systems of this type out to Clrca 400 cm'l.

Rocklev et al., Science 210 (1980) 918, Demonstrated that
Spectra could be obtained with Dry Somples of Various
Biological Materlgls Including Bovine Hemin, Hemoglobin and
Horseradish Peroxidoze.

[ ] f
i H &
e 2400 00 000 w00 R 2400 - e

om=-1 em-1 emnt

Fig. 2. Spectrum of 2 14-mg sample of bovioe ig. 3. trum of a 1-mg sample of hemo- Fig. 4. Spec'tfum of 2 0.5-mg sample of horse-
hemin (grade 1 purity, Sigma Chemical Co.); dﬁ;m fmcmw (s?:.m Chemical Co.); radish peroxidase (type VI, Sigma Chemical
800 scans, resolution 8 cm™, 800 scans, resolution 8 e~ Co.); 200 scans, resolution B cm™".

These Sepctra were token with g Digllab FTS 20 Spectrometer,
H cm3 Cell Volume and o General Radio 1862 Electret Micro-
phone.,

Signal Averoging is Achleved by Adding Together Several
Interferograms before Fourier Transforming to obtaln the
Spectrum. This provides @ VN noise Reduction,

The Mirror Velocity on the FT20 is High_(O.lG cm/sec) and so
the Modulaotion Frequencles are Hich,
PAS Signal o< (Freguency) N
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V. Renu agkrishnan and R.S. Bhatnogar

J. Am, Chem, Soc, 106 (1984) 2217, have used FTIR-PAS to
Look at the Spectroscopy of Poly(7 -Benzylglutamate), Peak
Positions of the Amide Bands are taoken to Indicate an
Cz-HeIical Conformation for this Material.

Table 1, I'requency® of Mujor Ban.ds of Poly{y-benzyi plutemate )
E, species mode®
I'T4R muan
polyty- valuy
& benzyl from
glutamate} provious
= ETIR  inKbr IR
pi PAS pelict studies calcd assignment
§ 33 3295 amide A
% 1737 1736 ester carbonyl
streich
< 1656 1650 1654 165T  gmidc|
1549 1548 1548 1544 amide 1
1267 1256 anude 11E
“Inem ™t ® Nevskava and Chargadie

I
FREGUENCY (cr)

Figare 1. Foutier transform infrured phoroscoustic specirum of poly{y-
benryl givumare) per we, M, 25000 and degree of polymerization of 130,
al room temperature. The spectirum shown represenis 512 scans; 0.25
mg of the sample was used (o-obtain the specirum.

These Spectra were also taken with o Digilab Spectrometer.
Band Positlons Agree well with those Obtained from Transmis-
sion Data, Gas Phase Hp0 is Present in the Cell. This can
be Removed by Purging or with a Zeolite Getter in the Sample
Cell.
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Mascarenhas and Royce have Obtained FTIiR-PAS Spectra of
Hemoglobin at Varlous Stages of Hydration. These were
taken with the Bomem Spectrometer'ond Photoacoustic Ceil
Previously Described. Sampies were in the Form of o
Lyophilised Powder.

Sample Number ma H20/mg Hb

0.78
0.23
0.11
0.08
0.02

U B W R e

Mirror velocity = 0,02 cm sec. Dry N2 Transducer Gas
Signal Normalized with @ Graphite Spectrum,
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These Spectra may be Subtracted from eoch other to Display

the Spectral Changes produced by the Increased Water Content.
For the Diagram Below the Spectrum of Sample 5 with 0,02 mg
Hy0/mg Hb 1s Subtracted from the Spectra for the other Samples.,
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The Difference Spectrum Shown Below Results from the Subtrac- DEPTH PROFILE METHODS
tion of the Sample 5 Spectrum from that of Sample 1. This
shows @ Major Problem with this Spectral Region and PAS
Detection Gas Phase Contributlons from Hy0 and €0, are
Clearly Shown ond due to thelir Favored Energy Conversion
Poth tend to Mask the Solld Phase Signal.

The Photoacoustic Response of o System Contalns an Optical
Term f3(A) und a Thermal Term y(L/). For an Optically
Thick, Thermally Thick Sample the Slgnal Amplitude Scoles
as the Product of these Quantitles for a Homogeneous Material.

Since U (/) can be Reduced by Incressing L/

T rTTTOTTTITITYTTTTTT O - B 1 T T __'E"rwlivﬁ.'.’i' w7 ‘ = 2E
MaX= - BJ@ | | 0 . i _L______ : |- i : : us vupc

% AR VUSSR 1 SRR it E e Measurements at Different Modulation Frequencies Provide

e R RIE Informatton obout the Spatial Distribution of B(A),
B - Wi Wy
S 3
= ~ ¥ [
© U | By Uy T Bt
g: CwB L)
S 4| A | A2t
o.

X X
For a Simple Lavered Structure o Spectral Scan ot (/) will

give PAS Data about f3 and f3,. A Scan at L/, will only
give data about 131.
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The AC Heat Wave from Vorious Distances within the Sample
s Attenucted Exponentially with the Characteristic Length
being the Thermal Diffusion Length. A Signal from a Depth
x 1s therefore reduced in Amplitude by exp(-x/LL). In
Addition this Contribution to the Total Signal Experiences
a Phase Lag Y (x) = x/iL .

A General Expression for the PAS Amplitude in a Two Laver
System as Shown Below was Developed by Mandells et gl.
1

BADNG | LD D Lo
[ (M) In)

et =8, ]

Oeometry for & dovble-layes PAS sysiem.
The Signgl has the Form:
<plt /1> = Qd exn[l(LJot - 11)] .
i

For the Cuse of a Transparent Overlaver, l.e. [3;=0 the
Complex Amplitude of the Signal 1s Glven by:

y _( Polo X n.5; 1 )
M‘TOL k(83 = e})/\ explo 1) + exp{~ o dy)
. x(('z — I1)b; + Ty eaploy 1y} — (ry + INB; = Dy exp(—0aly) + Hb; — 1y ) exp( —ﬁ,f,))
(b + D exploy ) + (b; ~ ) exp( — ;1)
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As the thickness of the Layer 1 Increases ,Ll Increases and
exp(cfl,tl) increases taking Qd to zero. This also occurs
for a Constant Overlayer Thickness as Cfl Increases due to
an Increase in the Modulation Frequency.

The Phase of the Signal for the Transparent Overlaver S$itug-
tion 1s glven by:

vgmr«—%ug+e§yﬂ,

1

—un"(l—_—i—h—ﬁ}

As the Absorption of the Second Layer Increases Phase Delays
due to the Spatial Distribution of Energy in this [ayer go
to Zero. For this Case W/, 1232 = 0 and:

sl

Thls was the Situation Consldered by Adcms and Kirkbright.
When Both Layers have Optical Absorption Coefficlents the
full Equation for Q4 must be used. Results of Amplitude and
Phase Computations for f3;(500 nm) = 50 om™!, [3,(600 nm) =
500 cm! are shown below.




A

Rosencwalg used Spectra taken at two different Modulation
Frequencies to look at the Lovered Optical Structure of an
Apple Peel. The High Frequency Spectrum (B) glves only the
optical Properties of the Surface Waxy Layer that has a UV
Absorption. The Low Freauency Data (B) Contains Opticol
contributions from this layer and also Cartenolds end
Chlorophyll Moterial at Greater Depths.

g

RELATIVE INTENSITY

[ SR Y

S AR L A R L)
MW M O m wm W W

WAVELENGTH {nm}

The Exponenticl Welghting of Signal Contribution with Depth
of the Source must be taken into account in Deconvoluting
Dato of this Type.

Ni22

T.A. Moore (Nature 279 (1979) 265) has used @ Combination of
Modulation Frequency and Phase Control to- Improve the Contrast
in Spectral Data from Different Depths in @ Layered Structure,
The Dicgram Below indicates the Effect of the Phase Control

on the Spectrum, Great Care must be taken iIn the Interpreta-
tion of Data of this Type. Absorption of Overlayers must be
taken into account and a Good Knowledge of the Structure and
Thermal Properties of the Sample 1s Reauired. '

ILTH

24
L LN

"
"

e

PA spectra of native (a) and denatured (b)
lobater shell as a function of modulation frequency
® (indicated with each spectrum) and phase §. The
interior spectrs (=) wers recorded with & selected
for waximum discriminstion against the surface
signal (---}, which in turn wers rvecorded with ¢ =
90" selected for maximwm response from the surface.
Spectral bandpass 10 om. '

PAS Signol
r
3

i
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g SN ) B
800 700 800 500 400 300
. Wavatength  (am}
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E. P, O'Hare et gl. (Photochemistry and Photobiology 36 (1983)
709) construc.:d o two layer system to test the vector concept of

“interior and surface signals.

-3
surface Laver 1x10 N~

Interior Laver
6x1072 cm

Methylene Blue ”’,,z’
g ‘ { f3- Carotene
o) [{3)
¥
CouUPes ITE SPECTRUM
. : A
>
3
[3
soriese -
+* intarier
$ ] »a0 a80 o ®o Tou (Ll
{c) [£-)]
v SURFACE SPEcTRUM
- Y :
h
«
A
sertace
L]
LA ysteriar . jx iz . w5 e
{e} A i}
' INTERIOR,. SPECTROM
X,
3
H
suriaze indariar :
L
4,
x %0 7] () o Vor “wo

Wavelength  (hm)

|2ty

This type of Model and Method were then applled to studies of the

Lichen Acarospora schieicherd.

SuRFACE AT IO He,

.
3 Fal
il ,{,.‘\ ITRTERBR. AT 2243,
L h\‘v, Ty
S —"..V'": T IoTERIOR AT 15D HE |
it A Y
4
-
F
£
300 400 300 s00 T00

Wavelength (aml

150 Ha 32 Hz
[CH I '{
}j’c Wy Rhil::ll‘r’h A: 2y uuor“c-rln
Fungue
Cylachroma
Chioroplast q | Algel Layer
Pigmanta
- Madulla
L
Funguy

Figure 2. Pigment depth profile and schematic diagram of the lichen A_ schiricheri. (a} Pigment depih
: ) is mssociated with & spectral componen of Rhizocarpic acid (Asin &'
phmomul_nc component at 150 Hz). {--—-) is associaied with the bulk cytochrome ahsorplion {Acos &°
photoacoustic component st 130 Hz). (———:-} is the absorption of the chloroplast of the algae (Acos 4’

profile of the fichen (.

00

photoacoustic component at 32 Hz}. {b) schematic cross-sectional view of the bichen,
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REACTIVE SYSTEMS

A Photoacoustic Cell Provides an Environment in which
Chemtcal or Photochemical Reactions can take place and be
ronitored Spectroscopically., The Transducer Gas of the
Cell can be one of the Reactions and DC as well as Perlod-
ically Modulated Radiation may be Employed.

Velux and Bae (J. Op. Soc. Am. 7Q (1980) 560) have used

PAS to Study Gas Exchange with Mocroporous Hemoglobin
Particles and to Compare this with Solution Data. Visible
Spectral Region covered with a Two Beam Spectrometer using

o PAS Cell contalning Carbon Black to Monitor the Incident
Intensity. An Identical Cell contained the Sample. The Gas
in the Sample Compartment was of Controlled Humidity but was
Static during the PAS Measurements. Comparison Mode to
Trensmission Spectroscoplc Data in Dilute Aqueous Solutlon,

-12‘&

solution and PAS Data are shown below. In the Spectral Region
covered the Oxygenated Hb shows Similar Spectral Fecatures In
the Transmission and PAS Data,

- 1} w)
x K
i i
2 1
w i i
2 2
w [y e J— o
-]
5 3 (4] 3 {4)
_ o i i
- = ol 1 1
FIG. 2. Conventionsl absorption apectra from pure hemogiobin in diuted ; ‘E
Bqueous sofution: (4) aRor rapid oxygenation by oxygen g oxy- H 2
‘hemogiobin HbOy): (B] in tha prasance of axcess sodiun dithionie 0.05-M . -
{deoxyhemogiobin Hb): end, (c) aftar whh 0.05-M p A
terricyanide (methemoglobin HE*, Fa*+ — Fet+*+), abiained with & ot e s han b
Beckman DK 24 1 .

P - FIG. 3. Photoacoustic spectra from macrop:
(a) as prepared; (D) after 3 h under pura Nz Mmph-rlcprum) )
troated in 0.05-A sodlum dithionite; and (d) treated in 0.05-M potsssium

orticyanide,

Deoxvoenation of the Particulate Hemoglobin (3b) was not
possible with a Ny Flow through the Cell. Solution Phase
Deoxyhemoglobin (2b) was Produced by Reaction with Sodium
Dithionite but Similar Reactlon with the Particulate
Material (3c) did not Completely remove the 575 nm Band of
the Oxyhemoglobin,

similar Conversions were obtained in Solution and Selld
Phase by Treatment with Potassium Ferricyanide.
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D, Bolosubromanian (Bioscience Reports 3 (1983) 981) has
Studied the Effects of 200 —> 300 nm Radiation on the
Photolysis of TPP (Thlaminepyrophosphate). As a result of
in situ Exposure in the PAS Cell the Sample develops an
Absorption Band at 355 nm. The Sample examined was in the
Sollid State.

L +de]

a0

s0

Ipglan)

40

20

2%0 300 350 Apm 400 430 500

Fig. 1. PA spectra of thiamine pyrophosphate in the
solid state. Modulation frequency 40 Rz, spectral
band width * 3 nm, temperature ambient, and spectral
scanning speed 200 mm/min in the direction 500 nm
" downwards.
Curve 1, fresh sample with no prior u.,v, irradia-
tion; 2, after an exposure for 30 s in the 300-200-
" om range in situ from the lamp source of the
spactrometer during the first scan; 3, after the
additional 30-s exposure in the 300-200-om range
during the second scan.

Similar Measurements were made on Samples in Solution and
no Photochemical Reaction was Observed.
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When Photochemical Processes are being followed it is
Important to be sure that changes in the Thermal Properties
of the Sgmple do not occur since the Photoacoustic Sianal

‘Depends on i 5.

When Photopolymerization is toking place Changes in Thermal
Conductivity and Heat Capaocity per unit volume may take place
and 1t is desirable to use an Interpal Standard for Normal-
1zing the PAS Signol. Such a Standard is associated with g
Chromophore that is known to remain unchanged by the Photo-
chemical Process,

"o 140 |'~ 1588 K’. il 1440 (L 0 1x
WAVENLARE RS

Rovce, Teng and Ors (Proc. IEEE 1981) used this Method in the
Photopolymerization of Acrylate Polymers. The Bisphengl A
Peak at 1509 cml 1s used as a Reference. Photopolymeriza-
tion Causes the C = C peak at 1407 cm™t to Decrease. Oxyeen
Inhibition of this Process was also Followed.
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 HOTOSYNTHETIC_REACTIONS WITH GAS_EVOLUTION

Processes 1n which the pressure in the Photoacoustic Cell can
be Chanoed Perlodically other than by Heat Addition will
Contribute to the Measured Signal.

In Photosynthesis Gas Evolution occurs when the sample is
i1luminated by Light 1n the Visible Spectral Region, A Steady
Light will give rise to a Steady Evolution rate. This will
increase the Pressure in the Cell but will not Contribute to
the periodic PAS Signal directly.

Periodic I1luminotion with o Photosynthetically Active Wavelength
may aive rise to @ Periodic Gas Evolution which will contribute
to the Measured Signal.

Absorbed Energy may be stored as Chemical Products which will
not contribute to the PAS Signal.

Both the Phatosynthetic Gas Evolutlion process and the Heat
Conduction Process involved in the PAS Signal are characterized
by some Relaxation Time. These will, in general, not be the
same and so the Two Signal Contributions will have @ Different
Phase with Respect to the Modulated Iilumination of the Sample.

15

Poulet, Cahen and Malkin (Bfochimica and Biophysica Acta 724
(1983) 433) have considered the effect of Oxygen Evolution during
a PAS Reaction. Measurements are made at Different Modulation
Frequencies and in the presence of DC 111lumination which con
Soturote.the AC Photosynthetic Process.

The Total Signal in the Absence of DC Light results from non-
radiative (Thermal) Prbcesses and Gas Evolution. In the presence
of a DC Light the periodic gas evolution is reduced to zero and
only the thermal term contributes to the PAS Signal.

The Vector Diagram below is used to separate these two components
of the Signal. '

—
\

= Iyp(1-0) + Igy

v
) ;r Q= @th(l-t) + Qox
W 3
\\\\\\:iﬁa : L = Photochemical Loss
£ 7
}%L .th = thermal term
ox = oxygen evolution term

Fg. I A vectorial representation of sinusoidal signals. The
wector R prod a projection on the

(ﬁnd) y axis equal Lo Ay sin m while ﬂw {rotating) signal
“wector § produces a projection equal 10 4y ¢0s4 $in wf - Ay
sin ¢ cos w1, The constant epefficients of ﬂm expression are,
" pspectively, the projecuons of § on the {rotmting) axes r and s
(in-phase and quadratures
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In the presence of the Soturating DC Light the Oxygen Evolution The Diagrams below show the effect of Frequency and DC Light on
term is removed together with the Photochemical Loss. ' the Measured PAS Signal obtalined with Tobacco Leaf.
I = In Phase Signal
I* = Ly @ = Gy

_ t - 0 = Quadrature Signal
vector Subtraction of the Signal with and without the DC Light - Background DC Light On
Gives: : ' = Background DC Light Off

SALE(I-1%) = Iy = Ly, = 1, - LI®

“ow s A COUPOTE D VRALUES civTHE

e BASIS OF THE ARcuk MobDec..
-AQ = @-0) =0, - L@y = Q. - LO* ' Wf | o . '
(434 th [1).4 5 : e 20042 oM o B
o "y L
v 2~

o N
At High Modulation Frequencies the Oxygen Evolution Contributlon ‘ ol o - Jo
1s Found to be Negligible so that: é o \ | — -zné
; R fu 3
AHW — =) = LIy = LI* (W — o) " ol 1
Lﬁx.ﬁ\ﬁfﬂ }\ o——— I l J 80
¢ AR i
AQ(U —> ©0) = Lgth = LQ*{L/ — o) , e rmsi-‘ it -

Assuming L to be freaquency independent enables it to be evaluated

The Signals Amplitude and Phase take some time to reach thelr
from these equations and this value used for Al; AQ. so that

*Steady State” values after these changes 1n condition.

loy =1 - A-DI* There is no Change in Phase Angle with the DC Light when only

. =8-(l-Lar the Thermal Term is present (480 Hz)., At Lower Freauencles a

0x Phase Change occurs. At 120 Hz the Amplitude Change 1is smoll
The Oxygen Evolution Vector Contribution 1s then: : but the Phase Change is Large. '

a2 g2 . -1
fox = Viox-%x ¢ Pox = tan (457100

Similarly the thermol contributlon is

/2
A = Vit e, o Py

tﬂn-l(-ch/Ith).



_135_

The Oxygenand Thermal Contributions as well as the Photochemical
Loss were Colculated from the Data and are shown in the Table below.

Signal components are expressed in arbatrary but consiient
wmits (mY), 25 measured a1 the input of the Jock-in amplidiet
{aher preampliliation’. Phase angles are expressed in degrees
r, raw data; ¢, calculated,

° Frequency (Ha) |

——————— 1
40 60 140 A
- it i
I in 0.9% 12 @il .
¢ 870 96 IR ¢ o .
[ =
4. G 677 985 et m
L4 B2 77 v
[
el n 110 -10 - \\ 4
R At Y B0, 60 ]
Ar=A,, 5] 8.7 61 € 5'\ \ ™ b ad
= B2 - 994 ou-n\ //-—-
L {1 07 017" - [V \ 1o
A 1 o
I ) 0r 30 bk v - \( _______ e lo
. Qax o* a8 L/ YL -
v
L. 3] [} 55 '\ '\_E
Pan 0 57 —— T
FREQIERLY ivx]
A /A ) 0 0.90
Ad =, — P - -42.5

* Assumed. .
* Assumed 10 be equal 1o the L value at 480 Hz.

As W—>00 (Ag/Ay) —> 0 and Ag = (Pox - Per) increases as
shown in the Figure above.

At Low Frequencies Thermal and Gas Signal are Approximately In
Phase, DC Llght removés Gas Signal and therefore decreases the
Total Response.

At Higher Freguencies the Thermal and Gas Signals have Opposite
Phase and Partly Cancel. DC Light removes the Gas Signal and the
PAS Amplitude increases.
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Both the Periodic Thermal Diffusion and Oxygen Diffusion
exhibit Exponential Damping of the Amplitude of the
Periodic Term. For the Oxygen Diffuslon Term thls is of the

Form
1/ L/
on o EXD[- 2 . X]

As the Modulotion Frequency of the Rodigtion increases the
Ampl1tude Damping of the Oxygen Diffusion Term at a given
location increases. Its contributlon to the PAS Sianal
will therefore decrease.

At High Modulation Frequencies changes due to the DC Light
can Therefore be Attributed to L —> the Photochemical Loss
Term,

The Oxygen Evolution Term also exhiblts a Frequency Dependence
through the Kinetlc Processes involved 1n 1ts generation for
each Step Describobie by First Order Kinetics and having o
Rate Constant k. This Attenuatlon Factor 1s of the form:

[kll Vi + uz] — 1
W << kl

— (kW)
L >> kl
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The Thermal Contribution to the Stgnal shows a similar
frequency dependence with the Thermal Diffusion Coefficient
replacing the Matter Diffusion Coefficlent

Ath o EXD[- VZ;J . X]

th
A “1/7 k
(O exp[-'\lrrf (172 . DE},’Z)x] TT[———-——‘ ]

when f <<k the second term goes to unity and g plot of
Ln(Ay,/Awy) vs. YT should be 1inear. D¢y 1s usually ~100 x

D,y 0 that the slope of this plot is approximately (Dox)‘”2 .

Fig. 4 A plotof In A, A, vs. the squarc rool of the Irequency

N1 o L.
: For tobacco leaf:
] Doy = 371078 cn? sec!
‘ ] For Hy0:
] Doy = 2:1%107 cm? sec”!
5 . ;ﬁmh L % '

Above 150 Hz

(cl. Eqn. 73 The arrow on the abscissa indicales the point
where the second ion (due lo ek POT Feac-

lions) is half maximum (frem the same data as those shown in

Fie. 3.

e ]
EEE + umr?s

becomes important

136

In Situ Measurements with o Differential Photoacoustic Cell,

In §itu Measurements are often complicated by Nolse from the
Signal Source. Poulet and Chambron (Joqrnul de Physique 44
(1983) C6-413). have used a Differential Photoacoustic Cell
to Minimize Nolse. A Light Pipe is used to provide the
Modulated Radiatlon to the Measuring Cell,

Light guide
Cutput

/ /
: Detector's
2 sides
Y \\ -
- o.\
Measurement cell Reference cell

Microphone

FIGURE | - Disgram of the differential photoacoustic detector for

in $itu spectroscopy.
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Theory of the photoacoustic effect with solids

Allan Rosencwaig and Allen Gersho

Bell Laboratories. Murray Hill, New Jersey 07974
(Received 24 July 1975)

When chopped light impinges on 2 solid in sn enclosed cell, an acoustic signal is produced within the cell.
This «fFect is the basis of » new. spectroseopic technique for the study of solid and semisolid matter. A
quaniitative derivation is presented for the acoustic signal in 8 photoacoustic cell in terms of the optical,
thermal, and geometric pazameters of the system. The theory predicts the dependence of the signal on the
absorption rocfficient of the solid, thereby giving a theoretical foundation for the technique of
photoacoustic spectroscapy. In particular, the theory accounts for the experimental observation thar with
this technique aptical absorption specirs can be cbtained for materials that are optically opaque.

PACS numbers: 78.20.H, 43.35., 07.45.

1. INTRODUCTION

In 1380, Alexander Graham Bell! dtscovered that when
a periodically intermapted beam of sunlight shines on a
solid in an enclosed cell, an audible sound could be i
heard by means of a hearing tube attached to the cell,
Motivated by Beli’s discovery, Tyndall? and Réntgen®
found that an acoustic signal can also be produced when
a gas in an enclosed cell is illuminated with chopped
light, Bell' subsequently experimented with a variety of
solids, liquids, and gases and his work generated a brief
flurry of interest. The photoacoustic effect was evident-
ly regarded as a curiosity of no practical value and was
soon forgotten, Fifty years later the optoacoustic or
photoacoustic effect with gases was reexamined. It has
since become a well-estzblished technique for gas
analysis and {s well understood. Photons absorbed by
the gas are converted into kinetic energy of the gas
molecules, thereby giving rise to pressure fluctuations
Wwithin the cell. The photoacoustic effect with solids,
however, was apparently ignored for 80 years and a
satisfactory theoretical explanation of the effect with
solids was never published,

Recently, interest in the photoacoustic effect with
solids has been revived with the development of a very
useful technique for spectroscopic investigation of solid
and semisolid matertals. *~ The name change from opto-
acoustic to photoacoustic has been inatituted to reduce
confusion with the acousto-optic effect in which a laser
beam is deflected by acoustic waves in a crystal.

In photoacoustic spectroscopy of solids, or PAS,
the sample to be studied is placed inside a closed cell
containing a gas, such as air, and a sensittve micro-
phone. The sample ig then illuminated with chopped
monachromatic light, The analog eignal from the micro-
phone is applied to a tuned amplifier whose output is
recorded as a function of the wavelength of the incident
light. In this way photoacoustic spectra, are obtained and
these spectra have been found to correspond, quali~
tatively at least, to the optical abeorption spectra of the
solids,

One of the prineipal advantages of photoacoustic
spectroscopy is that it enables one to obtain spectra
similar to optical absorption spectra on any type of
solld or semisolid material, whether it be crystalline,
powder, amorphous, smear, gel, etc. This capability
is based on the fact that only the absorbed light ts con-
verted to sound. Scattered light, which presents such a

serious problem when dealing with many solid materials
by conventional spectroscopic techniques, presents no
difficulties in photoacoustic spectroscopy. Furthermore,
it has been fourd experimentally that good optical ab-
sorption data can be obtained, with the photoacoustic
technique, on materials that are completely opaque to
transmitted light.? Photoacoustic spectroscopy has al-
ready found some important applications in regearch
and analysis of inorganic, organic, and biological solids
and semisolids, **? It furthermore has very strong po-
tentizl as a spectroscopic technique not only in the study
of bulk eptical properties, but also In surface studies
and deexcitation atudles, With the rapld growth of in-
terest in PAS, a quantitative understanding of the
production of the acoustic signal is of utmast importance,

‘In this paper we lay the groundwork for this analysis,

In addition we have, for the first time, been able to ac-
count for the capability of the photoacoustic technique to
derive optical absorption spectra from systems that are
completely opague to transmitied light.

Bell’ attributed the photoacoustic effect observed with
apongy solids such as carben black to a eyelic driving
off of pulses of air from, and readsorption onto, the
pores of the solid in response to the eyclical heating
and cooling of the solid by the chopped light. He also
supported the theory of Rayleigh'® whe concluded that the
effect is also probably due to 2 mechanical motion of
the solid. However, Preece!! inferred from his ex-
periments that the solid does not undergo any sub-
stantial mechanical motion, and suggested that the ef-
fect was due to an expansion and coatraction of the air
in the cell. Mercadier' who also experimented with the

. effect concluded that the sound is due to "vibratory

movement determined by the aiternate heating and
eooling produced by the intermittent radiations, princi-
pally in the graeous layer adhering to the solid surface
hit by these radiations, ”

We have found, from experiments in which we first
thoroughly evacuated the photoacoustic cell and then
refilled it with nonadsorbing noble gases end trom ex-
periments with two-dimensional solids and other mate-
tials with weak surface adsorption properties, that ab.
sorbed gases do not play a significant role in the produc-
tion of the acoustic signal. Furthermore, it can be
readily shown that therma! expansion and contraction
of the solid, and any thermally induced mechanical
vibration of the solid are generally too emall in mag-
nitude to account for the oheerved acoustic signal. From
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FIG, 1. Cross-sectional view of a simple cylindrical photo-
acoustic cell, showing the positione of the solld sample, back-
ing material, and gas celumn,

both experimental and theoretical considerations we feel
that the primary source of the acoustic signal in the pho-
toacoustic cell arises from the periodic heat flow from
the solid to the surrounding gas as the solid is eyclically
heated by the chopped light. ! Only a relatively thin
layer of air {~0.2 cm for a chopping rate of 100 Hz) ad-
jacent to the surface of the solid responds thermally to
the periodic heat flow frem the solid to the surrounding
air, This boundary layer of alr can then be regarded as
a vibratory piston, creating the acoustic signal detected
in the cell. Since the magnitude of the periodic pressure
fluctuations in the cell is proportional to the amount of
keat emanating from the solid absorber, there is a

close carrespondence between the ptrength of the
acoustic signal and the amount of light absorbed by the
sotid,

Il. HEAT-FLOW EQUATIONS

Any light absorbed by the selid 15 converted, in part
or in whole, into heat by nonradiative deexcitation pro-
cesses within the solid, We formulate a one-dimensional
model of the heat flow in the cell resulting from the
absorbed light energy. Consider a simple cylindrical
cell as shown in Fig. 1. The cell has a diameter D and
length L, We assume that the length L is small com-
pared to the wavelength of the acoustic signal and the
microphone {not shown) will detect the average pressure
produced in the cell, The sample is considered to be in
the form of a disk having diameter D and thickness I,
The sample i8 mounted so that its front suiface is ex-
poged to the gas (air} within the cell and its back surface
is against & poor thermal conductor of thickness I,. The
length I, of the gas column in the cell is then given by
;=L ~1=1, We further assume that the gas and backing
materials are not light absorbing.

We define the following parameters: k,, the thermal
conductivity of material { {cal/cm sec®C); p,, the density
of material i (g/cm®); €;, the specific heat of material
i (cal/g=C); o, = 2,/p;C;, the thermal diffusivity of
material i {cm?/sec); a, = (w/20,)!’2, the thermal dif-
fusion coefficient of material ¢ (em™); u,=1/a,, the
thermal diffusion length of material i {cm). i can take
the subscripts s, g, and b for the salid, gas, and
backing material, respectively, and w denotes the
chopping frequency of the incident light beam in radians
per second.

We assume a sinusoidally chopped monochrematic
light source with wavelength A incident on the solid with
intensity

I.._—. %]0(1 +coswl},

where I, is the incident monochromatic light flux (W/
¢m?). Let 8 denote the optical absorption coefficient
of the solid sample {in cm™) for the wavelength A. The
heat density produced at any point x due to light absorbed .,
at this point in the solid is then given by ’

487, exp(Br)(1 + coswt),

where x takes on negative values since the solid extends
from x =0 to ¥ =- ] with the light incident at x =0, Ncie
also from Fig. 1 that the air column extends from x=0
to x=1I, and the backing from x=—-1 to x=— {{ +],).

The thermal dlffusion equation in the solid taking into
account the distributed heat source can be written

32 1 ag :
3’_} = % - A exp(Bo)[1+ expiiut) ],

for-l=sx=0, (1}
with

A =plyn/2k,,

where ¢ is the temperature and 7 is the efficiency at
which the absorbed light at wavelength A is converted to
heat by the nonradiative deexcitation processes. In this
paper we shall assume §=1, a reasonable assumption
for most solids at room temperature. For the backing
and the gas,™ the heat diffusion equations are given by

H3

gx =aL ﬂ?:, —l-lysxsal @
L]

2

£

The real part of the complex-valued sclution ¢(r,?#} of
Egs. (I1)—(3) is the solution of physical interest and rep-
resents the temperature in the cell relative to ambient
temperature as a function of position and time. Thus the
actual temperatare field in the cell is given by

Tix,f)=Rel¢(x, ] + 2,

where Re denotes the “real part of” and ¢ is the am-
bient {room} temperature,

To completely specify the solution of Egs. (1)—(3},
the appropriate boundary conditions are obtained from
the requirement of temperature and heat-{lux continuity
at the boundaries x =0 and x=—1{, and from the con-
straint that the temperature at the cell walls x =+, and
x=-1-1, is at ambient. The latier constraint is a
reasanable assumption for metallie cell walls but in any
case it does not affect the ultimate solution for the
acoustic pressure.

Finally, we note that we have assumed the dimensions
of the cell are small enough to ignore convective heat
flow in the gas at steady-state conditions,

111. TEMPERATURE DISTRIBUTION IN THE GELL

The general solution for ¢ix,t) in the cell neglecting
transients can be written

A, Rosencwaig and A. Gersho
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e, 1) = (L/L e + 1+ 1) W, + W exploy(x +1) +jwt],

~l-lLsxs-]

=g, +eyx +d exp(Bx) + [ explox) + Vexp(- 0,x)
—..lEexp(Bx)] expljwt}, —l1sx%0
=(1 - x/1}8+ 0 exp(= ox +fuwt) , 0€x<l,,
4)

where W, U, ¥, E, and 8 are complex-valued constants,
e, ¢, d, W, and &, are real-valued constants, and
o, =(1 +7)a, with a; = (w/2a,)!/*, In particular it should

. be noted that § and W represent the complex amplitudes

of the periodic temperatures at the sample-gas boundary
{x=0) and the sample- backing boundary (x =-1}, re-
spectively. The de solution in the backing and gas al-
ready make use of the assumption that the temperature
(relative to ambient) is zerc at the ends of the cell. The
guantities W, and 8; denote the de component of the
temperature (relative to ambient) at the sample surfaces
x==1and x=0, respectively. The quantities E and d,
Getermined by the forcing function in Eq. (1), are given
by

A
d=— E; ' - {5a)
and
Eergt o = o (s1)
B -ah) 2k, (f - D)

In the general solution, Eq. {4), we have omitted the
JTowWing exponential component of the solutions to the
-Zas and backing material, because for all frequencies
w of interest the thermal diffusion length is small com-
pared to the length of the material in both the gas and
the backing, That is, w,«!, and p, <7, (u,~90.02 cm
for azir when w =830 rad,/sec), and hence the sinuscidal
components of these soluticns are sufficiently damped so
that they are effectively zero at the cell walls, There-
fore, the growing exponentiai components of the solu-
tions would have coefficients that are essentially zero
in order to satisly the temperature constraint at the
cell walls,

The temperature and flux continuity conditions at the
sample surfaces are explicitly given by ]

@00, 8) = (0, 1), {6a)
- Lti=a =11}, (8b)
300 (o 1ok 2800 h),
ke oL (0,0) = By 5ot (0, 1), (6c)
and
20 2
W L=k SR -0, (6a)

where the subscripts s, b, and g identify the solution to
Eq. {4) for the temperature in the solid, backing, and
gas, respectively. These constraints apply separately
to the dc component and the sinusoidal component of the
solution, From Egs. (8), we obtain for the dc com-
ponents of the solution

8 =¢ +d, {Ta)
Wy = e, - e;] +d exp{- Bi), . (b}
— (b /1)8y = koo + R 3, (e}
(Rl L)W = kyey + k Bd expi— Bl). (70

Equations {T) determine the coefficients &;, ;, W, and
8, for the time-independent {dc) component of the soju-
tion, Applying Egs. (8) to the sinusoidai component of
the solution yields

§=U+V-E, (Ba)

W="Uexp{- 0,0} + V exple,l) - E exp(- 8i}, (8h)

—hof=kolU~koV-kpE, (Be)
and

koW = U exp(~ o,0) — ko, V expla,l)

- k8 E exp(- aI). (8d)

These equations together with the expression for E in
Eq. {5t} determine the coefficients U, V, W, and &.
Hence the solutions to Eqs. (7) and (8) allow us to evalu-
ate the temperature distribution, Eq. (4), in the cell in
terms of the optical, thermal, and geometric param-
eters of the system, The explicit solution for #, the
complex amplitude of the periodic temperature at the
solid—gas boundary {¥=0), is given by

BI
O AT (

where
L (19
ka,
k
E=%a, (1)
rel-j) z%’ 12

and as stated earlier ¢,={1 + jla,. Thus, Eq. (9) can be
evaluated for specific parameter values yielding 2 com-
x number whose real and imaginary parts #, and @,
“respectively, determine the in-phase and quadrature
components ol the periodic temperature variation at the

(r— 1){d + Dexplo,) — (r + 1}(b — 1) exp{— a,l) + 2(b ~ v} exp(~ ﬂl))
g+ 1)(b + 1) explo ) — {g — 1){b - 1) exp(- o,[} ’

(9

{sm-face x =0 of the sample. Specifically, the actual
temperature at x =0 ls given by

T0,t}=%+8,+ 8, coswt - §, sinwl,

where ¢ is the ambient temperature at the cell walls
and 6, is the increase in temperature due to the steady-
state component of the absorbed heat.

IV. PRODUCTION GF THE ACOUSTIC SIGNAL

As stated in Sec, [, it is out contention that the main
source of the acoustic signal arises from the periodic
heat flow from the solid to the surrounding gas. The

A. Rosencweig and A, Gersho
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FIG. 2. Spatial distribution of the time-dependent temperature
within the gas layer adjacent t& the solld surface,

periodic diffusion process produces a periodic tempera-
ture variation in the gas as given by the sinuscidal (a¢)
component of the solution, Eq. {4},

$uclx, 1) = 8 exp(= opx +jwf). (13)

Taking the real part of Eq. (13), we see that the actual
physical temperature variation in the gas is

T ofx, 1) = expl— a,x} [8; cos(w! - a,x) = 8, sin{w! — gx}],
14)

where 8, and §; are the real and imaginary parts of 9(,
as given by Eq. {8). As can be seen in Fig, 2, the time-
dependent component of the temperature in the gas at-
tenuates rapidly to zero with increasing distance from
the surface of the solid. At 2 distance of only 21/a,
=2%u,, where u, is the thermal diffusion tength, the
periodic temperature variation in the gas is effectively
fully damped out. Thus we can define a boundary layer,
as shown in Fig. 1, whose thickness ts 27, (=0.1 cm
at /27 =100 Hz), and maintain to a good approximation
that only this thickress of gas is capable of responding
thermally to the periodic temperature at the surface of
the sample.

The spatially averaged temperature of the gas within
this boundary layer as a function of time can be deter-
mined by evaluating

- , ey
Sl ={1/2mp) [ 9ol N5,
From Eq. (13) this gives

using the approximation exp(- 27) <« 1,

Because of the periodic heating of the boundary layer,
this layer of gas expands ard contracis periodically and
thus can be thought of as acting as an acoustic piston on

the rest of the gas column, producing an acoustic pres =~

sure signal that travels through the entire gas column,- ..
A similar argument has been used successfully to ac-
count for the acoustic signal produced when a conductor
in the form of a thin flat sheet is periodically heated by
an ac electrical current, !’

The displacement of this gas piston due to the
periodic heating can be simply estimated by using the
ideal gas law,

bx (1) = 2mp, %E!—) TR expljwt - 7)), (16)

LI

Wwhere we have set the average dc temperature of this
gas boundary layer equal to the dc temperature at the
solid surface, Ty=& + 8,. Eguation (16) is a reasonable
approximation to the actual displacement of the layer
since 27p, is only ~0.1 ¢m for w/2n =100 Hz and even
smaller for higher frequencies.,

If we assume that the resi of the gas responds o the
action of this piston adiabatically, then the acoustic
pressure in the cell due to the displacement of this gas
piston is derived from the adiabatic gas law

PV = const,

where P is the pressure, V the gas volume in the cell,
and ¥ the ratio of the specific heats. Thus the incre-
mental pressure is

eri) = i gy
Ve
where Py and Vy are the ambient pressure and volume,

respectively and - 4V is the incremental volume. Then
from Eq. (16)

8P =@ expliwt - 1)), (17
where

S Lic LI, 18

Q 7 Lat, (18)

Thus the actual physical pressure variation, aP({), is
given by the real part of 8P{/) as

&P(t) =@, cos(wl - §1) - @, sin{w! - a), 18}
or

AP(t)=gcosfwl - p~ 3x), {20)
where @, and @, are the real and imaginary parts of @
and g and ~ Y are the magnitude and phase of @, i.e.,

Q=@ +jQ;=gexpl-iy).

Thus Q specifies the complex envelope of the sinu-
saidal pressure variation. Combining Eqs. (9) and (18)

U = (1/2V2m8 explj(w! - 17)], (15))  we get the explicit formula
Q= BIyP, ((r — Db+ explod) - (r + 135 - 1 exp(~ 0,0) + 2(8 ~ 7} exp{- .an) (213
Tkl F o) \ - (et Db+ expo,h- g~ 1o~ 1) expl- 5.0 ’ ' -

where b= kyay/kia,, £=ka, kg, *={1-j)8/2a,, and
7,=(1+j)a, a8 previously defined. At ordinary tem-

— —
l;)eratures TFyx & so that the dc components of the tem-

perature distributien need not be evaluated. Thus Eq.

A, Rosencwaig and A, Gersho
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(21) may be evaluated for the magnitude and phase of
the acoustic pressure wave produced in the cell by the
photoacoustic effect,

V. SPECIAL CASES

The full expression for 3P{t) is somewhat difficult

to interpret because of the complicated expression for
€ as given by Eq. (21). However, Physica} insight may
be galned by examining special cases where the expres-
sioh for @ becomes relatively simple, We group these
cases according to the optical opagueness of the solids
as determined by the relation of the optical absorption
length,

ug=1/8

to the thickness ! of the solid. For each category of
tical opaqueness, we then consider three cases ac-
~—wrding to the relative magnitude of the thermal diffusion
length p,, as compared to the physical length ! and the
optical absorption length p,. For all of the cases evalu-
ated below, we make use of the reasonable assumption
that g <% and that 5~1, i,e., that kea, < by, and ke,
~ka,.

The six cases are illustrated in Fig. 3. It is con-
venient to define .

—Y-‘ED!L (22)

=T,
which always appears in the expression for @ as a con-
stant factor. :
A. Case 5.1: Optically transparent solics g > 1)
In these cases, the light is absorbed throughout the
length of the sample,
1. Case 5.1 (a}: Thermally thin solids ity > 1ty > )

Here we set exp{~ Al)=1- gl, exp(x0,]) =1, and |r|
>1in Eq. {21). We then obtain

__r iy = (1 =481
=g (B—Za.b-,:ﬂ)*—zd{—— £y @
The acoustic signal is thus proportional to g and, since

', is proportional to 1/w, the acoustic signzl has a
-~ dependence. For this thermally thin case of p,>1,
the thermal properties of the backing material come into
Pidy in the expression for Q.

by

2. Case 5.1 (b): Thermelly thin solids {u, > I; u, <pyl

Here we set exp{~ 8} =1 - 81, exp(+o,2) ={1&0,]), and
Ir1<1in Eq. {21). We then obtain

Q= BT (6 el 48 2]

- {1~-j)al f.TR
= 122 ( e )Y. (24)
The acoustic aignal is sgain proportional to 8!, varies
as w'!, and depends on the thermal properties of the
backing material, Bquation (24) is identical ta Eq. (23).

3. Case 5.1 (c}: Thermally thick solids ik, <i; u, <yl

In Eq. (21) we set exp(- g} =1- !, exp(« e )50, and
Iri «1, The acoustic signal then becomes

Q=-j g (L)r. (2%)

Here the signal is now proportional to fu, rather than
Bl. That is, only the light absorbed within the first
therma) diffusicn length i, contributes to the signal, in
spite of the fact that light is being absorbed throughout
the length ! of the solid. Also, since W, <, the thermal
properties of the backing material present in Eq. (24)
are replaced by those of the solld. The frequency de-
pendence of Q in Eq. (25) varies as w3’

B. Case 5.2: Optically opaque solids (g €7)

In these cases, most of the light is baing absarbed
Within 2 distance small compared to I,

1. Case 5.2 (a): Thermally thin sofids (i, ® I: p, > pal

In Eq. (21) we met exp(~ 1) =0, exp(s od)=1, and
I¥1>>1, We then obtain
={=0 (h)

Qo= % \w, ¥ (28)
In this case, we have photoacoustic “opagueness” as
well as optical opaqueness, in the sense that our acoustic
signal is independent of f. This would be the case of a
very black absorber such as carbon black. The signal is
quite strong, (it is 1/8! times as strong as that in case
5.1(a)], and depends on the thermal properties of the
backing material, and varies as ",

2. Case 5.2 (b): Thermally thick solids (u, <1 u, > ngl

In Eq. (21) we set exp{- 81) =0, exp(~ o) 0, and
Ir1>1, We obtain

=Y - e (=7 (g‘
Q= g 8- 2o itra G2 ,,')?. (m
Equation (27} is analogous to Eq. (26), but the thermal
parameters of the backing are now replaced by those of
the solid. Again the acoustic signal is independent of

B and varies as w™,

3. Case 5.2 (¢): Thermally thick solids (e €Ly <)

We set exp(- 81} 20, exp(-0,)=0, and Ir1 <1 in Eq.
{21), We obtain

T SRy
V= oy, s peim=e )y o

A, Rosncwaig and A. Genho
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This is a very interesting and important case. Optically
we are dealing with a very opague solid (87 » 1). How-~
ever, as long as Bu, <1, i.e., p,<u,, this solid is not
photoacoustically opaque, since, as in case 5.1(c), only
the light absorbed within the {irst thermal diffusion
length, u,, will contribute to the acoustic signal, Thus
even though this salid i« optically opaque, the photo-
acoustic signal will be proportional to fu,. As in case
5.1(c), the signal is also dependent in the thermal
properties of the solid and varies as w™/2,

VI. CONCLUSIONS

A theoretical analysis of the photoacoustic effect with
solids has been performed. in this analysis we have
assumed that the primary source of the acoustic signal
arises from the periodic heat flow from the solid to the
surrounding gas. This periodic heat flow causes an os-
cillatory motion of a narrow layer of gas at the solid-
s boundary, and it is this motion of the gas layer that
produces the acoustic signal detected in the photo-
acoustic cell. We have derived the exact solutions for
the acoustic pressure produced in the cell due to the
process and have evaluated explicit formulas for certain
cases of physical significance.'® The formulas developed
for the special cases have been found to give numerical
results for magnitude and phase of the acoustic signal
that are in good agreement with the experimental data.
This agreement supperts our explanation for the mech-
anism underlying the photoacoustic effect with solids, A
full comparison of theory and experiment will be
published in a later paper.

Our formulas show that the photoacoustic signal is
ultimately governed by the magnitude of the thermal dif-
fusion length of the solid. Thus even when a solid is
optically opague, it is not necessarily opaque photo-
acpustically and, in fact, as long as fu, <1, the photo-
acoustic signal will be propartional to 8, even though

the optical thickness 8! of the sample may be much
greater than unity. Since the thermal diffusion length

H, can be changed by changing the chopping frequency

w, it is therefore possible, with the photoacoustic tech-
nique, to oblzin optical absorption spectra on any, but
the most highly opaque, solids. This capability of the s
PAS technique together with its insensitivity to scattered
light makes its use as a spectroscopic tool for the in-
vestigation of solid and semisolid materials highly at-
tractive. In particular, these features give the photo-
acoustic lechnique a unique potential for noninvasive

1 vive studies of hurman tissues, a potential which may
have important implications in biclogical and medical
research and in medical diagnostics.
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A recent treatment of the photoacoustic effect with eolid by
Parker [Appl. Opt, 12, 2974 (1973)] slso assumes that the
eignal ls preduced by heat eonduction from solld sample (o
surrcunding gas. His treatment, however, sasumes am anom-
alously high absorption coefficient for a thin surface layer of
the solid.

1A more exact treatment for the gas can be derived using
equations of fluld dynamics. However, the approximate
treatment given here gives resulis consistent with the more
exket method, and has the advantage of presenting a simpler
physlcal description of the process,

*H,D, Arnold and 1. B. Crandell, Phys. Rev. 10, 22 {19:7),

1t should be noted that we have not considered here the effects
of reflection losses at the surface.
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The theory of the photoacoustic effect is extended to include the contribution of mechanical vibtation of
the sample Coupled equations for thermal and acoustic waves arc solved in: both sampie and gas. It is
shown that the pressure signal in the gas may be significantly affected by acoustic downpling in the sample,
and cxperimental confirmation of this extended theory is given. The results of the fully coupled treatment
are shown 1o be accurately reproduced by an extension of the Rosencwaig piston model: the pistonlike
motion of the gas boundary layer adjoining the sample is superimposed on the mechanical vibration of the
sample surface 1o give a composite piston displacement which then produces the pressure signal in the gas.
The composite-piston model provides relatively simple algebraic results applicable to many cases of

physical ifiterest,

PACS numbers: 43.35.8x, 78.20.Hp, 07.65.—b. 82.80.Dj
t INTRODUCTION

The photoacoustic effect was discovered by Alexander
Graham Bell, ! who found that an acoustic signal was
produced when a sample irn an enclosed cell was illumi-
nated with light having a periodically varying intensity
(t. e., "chopped” light). This effect provides a means
for the study of optical absorption in the sample, such
studies being called photoacoustic spectroscopy (PAS),
Photoacoustic spectroscopy has been used in studies
of gases® and, more recently, solid®= and Liquid*—*
samples as well. Theoretical models for the effect in
solids have been developed by Parker,” and by Rosen-

ewaig and Gersho® (RG), with further development by the.

pregent authors® and by Aamodt, Murphy, and Parker®
{AMP), These models have been found to give reason-
ably good agreement with experimental results (for both
solid and liguid samples), and, thus, the basic mech-
anisms responsible for the photoacoustic effect seem

to be well understood.

The main goal of theoretical models of the phato-
acoustic effect is to allow interpretaticn of the PAS sig-
nal in terms of optical absorption in the sample, In the
work of RG and AMP, the effect of physical and thermal
propertles of the system on the PAS signal has been
delineated In order to show the relation of PAS spectra
to normal absorption spectra, The present authors have
shown'! that absclute absorption coefficients (as distinel
from relative spectra) may be determined at any optical
wavelength by measuring the PAS signal as a function
of chopping frequency, In that work, the theoretical
model for solids was assumed to be valld for liquids
as well. Adams and Kirkbright'? have used the phase of
the PAS aignal to determine thermal properties of trans-
parent materials, All of these applications require a
proper theoretical basis to interpret the experimental
data,

The acoustic signal in a typleal PAS cell (see Fig. I
bas been understood as due to the perfodic heating of
the enclosed gas as a result of absorption of chopped
light by the sample. Thermal diffusion from the sample
causes a temperature variation In a thin layer of the gas
al the gas-sample boundary. The resulting pistonlike be-
bavior of this layer was used by RG? to calculate the
pressure varfation in the gas, The present authors and
AMP'? have used a more complete hydradynamic treat-
ment of the gas in order to consider cell lengths for

which the piston argument is inadequate. Bennett and
Forman'® have used a similar treatment to study weak
absorption in glasses used as cell windows (i, e, , the
window is also the sample). In all previous work, the
effect of mechanical vibration of the sample has not
been included in calculation of the PAS signal,

In the present work, we allow for acoustic waves
in the !solid er liquid} sample as well as the gas by
selving coupled equations for pressure and tempera-
ture in both media, We show that the PAS signal may
be appreciably affected within the frequency range usual-
iy used for spectroscoplc studies. The results of the full
coupled treatment are shown to be equivalent to an am-

. plification of the piston model in which the thermal pis-

ton vibration and the mechanical vibration of the sample
surface are superimposed. This latter view enables us
¢ specify the conditions under which sample motion
wlll be important in a form easily accesasible to the po-
tential PAS experimentalist, The modification neces-
sary for resonant or near-resonant cells is also pre-
sented. In the course of our discussion, we present
some graphical representations of the theoretical re-
sults as aids to experimental considerations,

. THEORY
A. Qutline of theory

We consider a2 one-dimensional treatment of the
acoustic and thermal processes in the PAS cell of Fig,
1, assuming that absorption of the modulated light beam
gives an (essentially) instantaneous source of thermal
energy. This requires use of coupled equations for
acoustic-wave motion and thermal diffusion in sample
and gas, with proper account of boundary conditions;

€«
. . Incident
Bocking | Somple Gu‘ Window Light
iyt ly) ol <] Iy Lytly

FIG, 1, Schematle diagram of typleal photoacoustlc celf,
showing coordinates used in text,
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anly thermal diffusion is considered in the window and

backing, but the numerical sol'tions obtained could

easily be modified to include 1 “anicatl vibration here
as well,

The coupled linear equatior for the time-dependent
pressure and temperature in . fjuld are written (ignor-
ing viscosity)"

22 . BT

vy~ R e @
3 B,

K-S S=- TiBrt, @

where py and Ty are ambient density and temperature,
respectively, B is the isothermal bulk modulus, B;

is the (volume) coefftctent of thermal expansion, « is
the thermal conductivity, a s the thermal diffusivity

(= x/m,C,, with C, the heat capacity at constant pres-
sure), and § (present in the sample only)} represents
the thermal- energy source due to optical absorption,

I the intensity of Incident light is I, (assumed uniform),
and the optleat-absorption coefficient 1s 3, then the
heat density at any point In the sample (where x 18 nega-
tive} is -

Hix, )= gl exp(Bx)ts + § coswt),

where it is assumed for simplieity that all absorbed
light fs converted to thermal energy and that the light
ts sinusoldally chopped, I p and T have time depen-
dence expliwt) (with the real parte of the solutions rep-
resenting the physical variables, as usual), then Hqs,
(1) and (2) become

~

2 2
gﬁ +B8 p = pedpe’T, @
-1 v A explee) explion) = - s T2, @

where A=81,/24. It has been shown'® that plane-wave
solutions of the appropriate coupled equations {for tem-
perature and displacement) In isotrople solids have the
same form as plane-wave solutions of Eqs, {3) and (4},
80 that our basic approach applies to hoth liquid and
1sotropic solid samples.

Solutions ko Eqs. {3) and (4) for the sample have the
form (suppressing the time dependence)

b= P, explikx)+ P, expifx), )
7= T, exp(fhx} + T} explx); (8

substitution of these forms into Egs, {3) and (4) leads
to four equations for the amplitude factors:

(= + p/B) P, - py 8yt T, =0, M
(= B~ jw/a} T + (T oy /KB, =0;
{8+ pywl/ BYPY - pyBpwt T =0,

(B - ju/ @) T+ (o Ty8 /)Pl == A,

Equations {7) combine to give a quadratic equation in
&*, with solutions

K=~ Liw/o - pyw’/B)
{{lw/o - pw?/BF - julpyd T/ = (Ba) ]!,
©)

{8)

Study of typleal values of the constants shows that cne
solution is essentially that for an uncoupled acoustic
wave in the sample,
kfski
=pyw'/B, {10)

while the other ig essentially that for the thermal
“wave”,

- k": = cr,z
“xjw/a. {1y
{This thermal wave is rapldly attenuated, ) At typical
PAS frequencies {10—1000 Hz}, the correctlons to these
approximate expressions are negligible, The amplitude
ratio (P,/T,) has a distinct value for each solution,
k%: for the aeoustic mode (k? = k%),

dy, = (PA/TA)I
=&/ (@B Ty), 12)
and for the thermal mode (k2 = - %),
dyy = (PA/TA)k
=~ jpyfrow, {13}
Finally Eqs. (8) have solutions
Ty =- A/ (F -0}, (14
Py=dyTh, {15)
where
dy= pyB (B + py®/BY L, as)

The harmonic solution in the sample is, thus,
7,=4, exp(- jkx) + B, explikx)
+C,exp{-0x)+ Dyexplog) + Themp(ds),  {17)
p.=d,[A, exp(-jk x} + B, exp(ik,x)]
+dy[C, expl- 9,5) + D, exploz)] +d, T, explix).
{18}

Solutions to Eqa, (3) and (4) for the gas (omitting the
source term S) are obtained in the same way, However,
the gas is assumed to obey the ideal gas law, so that
B =P, (the ambient pressure), and 8;={7;)", Then the
two solutions for k* are, for the acoustic mode,

B wlp, /(v Py) (187

{y 15 the ratio of specifie heats C,/C,) and, for the
thermal mode,

al=jw/a,, {20}

where subscripts on p, and o, emphasize that these are
gas density and thermal diffusivity, respectively, The
pressure-temperature ratlos are

dy=x /oy, {21)
dy == jwa /Ty (22)
The solution in the gas s, then, '
To= A, expl— i %)+ B, axplikx)
+C exp(-0x) + D, explo x), (23)
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by=d,, A, expi- jEx)+ B, explik 2}
+dy,[C, expl-0x) + D, explox)). (24)
The temperature distributions in window and backing
are easily seen to have the form
7= C exp{- ¢x) + D explox), (25)
with w or & subseripts on 7,0,C, and D,

The 12 coefficients (4, 8,,.--) in Eqs, (1'7), (18), and
(23)—(25) are determined by imposing eight boundary
conditians on the continuity of temperature and heat
flux,

T.=0 atx=I,+1, (26)
Te=T, atx=l, 27
aT, a7,
—_— =
K _n,—a—x‘ atx=1, (28)
T=7, atx=0, {29)
ar, 8T,
x,a‘ux,?; at x=0, (30)
=T, atx=al, {31)
27, ar,
x,?:x.—a; atx==-1, (32)
=0 atx==1l,1, @3)
three boundary conditions on velocity [with v = (i/wpg) .
x{dp/dx)), ‘
v,=0 atx=i, (34)
v,=v, atx=0, (35)
v,=0 atx=-1, (38)
and the continuity of pressure
Pe=p, atx=0. (87}

Equations (26) and {33} allow immediate elimination of
two coetficients (e, g, D, and C,}, leaving a set of ten
inhomogeneous linear equations for the remalning co-
elficients; the last terms in Eqs. {17) and (18) give the
ishomogengous elements of this set of equations, These
equations may be solved algebraically, but the reault-
ing expressions are very involved and, thus, not very
instructive. Numerical solution by matrix techniques
is almost as fast as numerical evaluation of the alge-
braic expressions for the coefficients. (Approximate
algebraic expresslons are given in Sec. IV,)

The spatial dependence of the sclutions suggests the
introduction of serveral length parametars which will
be useful in the subsequent discussion, The thermal
diffusion length ; is the distance over which a thermal
wave 18 damped by -l; if a, =Re{a,}, then u;=aj!
=(20,/w)'"?, where i Indicates gas, sample, etc. The
optical-absorption length is the distance over which the
light intensity is reduced by e~l: py= g7,

B. Comparison with previous work

Before turning to the results of these caleulations in
Sec, I, it seems appropriate to indicate how our pre-
sent approzch differs from previous work, Thermal-

—1448-

diffusion equations enly were solved by RG, so no
acoustic mode was coupled in, They also assumed that
the gas and backing are “thermally thick” (i.e,, u, <!
etc. ) so that some terms in 7 are negligible; this is
achieved in our equations by setling C,, D, B,, and C,
zero, as well as setting all A and B, zers. Then one
has four coeflicients left which satisfy the four boundary
conditions of Eqs, (29)—(32). The result for C, estab-
ltshes the amplitude of temperature vartation in the
boundary layer of gas near » =0, which is converted to
an amplitude of vibration for a thermal “piston” which,
in tarn, gives the pressure variation in the cell (see
Appendix B), The RG plston model assumes uniform
pressure throughout the gas, so one might expect cor-
rect results when [ << ),, where A, is the acoustic wave-
length in the gas for the chosen chopping frequency,

"

Interest In the chopping-frequency dependence of the
PAS aignal led the present authors to reconsider the
approximate treatment of the gas and to use a coupled-
equation treatment of the gas pressure and tempera-
ture, ® That work (which we will refer to as MW1) as-
sumed no zcoustle mode in the sampte (A, = B,=0),
assumed that v, =0 at x =0 [ef, Eq. (35)], and did not
use Eqs. (36) and (37); the algebraic result is given in
Appendix A The results esaentlally confirmed those
of RG under their stated assumptions, but allowed one
to consider the case of “thermally thin” gas ¢, < [T
which will oceur as either w—0 or !, —~0. The possi-
bility of acoustic resonances in the cell is also lneluded
in this treatment,

Reeent work of AMP emphasized the dependence of
the PAS gignal on the gas length. Thelr approach dif-
fers from MWI1 only in that they assume the window and
backing to be thermally thick, which is equivalent to
setting D, and C, zero and omitting Eqs, (26) and (33),
For normal PAS frequencies, this is quite adequate,
but it does not allew the limlt w — 0, The glgebralc ex-
pression of MW1 is compared with the result of AMP {n
Appendix A,

Finally, we note a similarity between the basic mech-
anisms involved in the photoacoustic effect and those
involved In some recent work on thermoacoustics, '
wherein thermal expansion caused by the absorption of
modulated laser light gives rise to an acoustic wave In
the absorbing medium, The essentlal differences, in
principle, are that the PAS signal 15 detected In the
ga8, not in the absorbing sample, and that the signal
has been consldered as caused by heat flow from the
Eample, not by thermal expansion of the sample, Clear-
1y, the work reported here, showing an appreciable
effect due to acoustic waves in the sample, makes the
similarity between photoacoustic effect and thermo-
acoustic effect more apparent, Nevertheless, the em-
phaals in PAS ig on the study of sample absorption,
not on the generation of acoustic waves,

C. Theoretical results

The results of the full coupled- equations treatment
outlined in the previous See, IB (labeled MW2) are
shown in Flg, 2, zlong with those of RG, for a dye solu-
tion in water, This type of sample has been used pre-
vicusly because one can readily vary the absorption co-

F.A, McDonald snd G.C. Watsel_Jr, 2315
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10 0% 10° e
FREQUENCY (Hz)

FIG. 2. Theoretical values of photozcoustic signal (PAS) for
three values of absorption coefficlent f. Solid curves show
values from the present work (MW2) with x=[,, short-dashed
(---} curves with x=0,62,, Illustrating the effect of resonance
on the signal near 10 kHz. Long-dashed {(— —} curves ghow
values from the theory of Rosencwalg and Gersho (RG). Mater-
ial parameters are glven in Table I: for water, Ay= 2.1 %107/
°C, B=2x10% N/m). Cell parameters are¢ [,=0.48 cm, [,
=1,74 em, L,=[,=0.2 cm.

afficient in order to compare theoretical calculations
“with experimental data, (The material properties used in
these caleulations are listed In Table 1.) As the absorp-
tion coefficient is reduced, the effect of acoustic coupling
in the sample becomes appreciable, the relative effect
increasing with chopping frequency, At f=100 Hz, the
2coustic coupling effect gives ~20% of the signal for
B=10 cm-! and ~50% of the signal for =1 em™, At
F=1000 Hz, the effect la ~80% of the signal for =1
em!, The frequency range shown extends to the first
resonance frequency for the gas length used in order to
show how this resonance affects the PAS aignal (acoustic
resonance might also occur in this sample, but atf
=7x104 Hz), In this frequency range, RG and MWL dif-
fer significantly only where resonance effects are
jmportant,

The low-frequency behavior of the caleulated results
ts shown in Fig. 3, Although theee [requencies are not
expected to be used in PAS, the behavior in this range
helps to elucidate the mechanisms responsible for the

TABLE 1. Material properties used In theoretlcal calculatlons
of photoacoustic signal.

Material & {m¥/s) X {W/m* K} o (kg/m%
Air 2. 15% 10" 0,0258 1.2
water 1, 48% 107 0,61 1600,
Brass 2.9x10°% 86.3

Plexiglas 1,13 x30*! 0.16

Glass 5,1x10-1 0.88

PAS {N/m?)

o (ld o? 1! 143
FREQUENCY (Hz}

FIG. 3. Theoretlcal valuea of photoacoustic signal (PAS} at
lew chepping frequency. Notation is that of Fig. 2.

varying-frequency dependence of the signal, It was
pointed out by RG that the signal decreases as w! when
the sample thermal-ditfusion length u, is much greater
than the optical-absorption length p,, ut as w™/* when
4, iy (see Appendix B}, The transition cccurs near
400 Hz for A=1000 ¢m™ in the dye-water sample, but
for =10 cm™!, the transition occurs near 0,04 Hz, The
other significant transitions occur when the gas, sam-
ple, backing, or window become thermally thin (viz.,
1<y, ete, ), For the sample-cel} parameters used
here, these transitions occur in the range 0,01=0,2

Hz (e.g., #,=I, at ~0,02 Hz), Below this reglon, the
signal “rolls over” (with decreasing w) and approaches
a finite limit depending on cell and thermal parameters;
this limit is clearly related to the time-independent
solaticn for the temperature due to an unmodulated
light beam. The correct limit i3 obtained from MWL

l'bO Hz
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100G Hz

PAS({N/m2)

|°-5 A " 2 "
1+] 10? 107
Blemh)

FIG. 4. Dependence of photoacoustle slgnal oo absorption
coelfloient g for opague samples. Notatlon is that of Fig. 2.
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FIG. 5. Dependence of photoacoustic slgnal on absorption
coefflclent g for transparent samples, Notatlon is that of
Fig. 2,

and MW2, provided one is careful with the considerable
algebrale cancellation which occurs in taking the limit.
The difference in MW1 and MW2 is negligible at these
low frequencies,

The dependence of the PAS signal on absorption co-
efficlent B is lllustrated for opaque samples in Fig. 4,
In order to interpret a PAS spectrum as equivalent Lo
a normal absorption spectrum, one wishes the PAS
slgnal to be proportienal to A, For the water-dye sam-
ple used here, the effect of acoustic coupling in the
dample becemes appreclable as 3 decreases, such that
the signal does not decrease linearly with decreaslng
B. In the intermediate region between low 8 and signal
saturation at high 8, the signal is still essentlally lin-
ear in 8. The cholce of chopping frequency allows same
flexibility in achleving linearity for a given sample,

The dependence of PAS slgnal on 8, for transparent
samples, 18 illustrated in Fig. 5. If 61,<1, the eftect
of acoustic coupling is proportional to &, (see Sec. IV),
Thus, the net signal 1s also linear in 8, tnt at a aigni-
ficantly higher level than is predicted without acoustic
coupling, When viewed together, Figs, 4 and 5 suggest
that the PAS signal is roughly linear over a broad
range of 8 values up to the point of signal saturation
(B, > 1) with some distortion when &, ~1,

Hl. EXPERIMENTAL RESULTS

In order to evaluate the theoretical model of Sec, I,
the photoacoustic signal was measured as a function of
chopping frequency for samples having widely disparate
vahies of optical-absorption coefficient, Two concen-
trations of a commeon pH indieator, phenol red sodium
salt dissolved in distilled water, were used as samples,
Light of 488-nm wavelength and about 70~ mW power
from an argon-ion laser was chopped by a Frinceton
Applied Research Corp. Model 192 variable-speed
chopper and directed through a fused-sillea window into
an O-ring-sealed sample cell. A General Radlo Model

T0]
50

30|
20

PAS (V)
o~ O

1 2 3 571 2 3
FREQUENCY(kHZ)

FIG. 6. Experimentally determlned photoacoustic slgnal for
phenol red sodium aat in distilled water, 25 g/1. The solid
curve representa the beet [It to the data using the full theoreti-
cal treatment given in the text: g= 1.1x10% cm™?, 1,=380
w/mt,

1962 Electret-Condenser microphone with Model 1972-
9500 preamplifier was used to detect the photeacoustic
signal which was then processed by a Princeton Applied
Research Corp. Medel 186A Lock-In amplifier or by

a Princeton Apptied Research Corp, Model 5204 Lock-
In Analyzer. The data-taking procedure, described pre-
viously, ! allowed correction for coherent nolse. The
sample-cell parameters were as follows; I,=0, 83 cm,
{,=1.7¢em, 1,=0,32 cm, and [,,=0,32 cm.

The experimental points for two concentrations, 25
g/1and 0, 25 g/1, are shown in Figs, 6 and 7, respec-
tively, along with theoretical curves, The values of £
indicated in Figs. B and 7 were determined by compari-

PAS{uv)
iy —

[

A 2 3 571 2 3 8
FREQUENCY{kHz)
FIG. 7. Experimentally determined photoacoustic signal for
phenol red sodium salt in dlatilled water, 9, 25 g/1. The aolid

carve represents the best (it to the data using the full theoreti~
cal treatment glven in the text: g=9.6 cm™'. Jo= 870 W/mt,
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son of data with theory using a computer-search pro-
cedure which minimizes the rms percentage deviatlon

of the theoretical from the experimental value by allow-
ing both £ and /; to vary. '' The relative frequency de-
pendence of the data essentlally determines the value of
‘B, with [) simply a normalizing factor, The agreement
of theory {(MW2) with data is apparent for both values

of 3, For the higher value of 3, the theoretical curves of
RG and MW2 are only slightly different over the fre-
queney range of the data, as shown in Fig, 2, For the
lower value of 3, however, there is a marked differ-
ence in frequency dependence between RG and MW2 due
to the effect of acoustic coupling, In fact, if one as-
sumes that acoustic coupling is negligible in the case

of the lower-concentration sample and attempts to force
a fit of the RG theory to the data of Fig, 7 using the pro-
cedure described above, one obtaing a value of 8 about
two orders of magnitude toe high {~1200 em-}1

The values of B determined by the above fittlng pro-
cedure may be checked independently by extrapolating
from values measured with a spectrophotometer at sub-
stantially lower concentrations, Assuming a power-
law relation between absorption coefficient and concen-
tration, a straight-line extrapolation {on a log-log piot)
gives 1100+ 100 and 10,5+ 0, 4 ¢m™? for the higher and
lower concentrations, respectively, The two 2 values
for the higher concentration agree quite well, while
those for the lower concentration differ by about 10%,
I the two data points at 1250 and 1300 Hz are excluded
from the photoaccustic data in Fig, 7, a value of §
=101 em*! is obtained tor the lower concentration,
Thus, the theory gives @ values which are in very good

. Agreement with the spectrophotometric determlination,
allowlng for some experimental uncertalnty,

These experimental results, when interpreted using
the theoretical model of the Sec. IT, demonstrate that
the photoacoustic sighal can be significantly affected
by caupling of thermal and acoustic waves tn the sample,

V. THE COMPOSITE-PISTON MODEL
A, Quttine of the modsl

The solution of the full set of coupled equations [Eqgs,
(17), (18), and {23}—(25) with boundary conditions given
in Eqs. (26}—(37)] has been shown to be a valid repre-
sentation of the PAS signal, The complexity of those
equations may tend to obscure the basle mechanisms
involved, however, and so we preaent In this section a
simplified appreach which, in fact, .reproduces the
results of the tull caleulation (within ~2%) over the
rormal PAS frequency range (16—1000 Hz},

The essential features of this simplified model are
first briefly described. Absorption of chopped light
causes periedic heating in the sample which produces
pressure variations propagating in both directions (i.e,,
acoustic waves), The superposition of these waves at
the sample surface glves rige to a surface motion which
then serves as a boundary conditlon for the acoustic

rave in the gas. Periodic heat flow to the gas simultan-
“eously causes expanston and contraction within z thin

boundary layer next to the sample which RG have cha-

racterized as a vibrating piston, If this thermal pisten

454

ls superimposed on the mechanlcal surface motion,
the resulting “composite piston” produces the signal de-
tected in the gas,

Implementation of this simplified approach reats on
two facts: the temperature distribution in the system
is hardly affected by the term coupling it to the pres-
sure [right-hand side of Eq. (2} or (4)}; the surface mo-
tion of the sample is virtually independent of the perio-
die pressure variation in the gas, One may then obtain
the final signal by the fol’owing sequential caleulations:
{1) Determine the temperature distribution in the sys-
tem, ignoring the acoustic mode [set A,, B,,4,, and B,
zero and use Eqs, (26)—(33)]. (2) Obtain the thermal-
piston displacement as prescribed by RG, The displace-
ment 5x, 15 equal to the boundary-layer thickness
(27pg) times the ratio of spatially averaged tempera-
ture to ambient temperature in the gas layer (also see
Appendix B), {3) Determine the surface displacement
of the sample by solving Ex, (3) in the sample, with the
temperature distribution from step {1) as a source
term, The form of the pressure p, Is that of Eq. (18),
bt A, and B, are now determined by the boundary con-
ditlons that p,=0at x =0 and v,=0 at x=—1_, Then the
mechanical piston {i. e,, sample surface) displacement
is

X p =~ ﬁ e lx=0)

. ap)
= {?, i £

= o (2) . a8
¥ the sample is thermally thick (u, <«!,) and acoustical-
ly thin (¢J, << 1), the expression for &x, becomes par-
ticularly simple:

bx () = 3(~ jArly/wp,C,0)[1 - exp (=~ &) expliwe), (39)

One can see that the effect is proportional to the optical
energy absorbed in the sample {viz., 3L{1~ exp{- &)}
and lnversely proportional to w, This contraats o &,
which 19 proportional to the energy absorbed only in the
thermal diffusion length u, and Inversely proportional
to w*/? (for thermally thick samples), If the sample is
transparent, (1 - exp{- ¥ )]~ &, so &z, is proportional
to 3l,. [Alternatively, one may solve Fqs. (3) and (4)
for a peint oscillating source term at arbitrary position
fn the sample, subject to the same boundary conditions
on p, and v,. The thermal-mode terms are rapldly at-
tenuated, leaving only acoustic-mode terms at the
boundarles, The result for the sample-surface velocity
amplitude is simply'? v, fx=0)= (81/4Cys)A,, Where A,
is the point-source amplitude, provided (as above)

Hy <Ly, kS>> 1, Equation (30) follows immediately by
integrating over the source distribution, | (4) Add the
thermal and mechanical piston displacements, taking
account of phase as well as amplitude, The net displace-
ment causes a gas-pressure variation consistent with
the adiabatic gas law, viz.,

b=y P/ V)3V
= (yPy/I,)65(1), (40)
This result might be characterized as multiplying the

expression for p, ir Appendix A by the factor [1 + (6x,/
5,3,
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We may now assess the need to include acoustic
coupling in the sample by comparing the two compo-
nents. Using the limit for b, given in Ey, (A9) for
thermally thick samples, the complex signal amplitude
becomes

i A

= — —— . 4 1- -

P, IS e T G AL e AL

(41)
where the second term lu the large parentheses 1s the
contribution of acoustic coupling. Inserting the thermal
parameters of air, and T, =297°K, we find

8,/ B2, = 17 X 10% expliimyf | 80 + 1)0r + 1)

=[E - expi- B )], {42

For the water-dye sample at 200 Hz, J=10 em™ (&,
*35), the ratio is 0, 48 exp(iin), so ’

|1+ (8, /6] =1.4,

For a transparent sample (¥, < 1), the ratio is essen-
tially independent of 8 but is proportional to 1,, giving
#,=0,476 em) a ratio of 2.3 exp(}in), so

|1+ (8, /tx,} =3.0,

These tumbers are geen to correspond to those obtalned
by comparing curves for MW2 and RG in Figs, 4 and 5.

The expressions in Eqs, (41) and (42) enable one to
make some general comments, Acoustic coupling does
not alter the linear relation between the PAS signal and
# when 8l,< 1, As § increases, this effect reaches
a limit for a given w when Hy =1,, while the thermal-
Piston term continues to increase Hnearly with 8 until
#p~u,. The relative effect of acoustic coupling
Increases as f'/?, provided p,> i, All of these charac-
teristies are evident In Figs, 2,4, and 5,

The essential feature causing the acoustic coupling
to become important is the limitation inherent in therm-
al diffusion: only tight energy absorbed within a thermal-
diffusion length (approximately) of the sample surface
can contribute to the periodic heat flux at the surface,
The surface vibration is, in contrast, proportional to
the total energy absorbed in the sample. The latter may
exceed the former if 7,> uy, with ;> g,

As the chopping frequency increases, the pressure
amplitude becomes dependent on position, since the
acoustic wavelength is no longer much larger than the
gas length I,. H one assumes the piston displacement
0vatx=0, aswellas v,=0at x =I,, the pressure am-
plitude is easily determined: it is simply P, of Bg, (41}
times the factor

Rix)=kJ, coslk/, - kx)/sinlb ). (43}

For f<1000 Hz and l,=1.74cm, Rx}=1, Wt for f
>1000 Hz, the spatial dependence affects the PAS slg-
nal, depending on microphone placement, Use of thig
factor enables one to extend the frequency range aver
which the composite-plston model is valid,

The complete composite-piston model CPM, includ-
ing the factor of Eq, (43), glves results which are in-
distinguishable from the curves of MW2 in Figs. 2,4,

and § over the entire range of f and 8 shown, tneluding
the resonance region near =10 kHz, This mode) then
provides a convenlent representation of the full one-
dimensioral theory for use in planning experiments and
interpreting data, C

B. Acoustic coupling in solids

The tomposite-piston model is applicable to isotropic
soltd samples, provided the same boundary conditions
are zesumed (see discession in the next paragraph). The
key parameter is the coefficient of thermal expansion
Br. Since this coetficient is smaller for typical solids
than for water, the contribution of acoustic coupling to
the PAS signal will be correspondingly less Important
for solld samples. Nevertheless, the acoustic term
may have to be included in interpreting experimental
data accurately.’® The CPM provides a convenlent basis
for determining the relative magnitudes of acoustic and
thermal contributions, as well a5 thelr dependence on
ahsorption coefficient, ehopplng frequency, and thermal
parameters.

The “rigld-wall” boundary condition at the sample-
backing interface is clearly an approximation, cne
whlch might appear to be less appropriate for solld
samples than for liquids. To justity this approximation,
we have conaidered the effect of replacing Eq, (36} by
an impedance relation, v,=p,/Z, at x=!,, where 2, is
the impedance of the backing. The backing lmpedance
should have terms related to the backing mass and stitf-
ness, with the atiffness dominant at low frequencies,
Estimates of the stiffness effect for brass backing give
an impedance Z, which is quite large, such that negli-
gible differences occur in the calculated results. In
addition, we find that the frequency dependence is aig-
nificantly affected if the impedance is assumed small,
such that the agreement between measurements and
calculations would be muceh poorer, For these reasons,
we have some confidence In the application of this model
to solid samples. There may occur situations with other
backing materials or other experimenta) arrangements
where this polnt must be reconsidered,

C. Effect of sample thickness

The dependence of the PAS sfgnal on sample thick-
ness may be important in interpreting PAS spectra or
even in designing an experimental setup, We give a
briefl discussion of this dependence as indicated by our
theoretical results,

In transparent thermally thick samples, the compe-
site-plston model shows that the PAS signal will be en-
hanced by Increastng the sample thickness I,, provided
&, is atill small. Figure 8 illustrates the dependence
onl, for several absorption coefficients {f=100 Hz),
As 8 becomes small, the effect of acoustic coupling can
be much larger than the thermal effect, This might he
useful in improving the signal-to- noiee ratio in gome
cases {while still maintatring approximate linearity in
B, It is also clear that comparison spectra must be
taken with samples of the szme thickness, to avoid am-
biguities in tnterpretation,

The dependence of PAS signal on i, for nonthermally
thick samples is illustrated in Fig, 9. The effect of
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FIG. 8. Dependence of photoacoustic signal on sample thick-
ness for thermally thick samples {f=100 Hz). X, is the ratio
of sample thickness to thermal-diffusion length. Notation s
that of Fig, 2.

acoustic coupling is negligible, with that due to the
thermal wave predominating, When !, <u,, the thermal
wave 1s not strongly damped before reaching the gas-
sample interface, so the signal can be affected by the
total energy absorbed in the sampie, It &, <1, this
absorbed energy is proportional te &, but as Bor i,
ig increased, the absorbed energy approaches the in-
cident energy and the slgnal saturates, As !, is in-
creased such that I,> p,, the thermal waves originating
it depths given hy |x!> u, are damped before reaching
the surface and do not eontribute to the signal; hence,
the signal 18 independent of I, {for given B),

The effect of the backing material can also be seen
in Fig. 9. For thermally thin samples, the thermal
wave reflected at x = - [, also contributes to the signal,
A Plexiglas backing glves a reflected wave In phase
with the original, !? inereasing the stgnal when I, <<,
As l,—u,, the reflected wave is damped out so that the
signal 1s reduced, as evidenced in the top two curves of
Fig. 9. In the lower curves for Plexiglas (py > 1), the
direct signal is atill increasing as [, ~ i, more than
compensating for the loss of the reflected wave. A brass
backing gives a reflected thermal wave with a 180°
phase change, canceling the direct wave lo a great de-
gree, The signal ls thus greatly reduced with a thermal-
ly thin sample and brass backing, compared o the sama
sample with 2 Plexiglas backing., However, as !, — u,,
the reflected wave becomes unimportant, and so the
gignal is independent of the backing material, Note that
it is the difference in thermat parameters of the back-
ing which leads to the varlation shown in Fig. 9; the
acoustic term in the PAS signal is negligible for therm-
ally thin samples,

V. CONCLUSIONS

. It haa been shown that mechanieal motion of liquid
.nd solid samples can signiticantly atfect the photo-
acoustic signal and ean be the dominant effect for some
liquid samples, A composite-platon model has been
shown to be valid for thermally thick samples which
should include most common samples unless in thin-

AR

tilm form, and this model {particutarly Eq. {41)] then
provides the basis for interpretation of most PAS data,
The simple form of the maodel may easily be modified
for resonant cells, The dependence of the PAS gignal
on the absorption coefficient is approximately linear
over a wide range, with some distortion in the transi-
tion region where #,=1, 8o that PAS spectra can be
interpreted as would other absorption spectra, For
thermally thin samples, PAS spectra should not be
appreciably affected by acoustic coupling, and the sim-
ple piston model of RG will suffice, I the gas is therm-
ally thin, the expression of MW1 or AMP must be used
to describe the signal,

A more complete understanding of the photoacoustic
effect will also be useful in other applications than
spectroscopy, The aforementioned possibility of deter-
mining absolute absorption coefficients'! requires de-
tailed knowledge of the chopping-frequency dependence
of the PAS signal. The phase shift caused by the acous-
tic term may be important in applications' depending
on the relative phase of signat and reference. The range
of possible uses ¢learly extends to many areas of
science, engineering, and medicine,
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APPENDIX A

The approximate treatment of acoustic signal genera-
tion given by Rosencwaig and Gersho® {RG) must be
modified if the gas is thermally thin (i.e., I, S u,) or
if the gas length is an appreciable fraction of the acous-
tic wavelength in the gas. The necessary modification
has been made by the present authors? and by Aamodt,
Murphy, and Parker® (AMP). We give the result here
in our notation for veference; in the text of the article,
it i3 referred to as MW,

PASIN/mME)
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FIG. 9. Pependence of photoacauatle slgnal on sample thick-
neps for thermatly thin samples (=100 Hz). X, la the ratlo.of
sample thickness to thermal-diffuslon length. In thla flgure,
the solid curvea show values for Plexiglas backlng, dashed
curves for hrass backing, Cell parameters are those of

Flg. 2.
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This treatment agsumes no acoustle wave.in the sam-
ple. Equations (17) and (23)—(25) give the form of the
solution (A, = B, =0) with boundary conditions of Fgs.
(26)~ (34), plus z, =0 at x =0, To evaluate the pressure
at any point in the gas, one needs the four coefficients
A, B, C,, and D the lalter three may each be written
in terms of A,, so we first state A, This coefficient
has the form

A= N/D, (A1)
Ta display the form of N and D, we deflne (as in RG)

r=4§lo, g£=x0,/k08, b=ko K0,

Then
N=[A/(F - aD)[rRy - 14 S(1+ By expl-od, - 8}
(A2}
D=F;+gR,Fy, (A3)
where
Ry=[1- Ry expl- 202 )11 + Ryexpl- 20,)},
Ry=(b-T)/(b+ Ty, "

S=(b-rT)/(b+T,),
T, =tanhiod,).
The factors F, and Fy reguire the following definitiens:
C=jkd,/lody), G'=G6zl,
W=G( - d,/d, ) (koK) .
T,=tanh(o,l,), (A5}
Ey=espl-jkJ,), E,=expl-cd,),
Fy=—8GE,E,+ (G"+ W+ (G" - WEL,
Then
Fy={-8GEE, +G*({G"+ ME + G (G - WIEL
-GG W= G (6T - WIERECIR), (A8)
Fy= Gl - d,/d, ) (G* + WE} = (G - WEL
- {6+ W)+ (G- MELE])F),
Finally,
B,=A[- 2GE,E, + (C*+ WEL + (- - WELEIF),
C,= A~ 2GEE, + G(G* + WEL - 6(U+ Lo HEA RS
(A7)
D= Af-2GE£,— G{G" - WEEL+ (G ~ WIEIJ(F .
If the pressure is evaluated at x =I,, then
Py=doglAE,+ BE +d,,(C B+ DEN; (A8)

this 18 essentially the result glven by AMP, provided
the window and backing are thermally thick [T,,, =1, T,
=1 in Egs. (A4) and (A5)]. One must multiply their re-
qult by — 4 to get the same expression as Eq. (AB): the
negative sign is apparently due to a sign error in their
source term; the factor of $ occurs because their /; is
our £, {our I is the overall beam Intensity, but their
I, is the intensity of the harmontc term only).

The expression glven by RG is obtained from Eq,
{A8) if one assumes the window, backing, and gas are

- frermally thici; and that the gas length is small com-

pared to'the acoustic wavelength, Then, if one further
assumes the sample to be thermally thick, the limit
of p, is

po= Il P20 L T/ ep i + 1 + 17 (AD)

This expression is used in the text in constructing the
composite-piston model.

APPENDIX B

We present a slight varlant of the thermal-pision ar-
gument of RG, ! primarily as a basis for discussing the
frequency dependence of the piston “'displacement” &x,,

The periodic heat flux from sample to gas causes a
periodic temperature variation in the gas near x=0,
having the form 7,=C, exp{- 0,%), {This la the dominant
term in Eq. {23} for usual PAS conditions, ] Each infini-
tesimal layer of the gas in this reglon undergoes frac-
tional (essentially isobarit) expansion/contraction pro-
portional to the ratlo of periodie temperature to ambient
temperature Ty, The net displacement of this boundary
region is the sum of these infinitesimal displacements:

5".=foL {7,/ Ty)dx, {81)

This expression includes the effect of phase differences
in the Lnflnitesimal displacements. The upper limit need
only be chosen such that exp{-o,L)={0 (RG chose L
=2Tugh

The above expression allows the frequency depen-
dence of &, to be understood as follows. Assume, first,
that the optical energy ls absorbed within a distance
1less than the thermal diffusion length {i1, < u,}, such
that all the absorbed energy contributes to the heat flux
at the boundary. The fluX then has an amplitude which
is independent of trequency. Since the heat flux is egual
to kd- dr,/de) = #,a,C,, we infer that C, is inversely
proportional to ¢, and, thus, proportional to w™!’? [cf,
Eq. (20)], The exponential dependence of 7, shows that
the reglon over which the integrand {of Eq, (Bl)}is
appreciable shrinks as o, inereases, such that an addi-
tional factor of w™'/? occurs in &x,, For these condi-
tions, @x, is thus inversely proportional to w,

The thermal-diffusion length of the sample decreases
as wl/?, such that at higher frequencles i, < p, When
this occurs, only the energy absorbed within a distance
proportional to u, contributes to the heat flux at the
boundary, and the flux amplitude 1s no longer constant
but proportional to w!/?, When this factor is combined
with that already discussed, &x, is seen to be propor-
tional to w-3/2, The transition in « dependence obviously
occurs near the point at which p, = u,,

The piston argument clearly becomes inadequate if
the gas is thermally thin @, <p,), The temperature va-
riation extends over the entire gas, and one cannot then
define a region to be considered as the “piston”. If the
heat flux from the sample is independent of frequency,
then 80 16 the temperature amplitude [both C, and D, of
Eq. (23) must now be included]. The pressure ampli-
tude is essentially that due to uniform heating of the
gas, and tt is likewise independent of frequency. The
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curves for MW2 in Fig, 3 show the pressure amplitude
becoming independent of frequency as w — 4,

Nole added in proaf. Subsequent work has shown that
the mechanical displacement Fiven in Eq, (39) must be
modified for solid samples by - factor {of order 1)
which depends on the elastic constants of the solid,
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Photoacoustic spectroscopy provides information about both the amplitude and phase of the
response of a system to an optical excitation process. This paper presents a theorctical model of
photoacoustic processes in the frequency domain which includes the relaxation time of the
radiationless deexcitations and & two-layer absorbing system. Emphasis is placed on the effect of
these conditions on the phase of the photoacoustic signal and the utility of this measurement in
evaluating material parameters. Circumstances under which the phase may be used to measure
the aptical absorption coefficient of the solid and the nonradiative relaxation times are defined.
The value of the phase measurement in the study of surface films is discussed.

PACS numbers: 78.20. — ¢, 78.65. — 5, 42.80. — £,07.65. — b

I INFRODUCTION

bg;otoacomtic‘speclmsonpy (PAS) provides informa-
tion about both the amplitude and phase of the response of a
photoacoustic system to an optical excitation process. The
phase data contains contributions from a number of sources
associated with the sample under study, the geometry of the
photoacoustic cell, the response of the detecting system, etc.
In an actus] photoscoustic measurement many of the non-
sampie related parameters may be maintained constant and
the phase data may therefore be used 1o provide information
bout the optical and thermal properties of the solid under
study as well as the relaxation times associated with the non-
radiative deexcitation processes that give rise to the PAS
signal.

Measurements of the photoacoustic phase have been
used with gaseous samples to obtain information about re-
laxation rates and photochemical processes. These measure-
ments have been discussed in a recent review by Robin.! For
the case of solids various contributions to the phase of the )
PAS signal have been considered by several authors.

In their one-dimensional theory of the photoacoustic
responsc of solid samples, Rosencwaig and Gersho? dis-
cussed the effect of the optical absorption coefficient of the
solid on the phase for the Limiting cases of optically transpar-
ent and optically opaque specimens in which the nonradia-
tive deexcitation processes occurred instantaneously. In a
subsequent paper Roseycwaig’ took the generalized eKpres-
sion for the photoacoustic signal from this initial paper and
used it 10 obtain computer-generated curves for both the
amplitude and the phase of the photoacoustic response asa
function of the modulation frequency and the sample dimen-
sions. The dependence of these signals upon the thermal
Properties of the sample support was slso considered.

Aamodt er al.* developed a more exact one-dimensional
mode] for the PAS response of a solid specimen which differs
from the mode] of Rosencwaig and Gersho by using a ther-

- -mal transport equation for the gas developed by Patker’

which includes the finite velacity of sound. In this paper the
effects of the dimensions of the photoacoustic cell on the
phase of the signal are considered and it is shown that the

phase is insensitive to cell length once the length of the gas in
the cell is large compared to the corresponding thermat dif-
fusion length at the chopping frequency of the radiation.
Similarly the effect of the thermal properties of the sample
backing on the phase was found o be unimportant in that
range of chopping frequencies for which the thermal diffu-
sion length in the solid was short compared to its thickness.
PAS phase has been discussed in a series of papers by

" Kirkbright and his co-workers.*** These authors considered

instantanecus nonradiative deexcitation processes and were
lergely concerned with the phase shifts in a multilayered
sample which result from the thermal transit time through &
transparent overlayer deposited on an sbsorbing substrate.

The use of PAS phase to measure the lifetime associated
with the nonradiative deexcitation paths has been employed
by Merkle and Powel).** These authors took the relation.
ship between the nonradiative lifetime and the phase shift
employed for a gaseous sample by Harshbatger and Robin"
and used it 1o interpret radiationless relaxation rates of
Eu?* jons in 2 KC1 matrix. A large relative phase shift was
observed between the PAS signals resulting from excitation
in the,, ande, bands of the Eu** ion and was attributed to
& long-lived excited state of the 4/ configuration. Peterson
and Powell'? have employed the same analytical approach to
compare the nonradiative decay modes for C¢** jonsin
ALO,, MgO, 5:TiO,, and BaTi0, lattices.

Recently, Roark er ol presented data on the absorp-
tion coefficient dependence of the photoacoustic phase.
They suggested that measurement of the phase angle pro-
vides a means of computing the absolute aptical absorption
coefficicnt of a sample and indicated that the phase angle
continues to be dependent upon the absorptivity of the sam-
pleafier the PAS amplitude has saturated so that phase mea-
surements provide » method of extending absorption coeffi-
cient determinations to higher values.

This paper is concerned with the extension of the Ro-
sencwaig photoscoustic model toinclude the relaxation time

‘of the radiationless decxcitation processes and two-layer ab-

sorbers supported on & nonabsorbing backing material. The

emphasis is on the effects of these quantities an the phiase of
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FIG. t. Geometry of a single-layer PAS system.

the photoacoustic response and the utility of this measure-
fment in cbtaining material parameters. It is shown that the
phase of the photoacoustic signal can be used 1o measure the
optical absorption coefficient of a solid but that this mea-
surement exhibits the same saturation behavior at high ab-
sorption coefficients as does the PAS amplitede. The phase
may also be used to measure the relaxation time of the nonra-

diative deexcitation processes responsible for the PAS sig- °

nal; however, the relaxation time is only proportional to the
tangent of the phasc angle in certain limiting cases. Fora
multilayer absorber the phase measurement provides useful
information about both s transparent overlayer on an ab-
sorbing substrate and a two-layer system with widely differ-
ing optical absorption coefficients.

Il MODEL
A. Single-luyer sample with & finite nonradiative
relaxation rate

An ideatized configuration of & photoscoustic system is
ghown in Fig. 1. The solid sample, of thickness J, contains a
two-level optical absorption band which has an excited-state
lifetime 7 and a wavelength-dependent optical absorption
coefficient 8. The sample is supported by a transparent back-
ing material of large thickness and is in thermal contact with
& transparent gas. Heat transfer between the solid and the
gas results in pressure fluctuations which constitute the PAS
signal. The cell is ¢losed by a nonabsorbing thick window. By
choosing both the transparent cell window and sample back-
ing to be infinitely thick the growing exponential solutions
for the thermal transport equations in these components can
be eliminated by application of the boundary conditions.
This geometry is essentially the same as that used by cther
suthors™ but the system differs in that a finite relaxation
time is associated with the nonradiative decay processes.

The light incident upon the solid is assumed to be mod-
ulated sinusocidally so that the irradiance at a distance x from
the front surface is given by

T(xa) =41, Bexp( — B |x]D](1 + cosaor )
= A (x) Re[1 + expliv,?)],
where @, is the modulation frequency. Absorption of this
radiation by the electronic state gives rise to a time-depen-
dent energy associsted with the excited level and given by

dE(x,1) =”x')_£(x.l)
di ' r

i8¢

Solving this equation for E (x,t ) gives

E(x.:)=4(1)f3£[3(’)’(’ + (_ITIE.??)

< - )+ (520 )]

The first two terms are associated with the transient result-
ing from turning on the radiation at f = 0. Only the steady-

Soms”

state component of this solution is of interest for this paper

30 that
E(xt) =A@ ae(ﬂ‘f’ﬁ).

14 iyt

The nonradiative decay of the excited-state population to the
ground state provides a spatial- and time-dependent heat
source in the solid

Hot)= %E(z,l)

- ”’°5°"";‘5 Ix1) ne(e"p(ff"°')), m
1+ iwgT

where 7 is the efficiency of the nonradiative processes. It is
this alternating steady-state heat source that is responsible
for the periodic temperature fluctuation of the sample. Ther-
mal conduction processes then transfer energy to the sample
backing and to the gas in the cell, In the approximatior -
ployed by Rosencwaig and Gersho? the appropriate therwal
diffusion equations have the form

2 _1a _ _H@n
7 e T g T = =y

@

for the solict in which the sbsorption of the incident radiation
occurs, and

& |

Tt = - S Ty =0 6
for the transparent window (f = wx »L ), gas
(i = g,0<x<L), and backing ({ = b, x< — /) regions of
the cell. The quantities a, = (k,/ p;c; ) are the thermal diffu-
sivities of various regions of the cell where p, and ¢, are the
material densities and specific heats, respectively, and &, is
the corresponding thermal conductivity. These four coupled
equations may be solved using Fourier transform techniques
subject to the boundary conditions of temperature and heat
flux continuity at each material interface so that

T, (boundary,s) = T;(boundary,) “)
and

d F N
k,; T, (boundary/ ) = k’—; Ij(boundary.r). (3}
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The resulting expression for the Fourier transform of the temperature distribution in the gas has the form
Blon (6(0 = 00))
T (xw)= (2* e af)) Re[ B
x((f— 135 + 1 explo,1) — (r + 1B — 1) exp{ — o) + 2(b — ) exp( —ﬂ))

& + D + Dexplo, ) — g — Db — Deap( ~ o))

% § (0 +D)exp] - 0,GaL + 1] —(1 - DYexp{ g, [20n + 1)L-x1})]. ®
where o=
bk‘ lkl lkl 12
o2 on(E) () om(28) o v (S e

The above relationship can be transformed from the frequency to the time domain-and the presence of the multiplicative term
& (& — wy ) results in the frequency dependence implicit in the terms containing o, contributing only at @ = a)g. The tempera-
ture distribution in the gas is then given by ]

Bl 1 ¢ = 1) + Dexplo, 1) — (r+ (b = N exp( — ¢,) + 2(b — Py exp(— AI)
ren) = (e )=
2k, (g*—a)) @ + X + Desplo,]) - @ — e — Dexp( —])
x[( i +:&, ,) 3 (1 +D)esp[ -, (nL + 1)) = (1 — D) expl — o, [2a + DL — x]})] elp(iwut)]. U]
(+] AmD
This periodic and spatially dependent temperature distribution generates a periodic but spatially uniform pressure in the
pas given by
{p, (o)} = %r T, (xitiw) d, : ®
] o )

where p, and T, are the initial pressure and teﬁxperamre of the gas in the celt.
The PAS signal then has the form

1 expli{wet — 7
b w0 =(Z02) Re[( Pliwol — 4m)] )
HIL) Vg, (1 4+ g8 o)
><((r — 1}t + Dexplo, /)= @+ Db — Dexp( —o,7) + 2{b — 1) exp{ — 8!})]
(b + 1y explo, ) + (¢ — Vexp( — o.f)

sincea, ' = [1/(2a,}1"" exp( — %ir) and where it has been assumed that D < < 1, g < <1, and thata, L > > | sothat only
then = 0 term in the summation needs to be retained. Equation (3) is a generalization of Eq. {1 7}in Ref. 2 toinclude the effects
of a noninstantaneous deexcitation process. ,

In order to separate the amplitude and the phase of the photoacoustice signal it is convenient to follow Rosencwaig and
Gersho and define :

(p, (two)) =Re{Q explitwos — §m))}=Re{g expil (wot — {m) ¢1}
such that @ = 0, + iQ; = gexp( — i¥).
The amplitude of the measured photoacoustic signal
[P, (two)} | = 10§ =g = (@} + @})7
and the phase lag of the sigrial with respect to the light source ‘modulation
¢=(ir + ¢} with ¢ =tan"'[ - (@/QI]}.

These quantities may be most conveniently evaluated by writing the components of (J in the polar notation for complex
quantities so that

B -0i=2, = [Z,|explid.} =81+ (‘l"nfg)z]m exp(ig, ).

V4 it =2, = |Z,| explig; ) = [ + (@o7)']* exp(#y),
r=1=2,=|Z,| exp(i¢,) = [(worg) '+ 1 (2/wyry )R] expligy )
r+1=Z,+|Z,| explid,} = [@ors) '+ 14 (2,75 )] exp(idy ).

| b—r=2,=|Z,| exp(i$;) = [(wors) ™'+ b2 — b (20,75 ) )7 explighy ),
an
@G+ Dexplo )+ (b — Dexp(—ot) =2, = |Z,| explig ) = [t + 1 exp{2a,f) + (b= 1) exp(— 2z,1)
+2(b* — 1) con(2a,1 )1 exp(ids ),
where 7,=1/8 "a, isa characteristic relaxation time for the system corresponding to the thermal transit time from a depth 1,
(=1/B) within the solid.

&)

(i)
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Using these definitions the real and imaginary parts of O can be evaluted and have the form
Qi =ReQ =K [(0+1)|Z, | exp(a.] ) cos(dy + 6, + 8 ~ b, —a,1) ~ (b — DIZ, | exp(—a,])

Xeos(d) +d; + 8 — b, +0,7) +2|Z, | exp(—Bl) cos(d, + ¢, + 8, — 95 )],

an

Q:=ImQ = —K b+ D|Z, | exp(a,] ) sin(d, + 8, + 8, ~ ¢, —a,0) ~ (6 — 1)|2, | exp(—a,l)
xsin(d, + ¢, + ¢ — 4, +"a’)+2|29 I exp(—Bl)sin{g, + 6, + ¢ — ¢, M

where
polonB
2V, T, Lo, |2, |2, |Z,|

The amplitude of the photoacoustic signal is seen to be
directly proportional to X and the relaxation time, 7, associ-
ated with the nonradiative decay process is contained in the
term | Z, | in the denominator. For & modulation frequency
wq < < 1/7 the PAS amplitude becomes independent of 7, as
eapected, and the expression for the pressure is identical to
that obtained by Rosencwaig and Gersho.? When &), T can-
not be neglected compared to unity, the PAS signal de-
creases as the relaxation time r increases.

The variabe contribution te the phase,
¥ = tan = '(— 0./Q)), is seen to depend vpon the optical
absorption cocflicient of the solid and its physical dimen-
sions, the ratio of the thermal properties of the solid and the
backing material, the relaxation time of the nonradiative
decxcitation processes, the modulation frequency of the
light, and the thermal properties of the solid and the gas in
the cell. For certain limiting cases the expression for the
phase can take on a particularly simple form.

For an optically opaque and thermally thick sample
both the optical absorption depth, #,, and the thermal diffu-
sion length, 4, , are much less than the sample thickness.
Under these conditions exp( — 8/)~0 and eap{ — o,1)=~0
so that the variable component of the PAS phase is given by

VBra,) =tan Y —aw,r,) + tan - (wy7)

K=

-1 .
—tan ! ——--—-—) 12
(l—(blnrﬂ)m (2
At chopping frequencies for which g, >y and @7, ~0
W(rag)= im + tan~ (1) (13)

and the phase information provides a direct measure of the
relaxation time, 7, of the nonradiative processes.

A similar expression is obtainable for an optically trans-
parent thermally thick solid for which exp( — 81 )=(1 — 8f)
and i, <! In this case

Y(raw,) = 47 + tan~ '(w, 7). (14)
Expressions (13) and (14) indicate that the PAS phase only
provides a direct measurement of the relaxation time of the
nonradistive processes in certain limiting cases. From an
experimental viewpoint the preferred configuration would
probably be that of Eq.(13) since the signal amplitade would
be targest for this case,

The full expression for the phase may be evaluated nu-
merically and Fig. 2 shows the dependence of the phase upon
the modulation frequency of the light for & system in which
the nonradiative relaxations are instantaneous. Fig. 21is

*quivalent t6 Fig. 2 in Ref. 3, however, an error of sign oe-
curs in the expression for { given in that paper and is tespon-
sible for the indicated nonsystematic dependence of the
phase upon the properties of the backing material. If the data
displayed in Fig. 2 of the present paper is plotted in terms of
the the parameter 7 /41, « @} it reducas 1o the form shown in
Fig. 3 of Ref. 4. For this optically transparent sample the
phase of the photoacoustic signal already displays a strong
dependence upon the thermal properties of the backing at a
modulation frequency for whichegr, = 1. 7, tnay be consid-
ered to be a modified thermal diffusion time across the solid
of thickness / and is defined by r,=(k, p,c, /k, Prs)
X{*/a,} = (1/b}*(1/a,). The quantity { /b may be treated
as an effective thickness of the sample which increases for a
given sample as the thermal conduetivity of the support ma-
terial becomes smaller. When ay7; 2 25 the phase of the
PAS signal is independent of the properties of the backing
material. This is equivalent 1o a value of I /u, ~$. For very
large values of b, &.g., in the case of & solid in contact with a
good thermal conductor, the phase changes by more than 45°
at experimentally realistic values of the chopping frequency,
but tends asymptotically 1o the 45° value at very low frequen-
cies (~ 10 ~* Hz). However, in this limit, the signal is sm

and phase shifts may not be easy to measure accurately. For

very small values of b, such as expected if the solid under
study is a self-supporting film with a gas backing, the phase
changes by less than 45° at intermediate values of the modu-
lation frequency since the condition g, ~/ /b which deter-
mines the phase change is met at lower frequencies. In this
case also the phase tends asymptotically to the 45° value at
very low frequencies. In the limnit of & = 0, there is no observ-
able phase shift betwsen the backing-independent frequency
range and this intermediate region.

The amplitude of the PAS signal is also dependent upon
the ratio of 4, to this effective thickness and, as expected for

PHASE ¢ (degrosn)

) o Wt o? wo*
FREQUENCY (H1)

F1G. 2. Dependence of the PAS phase upon modulation frequency for vAIT

ious vadues of b, for sn apticaliy transparent solid (§ = 20¢cm =, i = %0

pm) . : Lo
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FIG. 3. (a) Frequency dependence of the PAS phase for various nonradia-
tive lifetimes and an optically opaque thermally thick sample
s <pi, g <1} (b) Corresponding data for an optically transparent sam-

pleduy >t Sum, b= 1)

a transparen; solid, when g, is greater than the effective
thickness for materials for which & > 1 the signal magnitude

, Is reduced due to the large heat flux to the backing materia).

Figure 3 shows the dependence of the phase upon the
modulation frequency for solids in which the relaxation time
of the nonradiative deexcitations is taken into account. In
Fig. 3 it has been assumed that b = 1. As seen in Fig 3a
which applies o a material of high optical absorption coeffi-
cient (§ = 2x10%cm ~ "), no contribution to the phase shift
arises from the optical absorption depth since over the full
range of modulation frequencies x, > pig. The complete
phase shift displayed in this part of the diagram results from
effects due to the nonradiative lifetime and, as expected,
such processes becorme important for frequencies greater
than that for which w, # = 1.0, The phase shift produced by
any given relaxation time is seen to saturate as the frequency
increases. Figure 3b shows the response expected for a mate-
fial of lower £ (20 em = '), Two contributions to the phase
are now seen to be invalved. The phase shift of aproximately
45" associated with the instantaneous relaxation time curve
results from a reversal of the relative magnitudes of u, and /
asp, decreases with increasing o. Superimposed on this con-
tribution is that due to the relaxation time phenomena. As
was shown in Eq. (14), in the limit of high frequencies for
which 4, is always less than / and the sample is therefore
thermally thick, the additional increment of phase is directly
related Lo the relaxation time.

In Figs. 2 and 3 the PAS signal is associated with a

-- pzrticular value of the absorption coefficient. In most actual

PAS situations the wavelength of the exciting light is
chatged through a region associated with an absorption

MELNTPVE dowLiT 0
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FIG. 4. Comparisoh between PAS smplitude and phase as & function of the
absorplion coeMicient of the solid, (f= 30 He, /= 30um, & = 1), Inset:
Phase Response in passing through & Gaussian absorption band baving
different values of, Bae -

band. The phase of the PAS signal will then depend upon
B(4). This dependence is illustrated in Fig. 4, the phase lag
and the relative amplitude of the signal being displayed as a
function of log 8. The inset in Fig. 4 shows the effect of thisf
dependence of the phase upan the system response to a
Gaussian-shaped absorption band centersd at 500 nm and
with a full width at half-mazimum of 0.1 eV. Both diagrams
indicate that saturation occurs in the phase response at large
values of Fand the corresponding amplitude curve indicates
that both phase and amplitude saturate at essentially the
same value of 8. As shown in the inset, for low valuesof 5,
inan absorption band the phase response follows the form of
the wavelength-dependent optical absorption coefficient and
may therefore be used to measure this quantity. As#(4)in-
creases, the phase angle decreases from an upper limit deter-
mined by the chopping frequency and by the coefficient &
towards the 45 angle expected for a sample for which the
optical absorption depth it less than the 1, “Phase satura-
tion™ therefore occurs for samples having high optical ab-
sorption coefficients,

The dependence of the thermal diffusion length, 4z, ,
upon the modulation frequency of the light means that for a
sample with instantaneous nonradiative deexcitation pro-
cesses the amplitude of the PAS signal has an o - ! depen-
dence at low modulation frequencies and an o - 2 depen-
dence at high frequencies. For a sample in which the
nonradiative processes have a finite relaxation time, the
high-frequency slope is changed ss is shown in Fig. 5. The

ot

0!
£
§ ot T<0®
s L]
i’ L) i

| To0"
LY Tt

= L n

® [ [ [ 4 o et

FREQUERCY (M2}

FIG 3 Dcpendence of FAS amphitude dn modulation frequency 6t differ-
ent nonradiative lifezimes (8 = 20cm ~ ' b= |, / = S0um)
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FIG. 6. Geometry for a double-layer PAS sys!.tm‘

curves for the finite relaxation times bregk away from the
instan 2.ieous curve at a point for which @, 7 = 1.0 and for
ali valucs of + approach a limiting logarithmic slope higher
by one than that of the instantaneous curve. For a material
for which the instantaneous slope would be — ] that with
retaxation is — 2; for the case shown in Fig. 5 where the
instantaneous slope is — 3 that with relaxations is — §.

B. Two-layer sample with Instantaneous nonradiative
relaxations

Many systems of physicel interest mey be approximat-
ed by a two-layer model of a solid with each layer having
independent optical absorption properties. Examples might
be absorbing coatings on optical components, molecular
films on an absorbing catalytic support, or biclogical sys-
tems such as the skin or a plant leaf. Such a system may be
represented in the same approximation employed in Sec.

11 A asshownin Fig. 6. Asbefore, the modulated light enler‘sl

T = [(w)[(r, — 1)B; + Dexplosh} — {7y + D&y — D exp( -~ oaby} + 2b; —72) -
ky (B — 9}2)
1 IIO
Xexp{ — Byl + (E%ﬂ%-ﬂ_{;}{(n — 1)b, + 1Xb; + Deaplo, . +a )=+ IXE, — D + 1)
Xexpl"("t’l -‘71]2)] +{r, — 1)b, — 1}b; — 1) exp(a, ], — LY —{r, + D, + 1¥h, — 1)
exporh + o2l + 2, — r Kby + D exploal) + (8, + e — Dexp(— )] expl 5,1
x{(bl +1¥h, + 1) explo /) +a )+ (b — b, + l)elp[ — (4 —‘72[2)]
+ (B, + b, — Dexp[ — (o] +0,5)] + (b, — DB, ~ Deaplo,ly -l
x i (1 +DYexp[ —o,@nL + X)] — (1 —D)exp{~a,[2n+ DL — x1}) expliw,t )
or
{16

T,y =(N1IM] 5.:0 (RN

the photoacoustic cell through a thick window atx = L. The
surface of the first solid is at x = 0 and this material, with an
absorption coefficient 5, , extends tox = — I, The second
sohd of thickness /, and optical absorption coefficient B, is
supported on a teansparent backing material that extends to

x = — . Thefinite thickness of the second solid makes the -~

solutions for the two absorbing regions symmetric and
avoids the problem of the second layer being optically opa-
que for all nonzero values of 5, .

Since only instantaneous nonradiative processes are be-
ing considered the distributed time-dependent heal source
term associated with light absorption in the two solids has
the form

. 18,
i(iﬂ = (%:-—)exp(—ﬁ,y) Re[1 + explivg!)], {15
where forsolid 1,i = 1,/ = [, theirradiance of the incident
radiation, and y = — x. Forsolid 2,1 =2,

I=1I,exp{—B1).andy = — (x +,). There are now five
coupled thermal diffusion equations for the system, two
having the form of Eq. (2) but with Eq. (15) being substituted
for H (x,t )/k,, and three having the same form as Eq. (3). As
before these equations can be solved using Fourier transform
techniques and invoking temperature and heat flux continu-
ity at the boundaries between the various elements in the ceil.
Itis only the ac component of the temperatuse in the gas that
is of interest since this is responsible for the pressure fluctuo-
ations in the gas that are the PAS signal. In the general casc
this temperature is

with b, =k, a, 7k, a, and b, =k, a,/k, 2, and the other symbols having their previous meanings with the subscripts referring
to solids 1 or 2, With either /, or J, zero this expression reduces to that for a single-tayer system given in Eq. (13) of Ref. 2.

The modulated pressure in the gas is obtained by substituting Eq. (16} into Eq. {8). If L is large compared to the thermal
diffusion length in the gas, only the n = Oterm in the summation E7_, [R (n)]is retained and the expression for the pressure

i)

oy explilwat — MV IN]
(g )} = —
(i) ( Vi, L 1M}

, exp[iwo? — i an

By writing [V] and [M ] in complex polar notation, as was donc previously, this expression may be evaluated to obtain the

amplitude and the phase of the photoacoustic response for the wwo-layer system.
For the case of a transparent overlayer on an absorbing substrate, as considered by Adams and Kirkbright,’

b, = 1, then O, can be written as

Mandelis, Teng. and RAoyce
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B, =0and

—-|oF—

Q.= Polo ( b, 1 )
‘ 2\/5a,TDL k(B2 — o)\ explon ) + exp(— ey i)

X((’z — 1Mb; + Dexplo i) —(r; + 1Xb, — 1} exp(— o 1) + 2, -’:)HP(—ﬁzl:)). (18
(®: + 1) eaplo; ) + (b — D exp( = 2211) '

1t is seen from the third term in Eq. {18) that 0, and hence
the amplitude of the PAS signal, goes to zero as [, increases
or as o, increases due to &n increased modulation frequency.
Physically this is due to the thickness of the transparent
averlayer on the absorbing substrate becoming considerably
greater thar the thermal diffusion length in that overlayer so
that no ac component of the temperature fluctuation due to
the absorbing substrate reaches the surface of the transpar-
ent overlayer. This modulated thermal signal from the ab-
sorbing underlayer decays to zero in the transparent over-
layer in a distance of approximately 27u, from theintralayer
boundary, just as occurs at the boundary between a single
solid and the gas in a photoscoustic cell.

The phase of the PAS signal in the presence of  trans-
parent overlayer can be written as

¥ =tan~ '~ wyT, )+(-f,°—)mf
- 082 2{! 8

e f— =1 : 19
fan (1&(2‘%1_“)1/1)‘ ( )

When the absorption coefficient of the second layer is high
and at normal modulation frequencies (w75, ) — 0, the
phase becomes

T "’o 172
¢—4+(MI) 1. 20)
This is the same expression given by Adams ang Kirkbright.?
When the second solid has a lower optical absorption coeffi-
cient, an additional contribution will be made to the phase by
the thermal diffusion times in that material.

Another case of interest is that of an absorbing thin film

L]
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FIG. 7. A comparison between the amplitude and the phase response of 2
double-fayer PAS system [, (max) = 50cm * ', £, {max)
= 800cm ~ ', = 10~ ‘cm. §, = O.lem, b, = b, = §].

with its absorption band overiapping the tail of the substrate
sbsorption band. This case can be treated numerically using
the full expressions for the PAS amplitude and phase deriv-
able from Eq. (17). The results of such 2 calculation are
shown in Fig. 7 for which it has been assumed that both the
substrate and the film have Gaussian absorption bands situ-
ated at 600 and 500 nm respectively, with maximum absorp-
tion coefficients 8, =108, = 500 cm ~ ' and full widths at
half-maximum of 0.15 and 0.10 eV, respectively. As shown
in Fig. 7 the presence of the surface film gives rise to a very
smnall shoulder on the tail of the bulk PAS amplitude re-
sponse. Provided the amplitude of the signal is large enough
for the phase of the signal to be‘accurately measured this
channel provides s clearer indication of the presence of the
film. The wavelength dependence of the phase is, however,
comples and depends upon both the amplitude and phase of
the contributions from the two layers, As the wavelength of
the light is scanned from short wavelengths the variable con-
tribution to the phase of the signal changes from the 507
characteristic of a transparent material toward the value of
45" characteristic of an optically opaque material. Initially

- this signal is controlied in both amplitude and phase by the

absorbing front solid. As the absorption cocfficient of the
back solid starts to become important, & contribution to the
PAS signal is made by this second layer. The phase of this
additional response is modified by the thermal transit time
through the front film as weli as by the changing absorption
depth in the back solid. The amplitude of this signal also
depends upon the absorption coefficients of both layers.
Since for the case illustrated the second film has a much
higher absorption coefficient than the surface film, the am-
plitude of the signal from this layer is much larger than that
from the front solid and the phase of the response of the
composite is finally dominated by the signal from the second
layer. As the wavelength of the light isincreased, the absorp-
tion coeficient of the front solid goes 1o zero and the phase of
the signal depends only on the second solid and the thermal
transit time characteristic of the first solid and is described
by Eq. (19). Although this phase behavior does not provide 2
ready measure of the absorption coeficient of the front solid
it does indicate the presence of such a solid and enables the
correct interpretation to be made of the shoulder present in
the amplitude signal. As has been pointed out by Rosenc-
waig and Gersho,? provided the PAS amplitude is high
enough, the absorption behavior of the front solid can alsobe
separated from that of an absorbing underiayer by making
measurements at chopping frequencies for which u, % /.

1. DISCUSSION

As indicated by the models outlined above, the phase
data that is available in addition to amplitude information in
frequency domain photoacoustic spectroscopy provides ad-
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ditiunal insight into the properties of the system under study.
The phase information, however, contains contributions
from many sources and only in special limits of sample opti-
cal and thermal properties can the phase be unambiguously
associated with one particul=r mechanism, In addition to
phase contributions from th:  ample, the photoacoustic cell,
the position of the sample within the cell, the preamplifier
for the microphone, and the microphone itself wili also pro-
duce phase shifts that will, in general, be dependent upon the
modulation frequency of the radiation, It is therefore experi-
meniaily difficult to make accurate absolute phase measure-
ments, hoy-ever relative phase can be measured with consid-
erable precision provided the signal-to-neise ratio of the

P/ 5 system is high enough and that calibration curves are
available for those sources other than the sample,

For 2 sample in which the nonradiative relaxation pro-
cesses arc instantaneous the phase data can provide an alter-
nate measure of the optical absorption coefficient of the sol-
id. As this optical absorpticn coefficient increases, the phase
lag of the PAS signal with respect to the modulated light
source is reduced. As shown in the inset in Fig. 4 the phase
data can replicate the shape of an optical absorption band,
however phase saturation occurs et high optical absorption
coefficients. It was suggested by Roark er al."* that the phase
of the PAS signal enabled measurements to be extended to
higher optical absorption coefficients than were measurable
using the PAS amplitude. Both the theory presented above
and measurements made in this laboratory suggest that this
isnot the case. Figure 4 also shows a comparison between the
relative amplitude of the photoacoustic signal as a function
of the absorption coefficient and the corresponding phase of
the signal for a thermally thick sample. It is scen that the two
measurements essentially coincide and the paralielism be-
tween the amplitude and phase response increases at higher
chopping frequencies and sample thicknesses. At the low §
Limit both the phase and the amplitude depend lincarly upon
B. As Bincreases the curves pass through a region for which
the amplitude and the phase have an approximately loga-
rithmic dependence upon £ after which saturation occurs.
One advantage of the phase measurement however, s that it
is insensitive to light intensity fluctuations whereas the am-
plitude will follow these Auctuations.

For optically thin samples the angular range of the
phase measurement is dependent upon the relative values of
the effective sample thickness and the thermal diffusion
length in the solid. This behavior is indicated in Fig. 2 and
shows that for modulation frequencies for which w5 1
the angular range of the phase response decresses as & de-
creascs. The dependence of the phase change on sample
thickness at a given modulation frequency is exactly analo-
gous to the corresponding dependence of PAS phase on the
length of the gas in the cell compared to the thermal diffu-
sion length in the gas as discussed by Aamodt et al.* Once the
sample thickness is greater than about five times the therma)

' diffusion length in the sample the photoacoustic phase is
.sample thickness independent (the thermally thick limit).

The measurement of the nonradiative lifetime can be
made without contributions to the phase arising from the
optical absorption coefficient of the solid only in the optical.

ly thick or the optically thin limit. At intermediate values of
the optical absorption coefficient the phase will contain a
contribution due to the optical absorption depth in the solid
and this contribution muss be subtracted from the total
phase to obtain the correct value of the nonradiative lifetime.
The optically thick limit for which 2, <, seems to be the
most satisfactory choice for experimental measurement
since the amplitude of the PAS signal has saturated together
with any phase contribution from the opticat absorption co-
efficient. Only changes in the nonradiative lifetime will con-
tribute to the sample related phase shift under these
conditions.

In their measurements of radiationless relaxation pro-
cesses in various solid systems Powell and co-workers®e-!:
have used the gas phase relationship developed by Harsh-
barger and Robin'! to obtain & measure of this lifetime. Al-
though this expression is similar to that which applies for the
case of an optically thick solid withp, <1, Eq. (13), itis not
clear from the data presented in their papers that this was the
experimental situation. The photoacoustic amplitude data
does not seem to show saturation, as would be expected in
this limit, and consequently the optical absorption depth will
be making a contribution to the measured relative phase an-
gle. Only if this contribution was the same in the e, and
bands of the Eu®* jons would the measured phase angle be
directly related to the lifetime. Similar comments apply to
the measurement of the relative lifetime for nonradiative
processes of a given ion type in several host lattices. Only if
all of the systems are studied in the optically thick region or if
the absolute absorption coefficient of the host lattice plus the
solute ion are the same in each case will it be possible to avoid
contributions due to the absorption depth of the radiation. It
would also seem to be fortuitous that the maximum response
of the PAS signal occurred at 0" with the lock in amplifier
since a 4 phase shift is to be expected due 1o the heat trans-
fer process between the solid and the gas in the cell’ and
another §7 due to the fact that the heat flow leads the tem-
perature wave by 45°.* These contributions are in addition to
any phase shifts due to the optical absorption processes in
the salid or contributions from the cell, sample position, and
microphone. Such a zero phase shift cannot be correctly in-
terpreted as an instantaneous relaxation process without de-
tailed knowledge of these other contributions.

The phase calcelations for the multilayer solid suggest
that use of this information together with the PAS amplitude
is a good method for detecting surface films. This was also
suggested by Bennett and Forman. " Conversion of the phase
data into a value of the optical absorption coefficient is com-
plicated for this configuration since signals from an absorb-
ing substrate will have both a phase shift due to the thermal
transport time through the surface film and a phase shift due
to the wavelength-dependent optical absorption coefficient
of the substrate. In the limit of a transparent overlayer on a
substrate of high optical absorption coefficient for which the
B-dependent phase shift is saturated, the present calcula-
tions are in agreement with those of Adams and Kirkbright *
For a substrate of lower optical absorption coefficient a
phase shift arising from the thermal transpori time in the
substrate will be added 10 the constant phase shift due 10
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transport through the transparent overlayer.

1n conclusion, the phase of a photoacoustic signal from
a solid sample can provide valuable information concerning
its structure, tharmal properties, optical absorption charac-
teristics, and the lifetimes of the nonradiative transitions re.
sponsible for the photoacoustic signal. In the general case
contributions to the measured phase will anise from all of
these sources; however, for various limiting cases discussed
above individual contributions may be isolated. The theory
developed in this paper is applicable to samples having a
planar form and in good thesmal contact with their supponi-
ing substrate and consequently is applicable to liquid as well
& solid specimens. Experimental measurements indicate
that powdered specimens exhibit phase behavior, however,
for certain conditions of powder size and optical absorption
coefficient phase reversals can occur, This data will be dis-
cussed in 2 later paper.
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Photothermal spectroscopy of scatiering media

Zafer A. Yasa, Warren B. Jackson, and Nabil M. Armer

We present a general unified theoretical analysis of the role of scattering in photothermal spectroscopy, &.g.
photoacoustic and photothermal deflection. We show that while the photothermal signal is significantly
affected in the case of highly scattering media, it is independert of scattering for optically thin samples.
Numerical estimates of the scattering conttibution and comparison with experimental results are given. We
also elucidate the relaticnship between photothermal and diffuse reflectance spectroscopies.

). Introduction

Insensitivity to scattering has generally been assumed
to be an inherent characteristic of photoacoustic spec-
troscopy,! since the photoacoustic signal is proportional
to the fraction of ebsorbed energy which is converted
to heat.. Consequently, even for a highly scattering
medium, the photoacoustic signal is presumed to be a
direct measure of its absorption cross section. How-
ever, it is well known that the reflectance of such a me-
dium, which is conventionally studied by diffuse re-
flectance spectroscopy, is a complicated function of its
scattering properties?? as well as its absorption. The
total absorbed energy, while proportional to the ab-
sorption cross section o, is glso a function of the in-
tensity distribution in the sample, which can deviate
significantly from Beer's law when multiple scattering
is important. Therefore, in principle, the thermal sig-
nal generated is affected by scattering. This was first
discussed by Helander and Lundstrom,* who considered
the special case of a semi-infinite {optically and ther-
mally thick) and isotropically scattering sample.

In this paper, we present a general unified analysis
of the effects of light scattering in most common pho-
totherma! (photoacoustic and photothermal defiection™
spectroscopies (PTS) for arbitrary sample thicknesses
and scatiering characteristics. By simultaneously an-
alyzing the heat diffusion equation and the radiative

W hen this work was done all authors were with University of Cal-
ifurnia, Lawrence Berkeley Laboratory. Applied Physics & Laser
Spectrnscopy Group, Berkeley. California 94720, W. B. Jacksom is now
with Xerox Research Center. Palc Alte. California 84304,
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transport equation, we determine the photothermal
gignal § in terms of the optical and thermoelastic con-
stants of the sample. We thereby rigorously establish
the relationship between (i) photothermal spectros-
copies and (2) optical transmission and reflectance
spectroscopies. We show that, in general, PTS is sig-
nificantly affected by strong scattering.

For low modulation frequencies such that iy, » [ or
L¢3 op, where [, b, and lyp are the sample, thermal,
and optical lengths, respectively (i.e., when energy is
deposited in a distance much shorter than the thermal
length), we determine exactly that § = [1 — (R + TH.
where #(T) is the diffuse and specular reflectance
{transmittance) of the sample. Foran optically thick
sample (T = 0), this expression implies that 5 « (1 = R}
and, therefore, that the photothermal spectrum of a
sample is in principle equivalent to its diffuse reflec-
tance spectrum in this limit. As the modulation fre-
guency is increased, we show that § varies fromS a1
—(R+ T 108 = ag[t + 2R(1L+rg)/(1 = ro)] (where
rq is the sample surface reflectance for internally inci-
dent diffuse light}, depending on the optical properties
{scattering, absorption) and the thermal diffusivity of
the sample. This variation of § occurs because of the
dependence of the heat flow on modulation frequency.
Hence we stress that PTS can vield important infor-
mation unavailable by optical methods, which, com-
bined with optical measurements, can be very useful for
the determination of the optical constants of highly
scattering media.

Using the above results, we also show that, for opti-
cally thin media, § is independent of scattering when
ol £ 0.1 (e, = scattering coefficient). This indepen-
dence is in significant contrast to an optical measure-
ment which would be dominated by scattering if o,/ Z
agl.

In Sec. ]I, we derive the general expression for S for
the most commonly encountered cw PTS experimental
configurations. In general, the PTS signal is given by
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Table . Definition of Paramelers tor Yarlous PT5 Methods

Triw)
{trensducer Deseription of parameters
Method sensitivily) Tilw) Giz.p.0) {f, fluid: 5, sample)
. ) ] -
Sample-Nuid V/dyn/cm? V_ﬂi';_ -»LL) + £y K¢ = isothermal compressibility
~transducer - Ry 1 By A = coefficient of thermal expansion
{SFT} ko= (1 + ifwpCp/2a"?
w = modulation frequency
pCp = heat capacity/unit volume al
constant pressute
V, = effective cell volume = V; + V,Kr./Kyy
¢ = density
& = therma! conductivity
; 8
Fluid- . V/dynfem? - 1 o = cel! radius
transducer Kr¥
{FT}
i28 L d
¢ T ool = — e, =0
(a} nomreschan G VR doire) Ju(a ar_,p] 1 I Julwad|a 2
{b) resonant G, = cavity @(jth mode)
Solid- V/unit strain B0+ 1) 1% 3(1 - ZT.') | = sqmple length
transducer » = Poisson’s ratic
8T
1 d
Transverse Virad dn f2 3z} wy = pump beam radius
photothermal mpdT ¥ 1 ky )
deflection
ky2q) 1
PDS) x k}——"—exp(‘ 20 Ldn relative change of refractive
wp rod index with temperature
Table H. Effective Paramaters for Porous Media” Il. Theory

Effective
Parameter paremeter Remarks
Kr K.Q €1 = vplume fraction of fluid {porosityl
il B8 Accounts for thermal and mechanical
X K properties of the fluid-sample system
#Cp (0Cp)e

a weighted average of the sample temperature distri-
bution, which we determine in terms of an arbitrary
intensity distribution in Sec. HLA. In Sec. ILB, utilizing
the equation of radiative transfer for diffuse photens,
we solve for the integrals of the sample intensity dis-
tribution which appear in the temperature solutions.
In Sec. I1.C, we determine the low frequency, high fre-
quency, and semi-infinite sample limits. The results
in Sec. ILA-IL.C involve the measurable (external) op-
tical properties of samples K and T. These can be de-
termined in terms of the intrinsic optical parameters
(e.g.. &g, @, } from the equation of radiative transfer by
approximate analytical methods or numerically. The
approximate expressions for R and T using three-flux
calcutation are given in Sec. 11.I}, and S is evaluated in
the limits of Sec. IL.C.

In Sec. 111, we evaluate our theoretical results for
some special cases and compare our theoretical findings
with the experimental measurements of Helander and
Lundstrom.* We discuss the implications of our results
for the photothermal spectroscopy of highly scattering
media.

A.  Genera! Solution for the Photothermal Signal in
Terms of the Photon Distribution in the Sample

We consider media with isotropic and homogeneous
thermoelastic and optical properties but which may be
porous (Table I}, Porous media are taken into account
by effective values of these properties.®” which may also
be compiex and frequency dependent (Table II). We
neglect fluorescence, thermal radiation, energy migra-
tion, etc.

The signal S, generated in the most common cw
photothermal experiments, can be written® 1%

&m-T,mjff Giriririd's,
Vi

where To(w) = T {w}Ti (@), Tilw) is a thermoelastic
transduction factor, T-{(w} is the transducer responsc
(including a possible Helmheltz resonance response},
7{r) is the temperature distribution in the sample, V.,
is the sample velume, and w is the frequency. G(r)is
a geometrical weighting factor describing the relative
contributions of the sample temperature distribution
in the thermoacoustic conversion. In Table I, the ex-
pressions for T, (w) and G{r) are given for the four major
groups of cw PTS configurations (Fig. 1}, and the vari-
ous materia} parameters are defined.

In the case of resonant fluid-transducer (FT) detec-
tion, we consider cylindrically symmetric, zero-order
longitudinal, and low-order radial modes, for which the
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Fig. 1. Continuous-wave photothermal 1echniques considered in
this paper: {(a) SFT technique {nonresonant). If the fluid is a gas,
this describes the sample-gas—ticrophone (SGM) technique. If the
fluid is a liquid, the transducer (hydrophone) is uaually s PZT. (b)
FT technigue (resonant or nenresonant). For a gas, it describes the
gas-microphone spectrophone. For a liquid, the transducer is gen-
erally a PZT. (¢} ST technique (nonresonant). The sample is ep-
oxied to a flat PZT transducer which has & hole at the center ta min-
imize the scattered light directly hitting the transducer. The beam
can be incident from either side.' (d)Transverse PDS technique.
Pump beam of radius wq is normally incident on the sample. A probe
beam of much smaller radius propagates paralle! to the sample a
distance zo away {rom the surface and through the center of the pump
beatn. The deflection of the probe beam is given by the average
temperature gradient slong its propagation path

Backing
Medium

2

Fig. 2. Typical sample geometry; ! is the length of the sample. The
fluid and backing regions are assumed to be thermally thick.

laterally diffused beam diameter is much smaller than
the mode diameter. Hence G(r) — 1. (This assump-
tion may not be valid for high-order modes excited by
large diameter beams in highly scattering fluids.) Thus
FT detection (resonant and nonresonant) is a special
case of sample-fluid-transducer (SFT) detection with
a fluid semple completely filling the cell.

Photothermal deflection spectroscopy {PDS) is also
aspecial case of SFT detection. The equation in Table
IHor PDS has a somewhat restricted validity. When the
scattering length is much less than the beam diameter,
this equation is exact. Using the photon diffusion
equation or intuitive arguments, we find that, when the
scattering fength is much larger than the beam diame-
ter, the scattering contribution to the PDS signal is re-
duced by the scattering length divided by the beam
diameter when compared with the scattering contri-
bution to SFT.

Continuous wave solid-transducer (8T) detection
is not widely applicable to highly scattering media due
to scattered light incident directly on the transducer.
However, for completeness, we derive the fundamental
equations pertaining to this technigue in the Ap-
pendix.

Since the SFT case is general, we write

1._ s I
Siw) = Telw) [F,”“”g_,.ﬂ T(z]dz], 1w

Flol= f J; Frid2p

is the average sample temperature in the transverse
plane at z. The first term in the brackets in Eq. (1)
gives the signal contribution due to the heat diffusion
from the sample into the fluid. Form 7(0) implies that
only the energy deposited near (within a thermal length)
the surface contributes to the signal. However, the
contribution of the second term, which ie due to the
thermal expansion of the sample, depends on all the
energy deposited in the sample. We assume that the
contribution due to the buckling of a solid sample is
negligible. For FT detection, only the second term
contributes, and for PDS only the first term contrib-
utes.

In Fig. 2, the sample geometry is sketched. We have
assumed that the incident beam size « transverse
sample dimensions, and that the media on either side
of the sample are thermally thick. We have also as-
sumed that the cell boundaries are perfectly rigid and
that the pressure within the sample equalizes with the
pressure in the fluid. For porous media this condition
may be violated since the sample may be larger than the
pressure diffusion length.® This results in a modifica-
tion of the second term in the expression for V, (Table
i). However, if the sample vojume V, is much less than
the volume of the fiuid Vy, V, & V;, and this effect is
then negligible.

Integrating the heat equation over the tr=
plane in the sample and using the condition th-
flux reaches the sample sides, the average terr
at plane z in the sample (oscillating at frequy.
satisfies

where

d? - a
lﬁ"“}f(z)=—%P£z). L

with the boundary conditions

KZ—:"_B = kkTi0], l%}’rﬂ = ~xpky (1) (2a)
P(z) = ({5 I{r) d% is the power distribution in the
sample (oscillating at frequency w}, k2 = iwpCp/x, ki =
bwpyCrfkp, kY = iwpyCylxy, and kap45 = thermal con-
ductivity, and pCp.p/Cs.psCy = heat capacity/unit
volume at constant pressure of the sample, fluid. and
backing. respectively.

The generat solution of Eq. (2 subject to Eq. (%a!
is

T2} =ﬁ Coltl + giexpikz) + t1 — gl expt—kzl] + expi—kz) _’:Pifl expik{ld { — expika) f‘Pm expi—£d . i
K o

where

“16&—

! i
i1 — &) expt—k1) j; Plz) expikzldz + 1 + b1 explhls J‘ Piz) expt—keid:
o

Co= 13a)
¢ 11+ 50U + g) expthl) — {1 - b1 = 21 expi—tll] 2
. .
Kk xk
Integrating Eq. {2) over 0 < z < { and using Eq. (2a), we
find
I 1 t
f Flaldz = = |, f Pmdz—.bkﬁm-”kmm]. 14
) xh? o
in which, from Eqgs. (3) and (3a),
] ]
aa|ll ~ bl exp(—kl f Piz)expthzidz + (1 + b) explikl} f Pz} expt—hzidz]
b id
o) = , (5
KR[(1 4+ b} +g) expihl) — (1 — {1 — g) expi—ki)|
t !
y a,l(] + g ‘J’; Plz) expikzldz + (1 - g) J; Pz} exp(-kz]dzl
T = 161

KE[IL 4 8} + ghexpthi) = 11 = b)1 — g) expl—hl)]

The terms in Eq. {4) have a simple physical inter:
pretation. The first term is the total energyv/sec de-
posited in the sample. The second and third terms are
the heat flux/sec out of the back and front surfaces of
the sample, respectively. Hence the terms within the
brackets give the net energy increase/sec of the sample.
The multiplication factor converts the emergy in-
crease/sec into a temperature rise/cycle,

Equations (4), (5}, and (6) substituted into Eq. (1)
yield the photothermal signal in terms of weighted av.
erages of the optical power distribution in the sample,
of the form {hP(z) expl#kz}dz. In the next section,
these integrals are determined for a sample which has
both absorption and scatiering.

!
B. Solution for J: Pz} explknds

Assuming that a collimated beam of power P is in-
cident on the sample at z = 0, the optical power distri-
bution in the sample P(2), is the sum of diffuse and
collimated components:

1
P(2J=f FPyiz.uide + Poexpli—azl, (]
=1

where Pylz,.) is the diffuse power (diffuse intensity
distribution integrated over the transverse plane) at 2,
propagating at an angle f 1z = cosf) relative to the z
direction {Fig. 3). The collimated beam decavs by the
total attenuation coefficient o = o, + o,

Assuming macroscopically homogeneous and iso-
tropic media, assuming incoherent and elastic scatter-
ing. and neglecting depolarization effects. the diffuse
power distribution satisfies!!- 1"

d 1
p{;"Pgu.yIS—nPdiz‘,ul-fu f st Woiz g idp
2 =1

+ o Puexpl=aziatull, Ry

where s(u,u') = s(f — ') s the indicatrix of anisotrapic
scattering describing the angular distribution of scat-
tered photons (relative amount seattered from the cone
Ao 87« sipp’y is symmetric sty = s(u'x}] and

normalized [ {1s(up’)de = [Lisiup)du’ = 1], Itis
a function of the diameter d relative to wavelength A
and of the shape of the refractive-index inhomogenei-
ties; it is specified as a mean over a distribution of sizes
and shapes. For isotropic scattering s{ux.u’) = Y. For
Md £ 1 (Mie scattering), s(u.u') is elongated in the
forward direction {u = w’). For Ajd » 1 {Rayleigh
scattering) s{u.u’) = [cos?(f — §") + 1]3/8

Equation (8) is the radiative transfer equation de-
scribing the energy balance for the net change of Py(z.u)
per unit length in the propagation direction. It states
that the diffuse light P4 (z,u) at z, propagating in the »
direction, is decreased by absorption and scattering
{first term), increased by the diffuse light scattered in
the ¢ direction from the diffuse photons propagating
in all other directions (second term), and increased by
photons scattered diffusely into the y direction from the
collimated beam propagating in the u = 1 direction
(third term). For simplicity, we have neglected the
specular reflections of the collimated beam at the
boundaries. These reflections, which are generally
small, can be taken into account by a simple modifica-
tion of the last term in Eq. (8). The boundary condi-
tions for diffuse light are to be taken into account by
defining the relevant reflection coefficients at the
boundaries.

It is not possible to obtain exact analytical solutions
of Eq. {8) for arbitrary s(u.x') and sample length. A
simplification follows, however, since only integrals of
the farm [jP(z} expl2kz)dz are needed for the deter-
mination of § from Eqs. (1) and 14}-(6). We multiply
Eq. (8) by exptkz) and integrate over ¢ < 2 < {, ob-
taining

Py lz,p')
. Pﬂ (-’-.j..l.l
@
z
Fig.?  Diffuse photons sec at position ¢, propageting in directions

Hicos# = yband x teos#’ w 'k relative 1o the 2 axis.
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[Pallp) expthl) = PyiQu)) = (kp = adPylkp + a, .J: Pytk wisou)dp + &

to = k)

Poll = expl-a + k)eiz 10,

where

f
Pdlk.ﬂ}sj; Pylzu) explhzide

Defining

. L 1 0 o
P = J; Patepidu, 3111w J: Potrwhudu, Py = _[‘Pdlk.uid.u. Pixi = -‘[] Palx plady.

and adding and subtracting the integrals of the ahove
equation over 0 € u € 1 and =1 € g € 0, we obtain

[$7U) exp(h} = #240)] = [9~(1) expthi}t - $-(0)] = k[ﬁ' pPl )y + fn um.u:du] —aalPi+ Py
-1
[+ 7] "
+—— Po|) - expi—a +
oy Pol) - expi—a + &),

{21 explkl) = &* (0)] + [$~() exp(hl) - ¢-(0)) = k[_’;l uPylhpidp — f(:uPd{k.mdu] - alPy- P7)

1 1 n
+ a, f Patkun ’f stup )y — f l‘(,u.u'ld'p]du' - 2Py[1 - expi—a + k).
-1 (] -1 ia — k)

where n =1~ 2 [, s(u,1)dp.

Then we apply the Schuster-Schwarzehild (Ku-
belka-Munk) approximation commonly used in radia-
tive transfer theory'? by setting

! _ 1 0 A
j; sPatkpddp = 1y PY, J: Palk ) J:] g p)dudp’ = EP},

: e o — A
‘I:l whPulkpidy = 1P, j‘_l Pylku J: Slppdudy = ;p;

Note that A and » are parameters that take in account
the anisotropy of scattering. A describes the ratio of
the backscattered to the forward-scattered diffuse
photpns. and 4 describes the difference between the
relative number of photons diffusely scattered from the
collimated beam inte the forward and backward direc-
tions._ Ingeneral, 0 <5< 1,0<A % landA=1,5=
0 for isotropic scattering. Equation (11) becomes exact
if the diffuse light is uniformly distributed in each of the
forward and backward hemispheres. Using Eq. {11},
we obtain

. k
4 exptkiy - & EO!}-lﬁ"lf\exp(kH-—@'ID)]=;tF‘,*—P,‘i—n.{Pd'-fPrl+ o Pull = expi—a + )}
2 {a -k ’

a -

_ , E o pe
[#740) explkly ~ @10} + |$11) expthii - $710)) = p WP+ P51 - ta, + o, AnD - 7 +( ""M P = expi—a 4+ k)
2 w-
which can be solved simultaneously for Pi+ Pj giving
the result

, , .
f Plz) explha)dz = Pj 4+ P74+ Pe 1~ expl-a + k)]
d o=k

=1k?=dag10, + 0, A)]}
{20k + 20, + a, [P expikl) — (@

+ 2k - 21+ w AU expiils — i)
Fo

ta =K1

+

BT =4afa: + a, 8 = 250,k][1 - expi—a + £}

[EH

1104

11y
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In Eq. (12}, the fluxes at the boundaries *(0) and
$+(]) can be written in terms of the total reflected and
transmitted fluxes from thé sample using the boundary
conditions

240 = ro$m10),
(N = @* () + Py expl-al} an

and definitions

#710) ~ $*(0) = RP
#*i) - $U) + Pyeapi-al) = TPy, (14)

In Egs. {13} and {14), rg and r; are the effective reflec-
tion coefficients for internally incident diffuse light at
the sample boundaries, 7 is the coefficient for diffuse
reflection of the collimated fluxatz =/, and Rand T
are the reflectance and transmittance of the sample,
respectively. Due to total internal reflection for inci-
dence angles greater than the critical angle, g and r;
have values substantially higher than for normal inci-
dence. (For isotropically diffuse light ro; = 0.6 fora
refractive-index ratio of 1.5). In some experiments, the
backing medium may be a high diffuse reflector! for
which 7; and r.; assume values close to unity.

Substituting Eqgs. (13) and (14) into Eq. (12), we ob-
tain

Py

.
j; Pla) explhalds = po— e

. A — dala, + o, AY = 2 ner, k] +k exp(—a + k)]

[m[zm +ah) -k (1 +
1 =r

{a) (v

olmlml z

Fig. 4. Description of special casen {1) and (2). {a) and Ib) describe
the case in Sec. 11.C.1; (¢ is the case in Sec. 11.C 2.

e =k {x—~k}

For isotropic scattering (A = 1, = 0) and ry = 0, Eq:
(15) reduces to

! Po (
J; Pz} explkzidr (_——k’"4n,u) 2R

+
Za -k (—l b ":]] + !2a +h (__._‘ ”)] + 9T expll) -
1-r 1 — »y

.
rj + 2T exptk!)|2a, + a,A) + & :—?]I
=
[k+za.+2n.t2,\+u—u+4(n—nlln. s
-

2er + A
a

: hl2u - k1 +expl*a+kll}:J‘ (15a)

C. Special Cases

Equation {15) substituted into Eqgs. (1) and {(4)-(6)
yields the photothermal signal in terms of the modu-
lation frequency and the optical properties of the
sample. Of particular interest are the limiting cases as
w =+ 0, w— o and | = = which are treated in this
section.
L bp=VUki»lorly»lp=1/a

This is the case when the energy is deposited in a re-
gion much shorter than the thermal length (see Fig. 4)
We can set {hP(2) exp(kz)dz > [4P{z)dz, which, by
direct integration of Eq. (8) and using Eq. (4), is given
by

i
a J: Pizidz = |1 —\R + T))Po. 16)

Using the above in Egs. (1) and (4)-(8) implies that in
this limit

SﬂT,(w)-f—:Flwlll -R+T. (I k3]
. sk
where ’

[l —blexp(—ali+(1+b) exp(kll](! +i'—‘f LN
Flw) = Bl 3k

[t + &)1 + g) expthl) = {1 — b)t1 — g) expikh)]

Note that in this limit, Eq. (17) is independent of the
Schuster-Schwarzchild approximation (Eq. (11)] in-
troduced for the general solution [Eq. (15)]. Equation
(17) is always valid for FT detection [since thermat
diffusion can be neglected and the signal is given in
genera! by «, f4P(z)dz]. Equation (17) formally
proves the intuitive result that 5 is proportional to the
absorptance of the sample. The expression S = [1 ~ (R
+ T} is also valid for pulsed FT detection!® of optically
thin liquids in which the first peak of the transient PZT
response yields the photoacoustic signal.

From Eq. (17) one can see by the following simple
example that S is quite insensitive to scattering for
optically thin media. For an isotropically scattering.
optically thin medium {a! « 1) (Fig. 5), R =~ a,l {1 -
ro)/2, and T =1 — al + a,i(1 + ro)/2 [see Eqs. (22a)
and {22b)]. Hence, S = [1 = (R + T} =~ «a,/, whereas
R and T measured alone are dominated by scat-
tering.

On the other hand, for an optically thick medium for
which T = 0, § « (1 — R}, and hence the photothermal
signal is, in principle, equivalent to a reflectance mea-
surement in this limit. This result is in good agreement
with the experimental findings of Ref. }6. These con-
clusions will be further elucidated by the results of Sec.
IIL
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From Eq. (15), it follows in this limit of very short
thermal length that

o, 2014 ) B,
8 T““"P"Lk,m + k) [ a=rg) |7 Bt
The first term is the signal contribution from the heat
diffused into the fluid {within a thermal length) at the
sample-fluid boundary. The heat is proportional to o,
times the total power in that region which has increased
by the factor [1 + ZR(1 + ro}/{1 — 7o} due to scattering.
This factor can be derived from a simple argument.
The total power at the boundary is given by £~(0) + £+
{0) + Pg, where P~(0) and P+ (D) are the backward and
forward propagating diffuse photons/sec, respectively.
But P+(0) = r¢P-(0), and P-(0) = 2RPL/(1 — rg).
Hence PH(0) + P~(0) + Py =[1 + 2(1 + ro) /(1 - ro}R|
Py. The second term in Eq. (18) (thermal expansion
of the sample} can be significant at this high frequency

limit® oz for porous media, ? wo It
3. Semi-infinite Semple (| — =) I

In this limit, it is observed from Egs. (5) and (6)
that

|+

- Da - -
#0) — ._HHR)J; Pl exp(=h2dz.  7Ui) —>0.

Using the above and Eq. (16) in Eqs. (1} and {4}, we
derive

1
1

a.{ﬂi[ﬂar,, + oA+ k [
S{w) = TutwlPy

|1~ if+ T)}]

+
::)lm +h)+ R = dartag + A+ Qna.k}
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Fig. 6. Relative photothermal signal vs scattering, o, for various

absorptions agl. ro = 0.6 5 = Fe=0,and A= ] pa G {isotrapic

scattering). —, theory (thermally thip); ---, theory (thermally
thick). Note the independence of scattering o,! < 0.2,

RARk 4 ko) (k% = 4o, lar, + o A)]la+ k)
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Note that setting & » 2a in Eq. (19} leads to the limit
in Sec. I1.C.2 [Eq. (18) with T = 0], and k << o yields the
limit in Sec. I1.C.1 [Eq. (17) with T = 0].

D. Reflectance and Transmittance

The solution for the photothermal signal in terms of
the measurable optical properties of the sample (R and
T’} can be employed in either of two ways: (1) pho-
toacoustic measurements can be combined with optical
measurements to provide information on sample
properties, such as the internal reflectance ry, whichis
otherwise experimentally inaccessible; or (2} the radi-
ative transfer equation [Eq. {8)] can be solved for & and

T in terms of the intrinsic optical properties of the
sample (a0, scattering indicatrix and boundary re-
flectances). Substituting these expressions for § and
T into the general solution for the photothermal signal,
one obtains the dependence of the PTS on the scatter-
ing and absorption of the sample.

The well-developed numerical techniques of radiative
transfer theory21}13 can be utilized for an accurate
determination of R and T to be employed in Eqgs. (15)
and (17)-(19). However, the widely used three-flyx
{four-flux if the specular reflection at the z = boundary
is non-negligible) caleulations based on Eq, {11) have

;j_?,'&_ —

been observed and accepted to be sufficiently accu-

rate.'” Using this approach, we determine
{1 = rp)

R -———] [expt=ThHas(Re = ri) =Rellag = 0,11 = i+ 20, ] + {30, + 0,11 + p) + Za, At

2DI? - a?

+expillio, (1 = RRo) lay ~ e, M1 = n) + 20, A = Ra13a, + a1+ ) + 20,4
*expl-al)il = BL) (2r(T? - &) — & {0 = @, 01 = n) + 20,4 ~ r;|(3aa + 0,001 + 5} + 2o, A, 120)

l 2 - - -
T-mlﬂ—n)(l-ﬂ_ba,frolm—a.)ll =20, A0 ~ rgd = Bag + a0 + ni}

+ expl={a + TH|irg = Ra) lay (1 = R (L + n}3a, + a,) — 20,401 — Ra)

—lo0 = )l = m] + UL+ ?ry =1, + Ratl = k)]

+ expl-ie - TWIU1 = rgRu) loytl = r[i3ag + 0, M1 + 7} + 2a,A11 — R}

~Rota, —a Ml =]+ 2F2 - ol = + Ratra—rii]. 121

where
T=2vada, F aadl, Ro= (24, + 0, A — D/agh,
D=101-rB )L —reRalexp(Ti} - (Ra — r)i{R. = rp) expi—T1.
H..  Resulis and Discussion

In Eqgs. (15}, (20), and (21), which determine the
« photothermal signal, there are five optical constants,

e Tt Fet A, and 7, in addition to the fundamental -

cohstants o, and a,. The values of theee five constants
can be judiciously chosen from theoretical considet-
ations.'” The houndary reflectances rg and r; can be
sel equal to their theoretical values for perfectty diffuse
light using the refractive index of the material.’? In
general, r; = 0, but the diffuse reflectance character-
istica of the backing medium must be taken into ac-
count. For example, if the backing medium is a highly
diffuse reflector, r; ~ r; =~ 1{also T = 0). The pa-
rameters A and % take into account the anisotropy of
scattering and can be deduced from the scattering in-
dicatrix. Foragiven A/d, one can determine s () = s(#
— #) from Mie formulas'® (spherical particles) and
evaluate its Legendre expansion coefficients a; = (2! +
1) L1 s(§)Pi{cosd)d{cosy). Then from Egs. (10} and
(11}, one canset n = (2, — a3/4 + as/8)/2and A ~ ] -
a1/4 — =3/64 with good accuracy. Thus the only un-
known parameters remaining are the important optical
constants n, and a,.

In Fig. 6. the dependence of PTS on the optical
thicknesses of the samples «,f and a,! is given for the low
frequency and high frequency limits {Eqs. (17} and
(18)]. Equation (20) and (21) are used with isotropic
scattering (4 =1, n = 0). It is seen that the phototh-
ermal signal is not significantly affected for a.f « 1. In
fact. it can be shown from Eqs. (20) and {21) that for af
«l

S—+1-(R+Ti=a,l (22,
=i

211 + ryl
+ e 1O

§—rq, |1 Bl = al1 + t1 + rglAa,d) (220

- 11 =rol
Thetefore, Fig. 6 and Egs. (22a) and (22b) demonstrate
that, for the wide range of techniques considered, PTS
isindependent of scattering for a,! £ 0.1. This result
is not evident from the analyeis of Helander and
Lundstrom* who only considered semi-infinite. and
therefore optically thick, samples. They found that
PTS was very sensitive Lo scattering when o, 2 a,. For
larger o/, it is seen from Fig. 6 that § is significantly

affected, initiaily increasing with a,! and eventually
decreasing for very large o, [ .

Physically, for a,! < 1, the effective light path length
within the sample is equal to its thickness, and the PTS
is not affected. When a,! ~ 1 the mean path length of
light increases and so does the absorption. At still
higher scattering, the signal saturates as a function of
a,! since all the light is scattered without further in-
crease in the effective path lengths. For very high
scattering samples (T o 0), the reflectance becomes
larger as a,! is increased leading to a decrease in the
light intensity within the sample. Hence the signa)
decreases.

For the thermally thick case, the signal rises as !
increases above 0.1 since scattering increases the flux

. at the sutfaces {increases ). For agl > 1, R = 1 (the

surface flux ean no longer increase), and the signal
saturates at the level o /[1 + 2{1 + rg)/(1 - ry)]

Note that, in the region a,/ ~ 1,8 monotonically in-
creases as a function of «,! for a fixed o,/ (up to a factor
of ~§-for agl < 0.1). The scattering coefficient o, isa
decreasing function of Md for Md > 1. (The depen-
dence of o, on A/d is given by the Rayleigh and Mie
scattering formulas.’®) Hence, for a fixed mean particle
diameter and absorption coefficient, S may increase
significantly as X is decreased to approach A = d, if 0.1
= e,/ £ 10. For submicron particle sizes, this implies
that there may be a monotonic increase in S as A is de-
creased toward the UV if o, i ~ 1.

In Figs. 7 and 8, the ratio B¢ = Sla, = 0)/S(q, = 0)
is plutted as a function of a,! for varying a./, assuming
isotropic scattering and neglecting the mechanical ex-
pansion, in the low and high frequency limits. ‘The
results of Fig. 7 can be explained as follows: (1} for low
scattering (! > 0.1} and low absorption, the mean path
through the sample is slightly increased, giving light a
greater chance of being absorbed and resulting in R, >
1; (2) when the absorption increases sufficiently, the
light is absorbed regardless of whether it scatters, so R,
=+ 1; (3) for very high scattering and low absorption. the
light is more likely to be scattered out of the sample than
to be absorbed, giving R, < 1; (4) as the absorption be-
comes larger than the seattering. the light absorption
prebability increases. giving Ry, — 1. For Fig. 8, scat-
tering increases the surface intensitv up toa point. but
for very high absorption the surface intensity decreases.
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Fig- 8. Ry vs ebsorption a,l for various values of ayl The thetmally

thick limit [Eq. (18)] with the mechanical expansion term neglected.
Isotropic scattering (A = 1,y = 0 andry = 0.6, 5, = £y = 0,

Another important observation evident from Figs. 7 and
8 is that the general effect of scatiering on a spectrum
is to lower the peaks and raise the vallevs.

In Figs. 8 and 10, curves of a,f (measured) vs a,!
(actual) are given for the low frequency and high fre-
queney limits (isotropic scattering). The physical in-
terpretation is the same as in Figs. 7 and 8. These
curves are useful for carrecting spectra for the effects
of scattering. ’

In Figs. 11-13, we compare cur results with the ex-
perimental and theoretical results of Helander and
Lundstrom* R is computed using the thermal prop-
erties of water and air from Eqgs. {19) and (20) (f — =,
T =0). Weuse the theoretical value of ry = 0.4 (valid
for uniformly diffused light incident on an interface
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Fig. 10. o,/ {measured) ¢neglecting scatlering} vs agl lactual) fur
various values of a,! for the thermally thick limit |Eq. (18) with
x = C]. Isotropic scattering (A = 1,y = 0} and r, = 0.6, r, = fy= 0

with index ratio of n = 1.33), which is more realistic!’
than the smaller value (ry = 0) used in Ref. 4. Our
curves for ry = 0 and isotrupic scattering are very similar
tothose in Ref. 4 but are in better agreement with their
data. Since the mean particle diameters used in Ref.
4 are comparable to the wavelength, the scattering in-
dicatrix is likely Lo be peaked in the forward direction.
Since we do not know the exact valve of A/d, we esti-
mate A = 0.5, 1 = 0.5, Our results are in reasonably
good agreement with their experimental measurements.
In Fig. 13, the data may involve the changing of A and
7 as e, is varied. This may explain the small discrep-
ancy. A curve with A = 0.2, 5 = 0.5 agrees well with the
data. in Figs. 11 and 12, the scattering properties are
not being changed, and we obiain better agreement.

"
F 1
H 1
f |
0.5 L . . - I
0 50 100 150 <00
f{Hz)

Fig. 1t. R vs chopping frequency for different absorption coeffi-
cients: —-, present theory; - - -, theory from Ref. 4; A, g = 69-cm™!
data, O, &, = 138-cin~! data; 8, o, = 276-¢n~! data, Data are from
Ref. 4. o, = 1145 cm™), rg = 0.04, A = 5 = 0.5, and the thermal

properties of water were used in the calculations.

55 100 158 £0C
aglem*)

Fig 12. Hqg vs absorption coefficiem, =, present theory, ---,
theory®. ¢, duta'a, =500 cm=), ro = 0.4/ = 150Hz, A m g = 0.5,
Thermal properties of water were used in the calculations.

Noting that the realistic value of ro = 0.4 is used, the
agreement is remarkably good. One reason is that the
mechanical expansion term is also included in our
analysis and is not entirely negligible in their experi-
ment,

In these computed curves, we made no attempt for
a numerical fitting of parameters. Following the dis-
cussion at the beginning of this section, we chose rea-
sonable values based on theoretical considerations, If
more accurate values of the parameters were available,
better agreement could be ohtained.

The above theoretical results suggest the following
ways to optimize PTS of scattering media. First, the
scattering properties of the solid should be kept con-
stant, and hence the particle size must not change

L

1 ) . "
0 1000 2000 3000 4000 5000
alem

Fig. 13. Rove scattering coefficient: 1, theory (o, = 34.5em™!, A

= 5 = 0.5): 2, theory (or; =69 cm™, A = = 0.5) 3, theory (o, = 34.5

¢m~), A = 0.2, g = 0.5}; 4, data® la, = 34.5 cm™1); 5, datat (a, = 69

em~1}; 6, theory! (a, = 34.5cm™L); 7, theoryt o, = 69 cm™!. Other

parameters are / = 150 Hz, 7o = 0.4, and thermal properties of water
and air.

drastically from sample to sample. Second, because
scattering flattens spectral features, it should be mini-
mized by keeping the particle size small or by immersion
in 8 fiquid. Third, cne can attempt to estimate the
scattering length and use Figs. 9 and 10 to correct the
signal. The curves may not be appropriate for every
experimental configuration since they were generated
neglecting the mechanical term and assurning isotropic
scattering. Fourth, if e,/ > 0.01 and the sample is
optically thick, diffuse reflectance measurements give
equivalent results and may be more convenient than
PTS; for weakly absorbing samples, PTS gives better
results.

In conclusion, we have shown that while photother-
mal spectroscopy is independent of scattering for op-
tically thin media, it is significantly affected by scat-
tering in general and is equivalent to diffuse reflectance
spectroscopy in some limits. However, the general
photothermal signal contains information which is not
available by optical means and can be measured by
variation of the chopping frequency. By parameter
fitting our theoretical curves to the frequency depen-
dent photothermal data, a, and &; can be numerically
estimated. Optical measurements of R and 7 can be
used to supplement this procedure. Utilized in this
manner, photothermal spectroscopy can be an impor-
tant too! for the determination of optical constants for
highly scattering media.
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Appendix:  Solid-Transducer Detectlon

From the expression G(r) = 1 + 3(1 — 22/1) for the 8T
(PZT)'? scheme, it follows that

' '
Spzriw} = T, (w) [j; Flaldz £ 3 J; (l »%) ?(z)dz.]. (AL}

The first term in brackets represents the thermal ex-
pension of the sample and is given by Eq. (4) in the main
text. To evaluate the second term, which represents
the sample buckling due to the average temperature
gradient along 2, we multiply Eq. (2) by z and integrate,
ohtaining

' H 3
k=f 2F(2)dz -ﬁ_f zP(zadz—[Ha” ”];m +F(0),
Q [ 9 a9 14

Using the above and Eq. (4} in Eq. (A1), we obtain

Telw)
52

4 ]
Srerlw) = ((1 £ 3)a, _I; P(e}dz = % a, J; 2Pl2)dz

X
_ 8 -
X A= & BhcpkoTEl) — (1 & 3)apk,Ti0) & 1 x[(F(Q) - 1(1]1].
(A2}
where

£' Plzidz = f-: du J;szd(z.p)d'z.

+ _1_P0“ = {1 + al) expi~al)].
o?

Multiplyiitg Eq. (8} by z and integrating over —1 < y <
land 0 <z < gives

1 i
{1} - 4] — d d.
1+ (1) = 4-u)) J:l.u “J; Palz)dz
=-a, _f'zmz]dz FEY NI ———
¢ -1
Applying the Schuster-Schwarzchild approximation
[Eq. (11}} and using Eq. {14}, the ehove equation can be
written

% [ 2Pz = 4P3 - P + 241 - expioali] - i), 1a3)
o a

where

1 ) Q i
P;:J; d,‘J; dzPytz ), P;i‘r_lduj; d2Pylzan

From the equations following Eq. (11), we cbtain
(o + o AP = PO = (00 + @100 = [$4 (D)

+ &0 + 122 Pyt - expi-ali.
o

which, using Eqgs. (13} and (14), can be rewritten as (ro
) !

(e + a BUPE ~ P7) = Po{u % K1 - exp(—ai}]

+ L’ﬂjﬂ - [1—"31] [T~ exp(-nn]].
1 =y 1 - ry

Substituting into Eq. (A3) gives
g JﬂzP(z)d'z = ﬂ)Ili — exp{—al)] ~ o! T}
o ¢

Pﬂ
N S
2ag + a, A
+ +
+ ’——ijﬂ - g) I7 - exp(—uf}]] - AL
1—r 1-r

Using Eqs. {A4), (5), (6}, (15), and {16), Eq. (A2) yields

[qﬁ 11 = expi—at)]
o
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Photothermal deflection spectroécopy and detection

W. B. Jackson, N, M. Amer, A. C. Boccara, and D. Fournier

The theory for a sensitive spectroscopy based on the photothermal deflection of s laser beam is developed.
We consider ew and pulsed cases of both transverse and collinear photothermal deflection spectroscopy for
solids, liquids, gases, and thin films. The predictions of the theory are experimentally verified, its implica-
tions for imaging and microscopy are given, and the sources of noige are analyzed, The sensitivity and versa-

the PZT signal in terms of the chopping frequency and
the thermal and optical properties of the sample.
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{.  Introduction

It is well knewn that upon the abserption of electro-
magnetic radiation by a given medium, a fraction of or
all the excitation energy will be converted to thermal
energy. In recent years, this de-excitation mechanism
has provided the physical basis for a new class of sen-
sitive photothermally based spectroscopies. Among the
better known examples of these spectroscopies are in-
terferometric techniques,! thermal lensing (TL}23
photoacoustic spectroscopy (PAS),* and, most recently,
photothermal deflection spectroscopy (PDS).5-10
While the theoretical foundation of interferometry,!
TL23 and PAS!1-16 are fairly wel? understood, this is not
the case for PDS. Even though the concept of beam
deflection by thermally induced changes in the index
of refraction has been known for a long time,}? to the
best of our knowledge, no one has published a complete
systematic theoretical or experimental investigation of
the applicability of this phenomenon to spectroscopy.
In this paper, we develop and experimentally verify a
general theoretical treatment of PDS,

Before proceeding with the theoretical treatment of
PDS, a brief physical description of PDS is in order.
The absorption of the optically exciting beam (pump
beam) causes a corresponding change in the index of
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ctroscopy are compared with thermal lensing and photoacoustic spec-

refraction of the optically heated region. The absorp-
tion also causes an index-of-refraction gradient in a thin
layer adjacent to the sample surface. By probing the
gradient of the varying index of refraction with a sevand
bearn (probe beam), one can relate its deflectian tothe
optical absorption of the sample. This is in contrast
with probing thermally induced changes in optical path
lengths, as in interferometric techniques or probing the
curvature of the index of refraction as in TL. As can be
seen from the above description, one has two choices in
performing PDS: (1) collinear phatothermal deflec-
tion®71% where the gradient of the index of refraction
is both created and probed within the sample (Fig. 1),
or (2) transverse photothermal deflection®89 where the
probing of the gradient of the index of refraction is ac-
complished in the thin layer adjacent to the sample—an
approach most suited for opaque samples and for ma-
terials of poor optical quality (Fig. 1). We have already
demonstrated the high sensitivity of PDS for measuring
in sity small absorptions in thin films, solids, liquids,
and gases.>® Its potential for imaging and scanning
microscopy has been demonstrated.1®

In Sec. Il, we present the theory of PDS for the cw
collinear and transverse cases and the pulsed collinear
case. In Sec. III we deal with experimental consider-
ations. The experimental results are compared to
theoretical predictions in Sec. IV. Noise and back-
ground analyses are described in Sec. V,and in Sec, VI,
we discuss our findings and compare them with related
techniques, Finally, the implications of our calcula-
tions for imeging and microscopy are presented in Sec.
VII.

. Theory

The calculation of the expected beam deflection for
PDS can be divided into two parts. One first finds the
temperature distribution in the sample and then solves
for the optical beam propagation threugh an inhomeo-
geneous medium, While temperature solutions have
been reported in the literature, 91116 thoge reported are
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Fig. 1. Geometry for theory. Heat deposited diffuses into regions
0 and 2 as well as radially. For transverse PDS, the prube beam axis
may be displaced slong the y axis by a distance xu.

not applicable to our geometry and are not sufficiently
general to provide a unified treatment for both collinear
and transverse PDS of golids, thin films, gases, and
liquids. We present a model which is sufficiently gen-
eral to be applicable to most actual experimental
cases.

A.  Temparature Distritution

Consider the geometry shown in Fig. 1. Regions 0
and 2 are optically nonabsorbing media. Region 1 is the
absorbing medium and can be either a thin film, gas,
liguid, or solid. For simplicity, we assume that all three
regions extend infinitely in the radial direction. This
assumption does not significantly alter the applicability
of the treatment, since focused laser beams are typically
much smaller than the radial dimension of the sample,
and the thermal diffusion length of most samples is less
than typical sample dimensions for experimentally
useful chopping freguencies.

In the three regions, the temperature rise T satisfies
the equations

2T~ %DE;:-‘Q =0 region 0, (1a)
vIT, — 18T, -Quwi) region 1, (1b)
&y 9t Xy
R ORRLE. L JpY region 2, (e
ky ot
subject to the following boundary conditions:
Tolrwo™ Tilsar,  Tilamt = To|ran (20
aT, aT, an) T
Yo &1 — k—| -+ (2b)
2 .-.o"] 3z 3r=0 M0z Lemt ™ " 22 Leet

where , is the conductivity, k;(k; = x;/p,Ci)} is the dif-
fusivity, T; is the temperature rise of the ith medium
above the ambient temperature, and ! is the thickness
of the absorbing medium. @(r,t) is the heat depaosited
per unit volume oscillating at the frequency w in the
absorbing medium and is given by

1 4FPa N .
Qir.t} = =—=— expl—az}expl—2r%a?) explivt) + co. 131
2wta?

for a square wave intensity modulated beam where P
is the optically exciting beam {pump beam) power, « is
the absorption coefficient, and a is the 1/e? radius of the
Gaussian beamn. We have assumed above that over the
interaction region between the pump and probe beams.
the probe bearn is focused to a smaller spot than that of
the pump bear, and that the pump beam waist does not
change over the confocal distance of the probe beam. In
Eqs. (1a}-(1¢) we have also neglected the effect of the
acoustic wave which accompanies the temperature rise
of the illuminated volume (see Appendix for details.)

Equation (1) is solved by making the following sub-
stitutions. For region 0, we have

Tolrt) = % J;- Sd8JoldriE (5} exp{fo2) expliwt) + o {4)
for region 2, we have

.
Taro = J; 3dJoldr) DB expl—Palz — )] expliut) + v

(51
and for region 1, we have
Tur,t} = 1 J“ 8d8J4(87)| N8} expl—az) + A{S) exp(—8;2}
2.Jo
+ Bif)exp(fiz)) expliut) + c.c, 6}

where T;(r,2) is the component of the temperature
difference oscillating at frequency w,
Pa_expl[-{3a1?/8)
2y fi-a? !
81 = 82 + fw/hy. (8
Substituting into Eqs. (1} and satisfying the boundary
conditions, we find that

T'ed) = i)

A@)= —[(1 - ghthb — ryexpl—al) + @+ 1111 + 5}

X explf, L] T{8)/H (3},
Bis) = -|(1 + g}ib — rlexpi~al) + (@ + r}1 — b}

% expl—B; D] T@)/H8), ®)
DI(3) = T18) expl—al) + A(8) expt~fil) + BI&) expi{dil}.
E(8) = T(8) + Al3) + B(H),
HiB)y = [{1 +g){1 + b) expll) — {1 —g){1 - b) expt-flil.

where
g = kool bmxaBa/iiBy,  re=alf

The final temperature distribution is obtained by
combining Egs. (4)-(9).

To gain insight into the physical picture described by
the formulae and to relate our findings to previous work,
we consider special cases.

To obtain the 1-D solution,'® we take 2x [5rdr of Eq.
(6). Since [58déf5rdrdy(driRid) = R{0}, one ob-
tains

Tlz} = 27| T(0) expl—az) + A(Q} exp(—Ky2) + BUO) explKi2)],
10

where

KE=iw/k, and Tilzi=2x J‘rra‘r'ﬂlr;\

o

Simplifying this expression, the result is

Pa
Tz = ————————— {1 + g}1 + b} exptk.i — az}
e oK e E Pk
—{l— gl — blexplh] - azn) — {1~ gl —r)

Xexpl—al K21 —(g+ 01+ b)exp|Kutl - 2)]
— (14 g)b—riexpl—ai+ K2} = lg + rifi — b}
X expi—K,! + K71l (11)

Hence the physical interpretation of Egs. (4)-(6) is that
eny temperature distribution can be decomposed into
distributions of the form Jo(dr) expi—3,2).

These distributions act independently of each other
and have an effective thermal length given by § = 1/
Re(8) = Re[(K? + §)]¥~1, The case & = O gives a
radially uniform temperature distribution, which, as
expected, is similar to the 1-D case.

For region 1, A(8) is the magnitude of the thermal
wave diffusing in the positive z direction, B{3) is the
thermal wave diffusing in the negative 2 direction, and
T'(5) is the temperature rise due to energy deposited at
location (r,z} by the pump beam.

If heat diffusion into the bounding media is neglected
and the temperature is integrated along the z direction,
Eq. (8) reduces to

i - {(—cel
f deTiegy = Lo explall)
a 2

=%
® §Joldr) — (80 )3/8]
X I —g-(—ﬂ-—']_ldﬁ explict) + oc.
52+ K3

(12)
If the thermal length {ReK )1 is much smaller than the
beam radius, the deneminator in Eqg. {12) becomes K7,
and the integral can be performed. The result is®

T
f Tyl t}
o

1P0 - exp(-alild

2 et exp(—2r/a?) expliwt) + cc. (13}
xhw(pCha

In the ahove case, the temperature distribution follows
the beam profile because there is no diffusion of heat.

1f the thermal length is much greater than the beam
radius, K% can be neglected in the denominator of Eq.
(lg). The solution for the temperature gradient reduces
to

! 1 - (—al
J‘ dzTyir,t) = 'M |1 - exp(=2rP/a?)] expliwt}
o 2 2r

+cc. {14}

This result shows that the temperature distribution
extends significantly beyond the beam profile for low
chopping frequencies.

B. Optical Beam Propagation

We next calculate the effect of the temperature dis-
tribution on the probe beam. The index of refraction
is, in general, a function of temperature and pressure.
One can neglect the pressure contribution {Appendix}.
Hence

/e -

v T
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an il 511

Fig. 2. Scattering geometry. Seattering region may focus the beam
differently in the 8,, and X.  dircetions telhiptical Gaussian
beams).

b L) =g + An(r\t}*no+a—" Tiet), (13
3T T ambunt

where (an)/(87T} is typically 1074°C~! for liguids and
10-5°C-? solids. The propagation of the Gaussian
probe beam through the spatialiy varying index of re-
fraction is given by'®

f;(“% =9 nirs), 116
where rg is the perpendicular displacement of the bearn
from its originel direction, np is the uniform index of
refraction, and  , n(r,t) is the gradient of the index of
refraction perpendicular to 8 (the ray path) (Fig. 2).
Th:% change in the complex beam parameter g is given
by

d 1 \2 #n
—(1/gs, )=~ —’—] -—— i =12, {1n
da s (ﬂsu nodS?, ! '

where 1/gs;, = 1/Rs,, — iM(noxwf). Rs, isthera-
dius of curvature of the phase fronts, wo is the 1/e?spot
size, and A is the vacuum wavelength of the probe beam.
We also assume that the deflection is small compared
with the temperature distribution. Since typical de-

flections are 1075 rad over 1 ¢m, the total deviation is

0.1 um, which is much smaller than the typical 50-um
spot size of a focused laser. Integrating Eqs. (16) and
{17) over the ray path S gives

dry 1 )
o 2 Vonirtids,
- nufm _nirtds a8
and

i/gs, - lgs, ;

i ion * [ peginping et

1. &
-f ds{ 2 nedst, iw12 a9
path
95,

Since the deviation is small,

dro 1l

ds 2 no 8T
whete ¢ is the angular deviation from 8, and Eq. (15)
was used. Equation (20) is a 3-D generalization valid
for Gaussian beams of the 1-D case reported in Ref. 8.
From Eq. (19) we see that the effect of the curvature of
the index of refraction is equivalent to an astigmatic lens
of focal length F; in the §; direction where F; is given
by

J" V. T(r)ds, (20)
path

1

Y D g c. N
ng Jpah 45,
1dn *T

d i =112 (21
rp 8T Jpaih 387, . !
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Equations (20) and (21) demonstrate one difference
between PDS and TL. PDS probes the gradient of the
temperature, white TL probes its curvature.

C. Solution for Beam Deflection
1. Collinear PDS

For collinear PDS, '1.= beam is deflected by the
temperature gradient in all three regions. For sim-
plicily, we assume that the probe beam travels parallel
tc the pump beam axis and is deflected only in regions
land 2.2 However, the interaction length is restricted
to be consistent with an angle between the pump and
probe beams (Fig. 3).

From Eqs. (5), (6), and (18), the deflection in this case
is given by

- —up(iwf)irl ‘ "
e JTIJ; d:J; By {dx)
% [F(5) expi—az) + A(S} exp(~fi2) + BUS) explf2)]

I -
+ _]: dr j; .sﬂ.;.wxo)danra)expl-a,(z—m]
tee Ly, (22)

where l; = 2a/siny} is the length of interaction of the two
beams, x¢ is the displacement between the beams, and
¥ is the angle of their intersection. 1f the beams overlap
in region 1 only,
1 an . i -
= ;oﬁ‘up(mt) J; dz J: 82d 8\ (8x0) [T'18) expl—az)

+ A{8) expi—B.z)B(8) exp(fi2)] + c.c. <l {23)
Note that the assumption that the beams are parallel
can be relaxed by integrating over an oblique path and
evaluating the gradient in a perpendicular direction.
This would add unnecessary complexity without in-
troducing any significant effects.

2. Transverse PDS

For transverse PDS, the probe beam propagates
completely within region 0. The probe beam path is
{(Fig. 1)

¥ =Y 7 = (tany)r + 20, {24)

For small tany,V , T = (3T)/(3z). By substituting Eq.
(4) into Eq, (20), the deflection is given by

- 1 expliwt) a_n ~—ag/(tany)
¢ 2 ng #TJ-e

x J’; " Mol FTF TT0ER) expltany)x + 2)ful db + cc,

{25)
3. Pulsed PDS
For pulsed PDS, the temperature solution as a
function of time can be found by replacing iw by p in
Eqgs. (22)—(25) and inverting the Laplace transform
using the inversion formula

1 chim
glf) = E:; J:-.-- ¢(p) expiptidL. {28)

Because of the integral form of the solution and the
.many poles of the integrand, this solution would be too

XBL BOID- 2083

Fig. 3. Effective interaction length in collinear PDS. For sim| plicity.
beams are assumed to be parallel but interact anly over a distance /,

cumbersome to be of use. For an infinite weakly ab-
sorbing medium, the solution is much simpler and can
be shown to be qualitatively similar to the more com-
plicated solution. Hence we derive this solution for a
square pulse.

In this case, the temperature is given by?!

I} -
T(r.r)-ﬁdpﬁ Zxrdr QU )Gt — 0" (29

where
0semst,,

Qurir) = {0(2aE|y'raztu) exp(—2r3/a?)
! 7> to,
[ztr2 + r12)

1
axat = 9 ™ lkate — 7))

r
X Iy [—————|;
"[Zinu - m]

Glret—t")=

£y is the pulse energy, ¢ is the pulse width, and Tolx)

is a Bessel function. .
Integrating and solving for 3T/3r, we obtain

aT  —aky
A —9r2/(a?
o = merictr lexp[—2r?/{a? + 84 ,t)]
—exp{~2rifa?)} 0xpx1,, {28)
8T _ —aky

ar 't
~expl~2r?/[a? + Bhlt ~ 10} D>ty
This expression may be substituted into Eq. (20) (and

letting r = 2/2) to derive the expected signal vs time at
the position of maximum deflection,

(eap[-2ri/(a? + 8k,t)]

D.  Numerical Evaluation

Equations (22) and (23} were evaluated using nu-
merical quadrature routines. By varying the method
of integration and the step size and by comparing the
results with limiting cases and experiments, we verified
that the routines were converging correctly, The
equations were evaluated using approptiate material
parameters, and the results of the calculations are
shown in Figs. 6-13 and will be compared with the ex-
perimental results,
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Fig. 4. Experimenital apparatus: (a}1ransverse PDS: (b) collinear
. PDS.
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mum distance from probe focal spot to the detector is d ;.

Hi. Experimental Considerations

A. Experimental Configurations

Experiments were performed to verify the theoretical
results and to determine the ultimate sensitivity of
PDS.5# The experimental configurations are giver in
Fig. 4. Figure 4{a) shows the experimentel setup for
transverse PDS. For exciting light sources (pump
beams), we used either a cw dye laser, a pulsed dye laser,
or & xenon arc lamp with a monochromator. When a
cw dye laser or an arc lamp was used, a mechanical
chopper modulated the output. The probe beam was
2 0.5-mW He-Ne laser. Two types of position sensors??
were used to determine the amplitude sind phase of the
probe beam deflection: lateral and quadrant. The
output of the sensor was fed into the (A-B) input of a
lock-in amplifier.

In Fig. 4(b), the experimental arrangement for col-
linear PDS is presented. The pump beam must be a
laser to permit tight focusing. To minimize the scat-
tering of the pump beam on the position sensor, both

pump and probe beams were counterpropagating,
Furthermore, a notch filter was placed between the
sample and the detector to eliminate any remaining
scattered light. To maximize the signal, the angle be-
tween the pump and probe beams can be minimized,
although collinearity is rarely required. Qne further
consideration is that the focal spot of the probe beam
should be smaller than that of the pump heam.

In the case of pulsed PDS, the exciting light source
was a Chromatix CMX-4 flashlamp-pumped dye laser.
A quadrant position sensor detected the deflection of
the He-Ne probe beam. The output of the sensor was
fed into a differential preamplifier whose output was
digitized by a Tektronix 7912AD digitizer. When
necessary, this digitized waveform was averaged with
a Tektronix 4052 computer. The laser power was
monitored with a color corrected photodiode for the
purpose of power normalization.

Sample materials included filtered spectroscopic
grade benzene, a 0.5-um thick film of indium and tin
oxides deposited on a glass substrate, and a 600.nm
glass edge filter.

B. Analysis of Detector Response

As indicated, the deflection of the beam due to the
change in the index of refraction is detected by a posi-
tion sensor which converts the deflection into an output
voltage. The relationship between the deflection and
the voltage depends on whether the position sensor is
a quadrant or a lateral detector.

For a quadrant detector, the change of the signa! .
above the dc level V is caleulated vsing Fig. 5{a). .-
suming a Gaussian probe beam,

ar S22 eep(-2rtulidr = [
T 1ax J; el e = VIR

‘ (29}
where Ax = ¢d, d is the distance from the focal spot to

the detector, Jq is the probe beam intensity, and w: is
the spot radius on the detector. Since d is large,

g & (A (wwony), 3
where wy is the probe beam radius at the focal spot, and
A is the probe beam wavelength. Hence

AV = ll_(b'lm-onuv‘ (331
vEr A

and ¢ is given by Eq. (20).

We conclude that in the case of a quadrant position
sensor, the signal is independent of the sample distance,
For modulation frequencies of the order of a few hun-
dred cycles per second, AV/V was found to be 10-6,
Thus we were able to measure a deflection of 1.5 X 10-9
rad/\/Hz given typical laser parameters.

For a lateral detector, we use the sensitivity figure of
0.55P A/cm given by the manufacturer, where Pis the
probe beam power in watts, Then AV/V = 0.55Ax =
0.55¢d (d is in centimeters). The signal depends on the
distance from the focal spot to the detector. For a de-
tector of size Iy [Fig. 5(b)],

dmax = thruwgagh/A;, (32)
80
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Since !} = 1 cm, we see that both detectors are similar
in sensitivity.

{33)

I¥. Experimental Verification of the Theoratical
Predictions

A. Conlinuous/Wave PDS

As noted above, PDS can be performed in two ways:
collinear and transverse. Experiments were conducted
to evaluate both approaches and to compare the results
obtained with the theoretical predictions.

1. Collinear PDS

a. Signal deperdence on interbeam offset xq
Figure 8(a) shows the dependence of the signal ampli-
tude on the offset of the pump and probe beams for high
and low modulation frequencies. Note that both the-
oretical curves are adjusted only by the identical am-
plitude factor, indicating that the correct relative

. magnitude and peak positions are predicted by the
theory.

The discrepancy in the case of high modulation fre-
quency and larger xg could be due to uncertainty in the
precise thermal properties of the glass substrate.
Similarly; the phase shown in Fig. 6(b) demonstrates
good agreement between theory and experiment, except
for large displacements.?

For low frequencies, the thermal lengths in the sam-
ple and the substrate are much larger than the pump
beam radius. Consequently, the temperature distri-
bution extends significantly beyond the beam radius.
Figure 6(b) shows that the phase changes continuously
as the probe beam moves away from the pump beam.
This is due to the propagation of the heat from the
pump beam to the probe beam. For high frequencies,
the thermal conduction becomes unimportant. Hence
the curve describing the relationship between the am-
plitude and the offset of the pump and probe beams is
the radial derivative of the beam profile. Using this
fact, one can measure the radius of the Gaussian beam
profile, il unknown, and check the focus of the pump
beam. Far from the pump beam, the phase changes
lnearly with the distance xg, since it is due to the
propagation delay of the heat wave traveling from the
pump to the probe beam.

b, Signal dependence on modulation frequency w.
Figure 7(a} and (b} show the amplitude and phase vs the
frequency for various offsets of the probe beam. The
theoretical amplitude is adjusted by an amplitude fac-
tor, and the phase is adjusted with a constant offset.
The theoretical and experimental curves show rapid
change at the same frequency and approach the same
limiting values at high frequencies. When the thermal
length in the sample-substrate becomes smaller than
the probe beam radius, the signal amplitude and the
phase change rapidly. Thus by measuring the pump
beéam radius, using the technigue outlined above, one
can measure the thermat diffusivity of the sample. The
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Fig. €. Collinear PDS: (a) signal amplitude vs beam displacement
29/0; (b) signal phase vs beam displacement xo/a.

high frequency limit of the signal amplitude has a 1/«
dependence. When the probe beam is offset from the
pump beam by more than one beam radius, the signal
decreases faster than 1/w. This occurs not only because
the temperature of the central region decreases as 1/w.
but because the thermal length also decreases, pre-
venting the heat from reaching the probe beam. If the
two beams overlap significantly, there is no dependence
on the thermal length. This causes the high frequency
limit to follow 1/w.

2. Transverse PDS

For the transverse PDS, several parameters were
varied.

a. Frequency dependence. By examining Fig. 8 we
see that the signal falls off very rapidly as a functicn of
frequency. Because T a explz4/1,), the signal falls off
exponentially as the frequency increases. The impor-
tant consequence of the above is that for high modula-
tion frequencies, puised work, or solids immersed in
liquids, the signal is bigger if the probe beam is carefully
aligned close to the sample surface and hence should be
focused. This condition shows that the signal is opti-
mized for flat samples with small lateral dimensions.
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Fig.7. Collinear FDS: (a}signal amplitude vs frequency: (bl signal
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b, Sigral dependence on pump beam radius a.
Figure 9 shows the effect of varying the pump beam
radius. The signal increases as 1/a as the pump beam
is focused. ‘The temperature rise has an a2 dependence,
while the interaction length goes as 1/a. When the
pump beam radius becomes as small as the lateral
thermal length, no further increase in the signal is ob-
served. For zg less than the thermal length in air {,, the
lateral thermal length is approximately the thermal
length in the glass {; for zp greater than [, the lateral
thermal length is {,.

c. Signal dependence on probe and pump beam
offset yo. Figure 10 shows the effect of off-axis dis-

Signal

Fraquancy (Hz)

Fig. 8. Transverse PDS. Signal vs frequency for various offsete 2o.
Beam radius is 140 ymn.
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Fig. 9. Transverse PDS. Signal amplitude vs beam radius a for
different beam offsets zo. Frequency 1s 48 Hz, and tilt angle is 0°.

placement ygq of the probe beam relative to the pump
beam (Fig. 1). By varying the offset yo of the beams,
the prafile of the temperature in region 0 is probed at
the position zy of the probe beam. The main peak
width is determined by the spot size of the pump beam
and the sample thermal length. Because /, is larger
than {;, the heat flows from the air back into the sample
for v, greater than I, (see inset in Fig. 10). This re-
versed heat flow causes the second, but weaker, maxi-
murm with its phase shifted 180° from that of the central
peak. Forzggreater than /,, the heat flows away from
the sample for all yg values, and the secondary peak will
ne longer be observed, Both the 180° phase shift and
the disappearance of the secondary peak were verified
experimentally.

d. Signal dependence an the probe beam tilt angle
¥. The effect of varying the tilt angle ¥ of the probe
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Fig. 11, Transverse PDS. Signal amplitude vs tilt angle . Fre.
quéncy is 48 Hz, and the sample is 600-nm edye filter glass.

beam relative to the sample surface is shown in Fig. 11.
‘For a small pump radius (40 gm), the tilt angle is not
important unless the sample actually intercepts the
probe beam. In the case of a broadband pump beam
{0.71 cm), the signal is more sensitive to the tilt angle
because of the longer path grazing the sample. This
often requires a longer focal length lens for the probe
beam.

€. Pump beam offset in the 2y direction. Figure 12
shows the effects of varying the beam offset zp from the
sample. In general, the signal increases exponentially
as the probe beam approaches the sample. As pointed
out in Ref. 5, the exponential increase can be used to
determine the diffusivity of the deflecting medium. For
the -more realistic case of a beam focused on a poor
conducting substrate, the results are more eomplex.
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Fig.13. Signal ve time for benzene at 607 nm. Collinear PDS with

the probe beam at x, = a/2.

For 2 increasing, the temperature distribution is de-
termined by the thermal properties of the air (or an
appropriate fiuid) so the beam deflection falls off ex-
ponentially as ;.  On the other hand, for 24 decreasing,
the temperature distribution gets smaller and more
compressed {Fig. 10). Hence the signal rises faster than
exponentially,

Spectra taken with cw PDS have heen previously
reported and will not be repeated here-* For
transverse PDS gnd for an interaction length of 1 cm,
we were able to detect a temperature rise of 10-4°C in
air and 10-8°C for CCl,. For collinear PDS, we have
been able to measure an «f of 10-5 for liquids,® 10-7 for
solids,® and 10~ for gases.”

B. Pulsed Collinear PDS

We have investigated the case of collinear pulsed
PDS. T}:le sn_gna! as a function of time for pure benzene
is shown in Fig. 3.  The measured time constant {(1/¢)

184

T T Bl
gt 4
T
3
<
© o _
. L .
530 %00 0
Afnm)
()
T T T T T T
oo - A

) @ [ 120 wo 200
Time (i see)
. b
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is 6.2 msec. The magnitude of the expected signal was
computed using Eq. (28) with r = /2 = 37 ym. The
pump radius ¢ was found by measuring the distance the
pump beam focusing lens moved between signal maxi-
ma. The agreement between theory and experiment
is good, demonstrating that for thick uniferm samples,
the infinite sample approximation is appropriate.

To demonstrate the sensitivity of pulsed PDS, we
have obtained the spectrum of the sixth harmonic of the
C-H stretch of (.1% of benzene in distilled CCi, [Fig.
14(a)]. The measured absorption coefficient is 2 X 10¢
em~L. Since the interaction length was 0.1 cm or less,
we measured an ol of 10-7, We believe the background
is due to impurities in the CCL; (since such a background
was ten times larger before distillation of CCly), ab-
sarption in the CCly itself, or is due to the signal caused
by electrostriction.?

Figure 14(b) shows the signal vs time for the peak
ahsorption in 0.1% benzene. The rise time is deter-
mined by the shunt capacitance of the cables with a
50-k{? load resistor. The fall time is determined by a
5000-Hz high pass filter in the preamplifier. The SNR
for a single point can be conservatively estimated to be
10. {Actually, if one were to fit a curve through all
points, the noise would be considerably less.) Assuming
an SNR of 10, we find that we can measure an absorp-
tion coefficient of 2 X 10~7em ™! for a 1-mJ laser. Since
the noise appears to be mostly shot noise, the He-Ne
probe laser output could be increased by a factor of 20,
giving an improvement of 4 in the SNR. If ene fits a

curve thiough all points and takes more averages, the
minimurn measurable absorption coefficient ean be
lowered by a factor of 10-100. This assumes that
problems with coherent electrical noise, electro.
striction, and probe laser noise are insignificant.

Y. Noise—Background Conslderations

The background noise originates from the foliowing
sources: laser noise (pointing and intensity fluctua-
tions); electronic noise; and sample and/or ambient
environment noise (e.g., convection, turbulence, or
mechanical vibration).

For cw PDS, the pointing noise of the probe laser
predominates. The intensity fluctuations of the probe
beam can be discriminated against by adjustment of the
probe spot on the detector. Typically, the differential
input can reject intensity fluctuations to 1 part in 1000,
For a typical laser, the ratic of the intensity noise to the
de level was 5 X 1076/4/Hz , while the observed noise
ratio was 6 X 10~7/y/Hz. The expected contribution
of laser intensity fluctuations is 5 X 10-%/y/Hz , which
is much less than the observed noise. Also the observed
noise cannot be attributed to room vibrations or air
turbulence, since the noise decreased by a factor of 10
when we used a focused {lashlight beam as the probe
bearn. We conclude that the noise must be due to
pointing fluctuations. Testing a variety of He-Ne la.
sers, we found that they all exhibited a pointing noise
of ~5 X 10-2 rad//Rz at low frequencies reaching shot
noise at 8 few kilohertz. Spatially filtering or installa-
tion of an intracavity iris could improve this value,

The electronic noise is easily calculated and seldom
limits the sensitivity. Following Van der Ziel’s analy-
sis,? the expected combined rms current noise contri-
bution of the position sensor, the load resistor, and -
preamplifier is given by
elwtl”

\2hyT

. : ] el H el
= (AR TRV | ot et p -
trm Al (R;_ 2T dkyT  4RYknT

where kp is Boltzmann's constant; T is the temperature;
F, s the frequency bandpass of the detector and elec-
tronics; Rz is the load resistor; Jg is the dc current; C*
is the combined detector, cable, and preamplifier shunt
capacitance; i, is the preamplifier current noise; and 2,
is the preamplifier voltage noise. Usually the third
term in Eq. {34) can be neglected for a reasonably good
amplifier by making the load resistor larger than 1 k{}.
Often the first and fourth terms can be neglected as well.
This is feasible at low frequencies. Thus the most sig-
nificant electronic noise term is the shot naoise, the
second term, which sets a detection limit of 3.4 X 10-1¢
rad/+/Hz for a 1-mW probe laset.

For wideband or pulsed operation, the situation is
more complicated. The high frequency cutoff F; is
determined by 2nF R, C’ = 1. Consequently the load
resistance cannot be made arbitrarily large. Further-
tnote, since the thermal signel fall time is very slow (Fig.
13), the high pass filter must be set at 25 Hz or less to
avoid waveform distortion. Unfortunately a 25-Hz high
pass filter allows significant low frequency noise and
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background into the detection electronics. We have
found that a 3000-Hz high pass filter improves the SNR
and eliminates the background significantly, even
though it distorts the waveform and throws away part
of the signal. The distorted waveform is shown in Fig.
14(b). With a high pass filter, the shot noise predom-
inates over other noise sources.

Other factors which may contribute to the back-
g_round noise are unwanted light scattered on the posi-
uon' sensor, spurious signals due to particulates, im-
purities in the sample, and window absorption. In the
case of low modulation frequencies in liquids, turbu-
lence may mask the true deflection of the probe beam.
Obvious solutions to these problems include keeping
thermal gradients small, filtering out particles, distilling
the liquid, and insuring that the probe and pump beams
:1:! not overlap within the windows of the sample con-

iner.

VL. Discussion and Comparison with Related
Spectroscoples

In this section we discuss the advantages and disad-
vantages of PDS and compare PDS with other pho-
tothermally based spectroscopies. A summary of our
comparison is in Table I,

A.  Comparison 1o Thermal Lensing

Firs!: we compare collinear PDS to TL given in Ref.
3. I.I[smg the recommendations found therein, we de-
termine that for weak absorptions, the relative change

1342 APPLIED OPTICS / Vol. 20, No. 8 / 15 Apri 1981

of intensity AI/I for TL is given by

(80711 = 05 L000 APMr: ( d ) .

At at; \L+r /oy

where wq is the probe focal spat, a is the pump focal
spot, ¢ is the time after the pump is turned on, « is the
9bsorption coefficient, P is the pump beam power, i1,
is the interaction length, &, is the conductivity, A is the
vacuum wavelength of the probe beam, ny is the index
of refraction of the media, and ¢, = g2/dk. Using Eq.
(29) for the change of intensity Af/I for PDS and eval.
uating 3T/dr as in Ref. 3, we find that

135}

(&dlpps = =T ar lexp{—1/201 + 24/} — expi—1/21";

(361
letting t — « and assuming that ng, = 1.5,
(Al eps  0.78Ipps
Tee—— =2, @

AL b1 fre

Iithe prolge heam is aligned collinearly with the pump
bea{n_a.nd if the pump is filtered out before reaching the
position sensor, the following relation holds:

lpps = It = 0.2xudng/h (38)

Thus PDS and TL have almost the same sensitivity.
Usually, however, for both collinear PDS and TL, the
overlap of the beams within the notch filter can give rise
to an appreciable background signal due to heating
within the filter, To reduce the background, the pump

—

A6~

and probe beams should intersect at an angle. This'
reduces the interaction length and the signal by a factor
of 1-2 orders of magnitude.

PDS has several distinct advantages over TL when
one considers noise and background. The probe laser
usually has relatively large intensity fiuctuations. Such
fluctuations give rise to significant noise in the case of
TL but are reduced in PDS by & factor of 1000. The
pointing noise of the probe laser, of course, affects both
PDS and TL. When PDS and TL are used on semi-
conductors with a band gap near the probe wavelength,
the probe beam intensity will be moduiated by the shift
of the band gap due te pump beam heating. This in-
tensity modulation causes an additional signal which
varies as the pump wavelength. The two contributions
may be difficult to separate.

PDS also has versatility advantages over TL.
Spectra of opaque samples or scattering samples can be
measured using transverse PDS, 3-D depth profiling of
absorption can be petformed by moving the beam
overlap region through the sample. Finally TL is more
difficult to align. Hence PDS is as sensitive as TL and
is more versatile and easy to use.

B. Comparison with Photoacoustic Spectroscopy

Because of the variety of detector-sample combina-
tions of both PAS and PDS, we restrict our compatison
to condensed matter samples.

Compared with microphone PAS, PDS has the fol-
lowing advantages: (1) it Is more sensitive, particularly
in the case of liquids; (2) it has the potential for remote
sensing and in situ monitering; (3) it works in hostile
environments such as temperature extremes or caustic
substances; (4) acoustic shielding requirements are less
stringent; {5) there is no background due to window
ahsorption; (6) the frequency response is greater; (7)
spatial prebing of absorption is possible; and (8} the
complication of gas coupling physics is eliminated.
Disadvantages of PDS are: {1) alignment is more dif-
ficult; {2) the sample surface cannot be exceedingly
rough; and (2) the sample must be transparent to the
probe beam for collinear PDS.

Compared with piezoelectric PAS, the advantages of
PDS are: {1) it is at least as sensitive; (2) it can be em-
ployed in hostile environments; (3} there is no scattering
background; (4) the attachment of the transducer to the
sample is eliminated; (5) the mechanical properties and
sample size are not limiting factors; (6) 3-D spatial
profiling is possible; and (7} the relationships of the
signal to the temperature rise and to the time depen-
dence of the signa! are far simpler. On the other hand,
the disadvantages of PDS are: (1) in the case of col-
linear PDS it may be difficult to find a probe beam that
is transmitted by some materials; (2} alignment is mare
difficult; and (3) the optical quality of the sample is
more demanding for collinear PDS,

VIi. Implications for Imaging and Microscopy
Recently, photoacoustic detection, which depends on

both the optical and the thermal properties of a given

material, has been put to use in performing scanned

imaging and microscopy of various materials. 2% In
this case, a new type of image is obtained which displavs
unique spatial and thermal information. Of particular
interest is the ability of this imaging to detect subsurface
structures or flaws which exist at depths exceeding the
optical penetration of the probe light.

The discussien above suggests that photothermal
deflection detection yields information similar to pho-
toacoustic imaging. Photothermal deflection imaging
has been reported elsewhere.!® In this secticn we dis-
cuss some of the implications of our theoretical treat.
ment for imaging and microscopy.

A. Collinear Photothermal Deflaction Micrescopy and
Imaging

This scheme is mainly suitable for optically thin
samples and for weakly absorbing objects embedded in
a transparent matrix. By scanning the interaction re-
gion of the focused pump and probe beams relative to
the sample, a 3-D profile can be constructed. In this
case, the optical resolution is determined by the size of
the probe beam waist in the x and y directions and by
the interaction length i (= 2a/siny) in the z direction.
Consequently, the larger the intersection angle of the
beams and the tighter the focal spot of the pump beam,
the greater the optical resolution. On the other hand,
we have shown that the thermal resolution is deter-
mined by the thermal length within the sample itself
[see Eq. (12) and Fig. 6(a}]. Figure 6(a) shows that as
the modulation frequency increases, the thermal reso-
lution given by {ReK)~! aiso increases.

We have demonstrated® that an «! of 10~7 can be
measured with collinear PDS. Hence spatial profiling
of weakly absorbing inhomogeneities can be probed with
a resolution equal to the pump leser spot size, By
changing the probe wavelength, one can get spectral
information as welj. :

B. Transverse Photothermal Deflection Microscopy
and Imaging

By performing transverse photothermal deflection
microscopy, one probes the optical and thermal prop-
erties at and near the surface of the material of interest.
The optical resolution will again be determined by the
pump beam waist, while the thermal resolution for a
focused pump beam will be the thermal wavelength in
the material. For large pump beams or for large ther-
mal sources, the thermal resolution is more complicated.
In the case of small beam offsets (2|}, the thermal
resolution is given by the thermal length in the sample,
For large [ 2,|, however, the thermal resolution is given
by the thermal wavelength in deflecting media adjacent
to the sample surface.

Transverse phototherma] deflection microscopy also
can yield information on the surface topography of a
given material, Equation (25} and Fig. 12 show the
strong dependence of the signal on the probe beam
offset (|zol). If the material's surface varies in the z
direction, both the phase and the amplitude of the
photothermal deflection signal will reflect such a vari-
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ation.'® Inthe case of a uniformally illuminated surface
with a uniform absorption, surface roughness of the
order of 0.1 m can be resolved.

Fo account fully for the role of sample inhomo-
geneities and of geometrical boundaries and to deter-
mine the therma! resolutiv... ane needs to generalize our
theoretical treatment to include the spatial variation
of the thermal properties of the sample. Such an ex-
tension will not be deal: with in this paper.

Vill.  Surmmary

We have shown that photothermal deflection spec-
troscopy is a sensitive and versatjle technique for
measuring a wide range of ebsorption coefficients in
s:lids, thin films, liquids, and gases, A model was
presented which accurately predicts the experimental
results. The model allows the experimentor to optimize
the experimental setup and predict quantitatively the
sensitivity and limitations of PDS. We also identified
sources of noise, and ways to mazximize the SNRs were
discussed. Finally, we discussed the advantages and
disadvantages of PDS and compared it with alternative
spectroscopies. We believe that photothermal deflec-
tion spectroscopy will prove to be & unique and sensitive
spectroscapic technique.
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use of a Chromatix CMX-4 laser. We also thank the
other members of the Applied Physics and Lager
Spectroscopy Group and M. Jackson for their helpfut
suggestions and comments, This work was supported
by the 1.8, Department of Energy.

Appendix

The acoustic wave deflects the probe beam in two
ways, The acoustic wave propagates for the energy
deposition region te the probe beam where it generates
& temperature rise by adiahatic compression. The
gradient of this temperature rise deflects the beam.
The ratio of this term to the thermal deflection term
is

(acoustic/thermal) = (koBYwTo/Cp) explzo/ly), Al

where Br is the volume expansion coefficient, !, =
(2ky/w)/2, and 24 is the distance between the heat de-
position region and the probe beam. This ratio is the
sa;]ne as the ratio given in Ref. 9. For gases and lig-
uids

Acoustic/thermal & 10114, explzofiy), (A2)

which indicates that the acoustic term will be important
only at very high frequencies and/or large prabe dis-
placements between the heat deposition region and the
probe beam. When the acoustic and thermal contri-
butions to the deflection are equal, the signal will be
10-1% times smaller than the thermal deflection signal
for low frequencies and z = 0. Hence the acoustic terms
add considerable complexity but are negligible in most
practical experiments.

The acoustic wave also defiects the probe beam by the
Pressure generated at the sample surface. The pressure

wave propagates to the probe beam and deflects the
probe beam through the pressyre dependence of the
index of refraction. The contribution of the pressure
deflection term is of the same order of magnitude as the
contribution in Eg. (A1) if a gas is the deflecting medi
um. For liquids, it is negligibie. Reference 9 omits this
term. Hence to be consistent one must solve the cou-
pled pressure and temperature waves in the sample and
deflecting medium and compute their combined effect
on the index of refraction. The additional terms will
be of nominal experimental imporiance only at high
frequencies, large probe beam offsets, and/or high pump
beam peak powers.
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Information about the optical absorption coefficient of solid materials in contact with a ﬂu_]d
phase can be cbiained from photothermal deflection {PDS) measurements using l?oth th? signal
amplitude and phase channels of the PDS response of a system to an optical excitation, T?us paper
presents a theoretical model of photothermal processes in the transverse. ITPDS) experimental
configuration. The theory is used to determine the dependence of both signal char_mels on the
optical absorption coefficient of the solid material and to define absorption coefﬁclem ranges
within which TPDS can be used asa spectroscopic technique. A method concerning the use ofth_e
combined amplitude and phase data for the absolute measurement of the absorption coefficient is
presented for the experimentally important thermally thick limit.

PACS numbers: 78.20.Dj, 78.20.Nv, 84.60.Dn, 07.65. — b

This paper is concerned with the development of one-
dimensionat theoretical model for the transverse PDS effect
at a solid—finid interface with emphasis on the relationship
between signal amplitude/phase channels and the optical
absorption coefficient of the solid sample under investiga-
tion. Tt is shown that under specific experimental conditions
the combination of PDS amplitude and phase data can be
used to determine the absolute value of the abserption coeffi-
.cient.

INTRODUCTION

Photothermal deflection spectroscopy {PDS) has re-
cently emerged as a sensitive method for the study of solid—
fluid interfaces. Boccara er ol..' Murphy and Aamodt.? and
Jackson et al? have applied this technique to studies of sol-
id-gas interfaces. Royce er al.* have used PDS 1o study in
situ the optical properties of solid (electrode-tiquid {electro-
Iyte| interfaces. In a PDS experiment the probe laser beam
deflection is usually detected in the collinear or in the trans-
vesse modes in the frequency domain.* However, the collin-
ear configuration has the disadvantage that it requires sam-
ples which are transparent to the probe beam. For this
teason the transverse mode (TPDS) has been favored by
many workers.'-2*

Murphy and Aamodt® have studied the PDS response

THEORY

An idealized one-dimensional configuration is em-
ployed to determine the amplitude (TPDS) signal. The ge-
ometry of the system is shown in Fig. 1. A solid with optigal

from a solid sample subject to a harmonic optical excitation. ) Solid y )
They derived expressions for the dependence of both signal Backing Samp}; o grec;t: Flnlud
amplitude and phase on the probe beam offset and verified ot S/B m
their theory for sample surface lemperatures ranging "y

between 30.3 and 94 °C. However, the usefulness of the PDS 7 Light fa}

technique as a spectroscopic tool hinges on its success in
providing a measurement of the absolute optical absorption
coefficient of & material. Although Murphy and Aamodt’s
theory could in principle be used 1o provide expressions for

the amplitude and phase dependence on the optical absorp- *
tion coefficient, the derivation of such expressions is rather ll/ Probe beam path §
complicated, especially for certain timiting cases which are -{1 1) - g lal
ofinterest to experimentalists. Complications in deriving ex- \
plicit amplitude and phase expressions from the exact PDS * :
theory presented by Murphy and Aamodt might arise be-

cause they considered acoustic transport phenomena similar | l _

to thase which they reported in previous publications on the 7 ! ||

theary of photoacoustic spectroscopy (PAS).> McDonald m 5 ¥

To Detector

3 J

transport pheromena in a PAS cell become unimportant for
times greater than ca. 102 sec, or modulation frequencies FIG. L. Geometey of  one-dimensional TPDS system at a solid—fluid inter-
below 10¢ Haz. face.
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absorption coefficient aid ) is illeminated uniformly with a
light beam of wavelength A, whose intensity is harmonically
modulated in time at a frequency . The solid absorbs the
incident radiation according to Beer’s law and is in thermal
contact with a transparent fluid (e.g., a liquid or a gas}. The
sample under investigation has thickness !, and is supported
by a transparent backing material of thickness /,. It is further
assumed that the extent of the solid surface along the y plane
is large compared with the width L of the incident beam,
Nonradiative deexcitations in the illaminated solid cause a
harmonic modulation of the temperature at the sample sur-
face and, through heat transfer, the temperature of the fluid
layer adjacent to the surface. A laser probe beam passes
through the Auid, parallel to the sample surface at a distance
X less than the thermal diffusion length in the fluid. It is
deflected through an angle € iw, @) due to changes in the
refractive index caused by the heat transfer from the absorb-
ing solid.>*

In the three regions (I)-{I11) shown in Fig. 1, the tem-
perature rise satisfies the appropriate thermal diffusion
equations:

2
e TONTELCY TNT

a, ot
Hix, 1) .
- —*7(—- Region (I1} i)
0, Regions (I}, (E11):

i = f(fluid}, s{solid), b (backing).
In the solid (s} region for which — /, <x<0, the sample
heating rate H (W cm—* is given by

Hixt)= % ly exp| — alx|iRe[1 + expliot)], (2)

where 77 is the quantum efficiency of nonradiative processes.
In this work it will be asswmed that 77 = 1 {Ref. 10). £, is the
irradiance of the incident light (W cm—2); k; is the thermal
conductivity of material / {cal{cm sec 'KJ '] a, =k/p,C,
the thermal diffusivity of material { {cm? sec ™ '); p, and C, are
the density (3 cm™?) and specific heat {cal(g 'K}~ '] of male-
rial .

The guantity of interest is T;(x, 1) which describes the
departure of the temperature from its ambient value T, in
the fluid region. Thus the actual temperature profile in the
fuid is given by

THX, aciuns = Re[Tjix, £1] + T,. (3)

The solution of the system of Eq. {1) can be separated
into an ac and a dc (i.c., time-independent) component. The
ac component of the solution in the fluid region is given by

T 1) = —2 [r=16+ 0™ —ir+ 11—

Ne ™ 4+ 2brle~=1

where d =Ia/2k,, 0, =(1 +ila, o, =(w/d,)"=1/y,is
the thermai diffusion coefficient of material / em "), and 1,
is the thermal diffusion length of material /; i = 6, 5, /. The
remaining parameters in Eq. (4] have been defined as

r=(1 —ija/2a,), i5)
b=la,k,/a.k,), (6)
f=lak/ak,) 1

The dc.component of the solution in the fluid region can
be obtained by making the assumption that the loss of heat at
any position above the illuminated area of the y plane to that
surrounding fluid is proportional to the temperature at that
position.” Then the time independent component of the fluid
temperature can be written

T = — Afil- e~ M1 — Foal,} —al
@l 14 F.6l 4 Fa01,

! exp| — Gx}.
{8}

where (G is the inverse of the distance above the sample sur-
face at which the fluid temperature has decreased to the 1/¢
of its value at the solid-fluid interface.? The remaining pa-
rameters in Eq. (10) have been defined as

Fy=k,/k; ij=b,s orf. 19)

The refractive index nix, ¢) of the fluid region (1) varies
spatially and temporally with the heating of the itluminated
fluid cotumn from { + L /2) to { — L /2), Fig. 1. The trajec-
tory of the probe beam is given by the equation of ray propa-
gation in an optically inhomogeneous medium'!

d dr] _
E [rt[r,t]a] = Vnir, 1), (10)

where 5 is the distance along the ray measured from the en-
trance point, y = L /2, and r is the position vector of a point
along s. For small changes of the refractive index from its
ambient temperature value #, along the illuminated column
and for small angles @ in the transverse geometry of Fig. 1,
Eq. {10} can be simplified

nu%=%n(x‘,l). 111}

Integrating Eq. {11) once over the deflected beam path
s'? gives the following expression for the beam deflection 8 to
a good approximation on the order of cos &

Olsa 1) = — L /T -£- Tm )| } (12)
ax =z,
where
Thx 1) = T, 1) + T¥%), (13)
and we defined a material parameter T, as follows'?
_Ll.n =1 {14)
n T, T,

Equations {4), {8), and (12} indicate that the defection &

a -l £+ 1t + D™ —

(f— )b —-

e~ o ] expl — o.x + iwl ), (4}

Ao~

deereases exponentially with x, for both ac and dc compo-
nents of the fluid temperature. 8 tends to zero for beam offset
values x; such that

Xo»>min(G Y, p ),

| Tois a slowly varying function of the wavelength of the excit-

ing radiation. Ignoring the slow variation with wavelength,
Ty will be assumed constant for small fuid temperature de-
partures from the ambient value,

The deflection angle 6 consists of ac and dc compo-
nents, which can be written explicitly using Eqgs. (12), (4), and
13

e, LGl, \[ah — (1 —e™ ™)1 — Fab}
4 g} = (
Mk, \ + FoGl, + FpGly
Xexpl — Gxy), {15)

and, in the experimentally important thermally thick limit'®

9'"’(10, f)= L'Ina “ ] (r=1
' ZTok a1 LS+ 1)
Xexpl — o2, + jwt )]. (16

The dc contribution to the deflection angle & which is
described by Eq. (15) is a constant deviation of the probe
beam path due to the steady-state thermal flux from the sotid
surface out into the Auid column adjacent to the solid. At
offset distances from the solid-fluid interface such that
Xo»G ~' thermat losses to the fluid column due to heat con-
duction from the solid will rapidty attenuate the de compo-
nent of the & defleciion. Experimentalty only relative deflec-
tions of the probe beam can be measured accurately by
means of position-sensitive diode detectors and Jock-in am-
plifiers.” Therefore, it is the phase and amplitude of the ac
component of the TPDS signal which can be measured and
analyzed to give optical absorption data. For this reason the
de component of the signal will not be considered further in
this work,

The ac contribution to the deflection angle & can be
used for the measurement of absolute optical absorption co-
efficients in the special case of a thermally thick solid. In this
limit, the thickness {, of the solid must satisfy the condition'®

I 2h=2mu,. 17

For a typical frequency of 100 Hz, /, = 816.8 um for
KClerystal''; 3.65 mm for crystalline $i (Ref. 14); and 167.6
#m for crystalline Si0, (Ref. 14. Therefore, condition (17)
can be met easily in most experitnental situations.

Using a polar coordinate method developed in Ref. 15,
the phase of the ac thermally thick TPDS signal can be writ-
ten as an exgplicit function of the preduct (gu, ):

Wxg ap,J=ax, — tan’ [ 2/lap, )

- - lan"(L). {18}
2~ ey,

The TPDS deflection amplitude is also a function of

{orps, ):
122
18%x, ap, )| = Tk (a’)
Y, )P — lap, )+ | ] _
o, P + 4/, | vl =)
(19}

Equations {18) and [19) give functional dependences of
the phase and amplitude of the transverse PDS signal on the
probe beam offset x, and on the material parameter product
(@, between au, » 1 (optically opaque limit'®) and au, €1
(optically transparent limit'®). From an experimental view-
point the ranges of (2, ) values near the TPDS signal satura-
tion {au, > L) and the low optical absorption coefficient re-
gion (au, < 1) are of considerable spectroscopic interest,'
Near signal saturation Eqs. {18) and (19) reduce to the foltow-
ing expressions:

Wxo: apr, > 1)owayx, + tan™ '(1 + ~2-~) (20}
au

3

and

\

|8 "N gz, = )|
172 %)
~Llo (1) (i - —‘-) apl—ax) 1)
Tok, \a, 2 i,
where terms higher than 1/az, were neglected. In the low
absorption region, Egs. (18} and (19) become

Wixg ag, < lj=a.x, — tan™'[2lap, F]. (22)
and
|6*xg: apr, < L)
_ L (ﬂ,)"z‘ Jexpl ) 23}
=i ; ey, Jexpl — ax).

In Eqs. (22) and (23) terms higher than oy, ) were neglected.
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DISCUSSION
A. General results of the theory

Full expressions for the TPDS deflection amplitude and
phase were obtained from the polar coordinate model of Ref.
15 and evaluated numerically. Figure 2 shows the refative
amplitude of the signal displayed as a function of In{a). In
order to simulate PDS processes in an electrochemical envi-
renment, the system chosen was an SiQ,-water interface at a
modulation frequency of 50 Hz. Figure 2 indicates that pho-
tothermal saturation occurs in the amplitude response at
large values of a {* 5 10" em ™ '}. This range of amplitude
saturation values of the absorption coefficient is similar to
that for photoacoustic saturation.'* Figure 3 is a plot of the
PDS phase @ as a function of Infa), for the same set of param-

60 o= 10 om!
a [A) =
55— 4124007 ¢ 1 1 t
" e e
-
|
e
o
‘g 50~ op= 10 cm !
5
w
2 ag=10% em *
T 45-
40~
1 1 1
400 500 600
WAVELENGTH (nm)

FIG. 4. Phase response in passing through a Geussian abserption band hav-

img different values of o, = ay,. [v = 50 Hz, x, = 5% 10" 2 em )

eters as that used in Fig. 2. Figure 3 shows that the phase
anticorrelates with the PDS amplitude, in that it decreases
with increasing a. Phase saturation oceurs for both high and
low values of . The range of @ values within which @ exhib-
its sensitivity to changes in o lies approximately between 10
and 10" em~ ', These features are similar 1o the behavior of
the photoacoustic phase'* and indicate that Transverse PDS
can be successfuily used as a spectroscopic technigue to mea-
sure absorption coefficients in the range 105 a5 10" cm .
The effect of the phase dependence on the absorption coeffi-
cient of the solid is shown in Fig. 4, which exhibits the system
respense to a family of Gaussian lineshape absorption bands
centered at 500 nm with linewidths of 0.1 eV. Saturation is
seen to occur at large values of &, while ® becomes essential-
ly independent of the absorption coefficient for @ < 10 cm .

Figure 5 is a plot of TPDS amplitude and phase in the
thermally thick limit of Eqs. (18) and {19). #* and ¢ have
been plotted versus the praduct tap,) for a chopping fre
quency of 50 Hz. Figure 5 shows that under thermally thick
conditions PDS can be used as a spectroscopic technique for
values of {au, } such that 0.05 Sap, 5 100. Both phase and
amplitude saturate at large values of (.} and exhibit simi-
lar degrees of sensitivity to changes in this preduct. Equatior
{18) shows that absolute phase is a linear function of th:
probe beam offset x,,. This behavior has been previously d- -
scribed by Murphy and Aamodt® who also carried out an
experimental verification using 2 100-nm-thick platinur,
metal film as the absorbing sample in contact with air and
sputtered on a glass substrate. Equations (18) and (19} give a
precise definition of the undefined parameters X and 8, pre-
sented by Murphy and Aamodt in the form?

InfS,.) =K — iw/2a,)"*x,, 1241

Bope = By — (@2/20,)' (231
where S, =|6"9| and 8, =¥ of this work.

A comparison between Egs. (24), (19}, and (25, (18;
identifies X and &, as functions of {au,) in the thermally
thick limit. It is, however, difficult to determine whether the
experimental data presented in Ref. 2 in conjunction with
Eqgs. (24} and (25) satisfy the condition {17} because of the
double layer structure of the sample-support system. If con-
dition Eg. (17) is not satisfied, then general amplitude and
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FIG. 5. Comparison between TPDS amplitude and phase asfunctions of the
product {ap, ) in the thermaily thick limit (v = 50 Hz, x, = 5% 10 * cm)
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FIG. 6. TPDS deflection phase response as a fancrion of chopping frequen-
cy in rhe thermally thick limit x,=5x19- o T =y
= 1465107 em*/sec

phase equations must be used along the lines of those of Ref.
15, in which case the simple functional forms {24] and (25)
are not strictly valid.

Figure 6 shows two TPDS phase plots as functions of
Infexue, } in the thermally thick timit for different chopping
frequencies. The linear dependence of ¢ on g, = (@i 2e,)'?,
Eq. (18), effects a phase shift of ca. 48° between the curves
with v = 50 Hz and v = 500 Hz. It is clear from Fig. 6 that,
unless the probe laser beam is very precisely positioned, it
might be difficult to make absolute phase measurements, as
@ is very sensitive to beam position and chopping frequency
changes.

B. The absoiute absorption coefficient

From the point of view of absolute spectroscopic mea-
suremnents, the transverse PDS amplitude and phase can be
convoluted to yield absolute optical abserption coefficient
values in the thermally thick range near signal saturation
{agt; > 1) and for optically transparent materials |zu, €1). In
an experiment, an unknown instrumental contribution ¢,
will be added to the variable phase @ (x, o) in a manner
similar to that described by Teng and Royce,'” and by Roark
eral.* in their discussion of the photoacoustic phase. s
independent of &, and the measured phase .,  is the sum of
w0 lerms.

Yo =Py @)+ Py Py=P, + /4, (26}
where ¥{x,, &l is the theoretically determined TPDS phase.
Similarly, the experimental TPDS amplitude [8'%| will
include an instrumental contribution o, Such as amplifier
gain, semiconductor detector gain etc. Thus, the measured
amplitude |84%|,, = g, will be the product of two terms

cap

Ferp = G016 x5 @)l 27
In the thermally thick limit near signal saturation Eqs. (26)
and (27) can be combined with Egs. {20) and {21) to give

Worp =Py + X, + tan ™ ‘(1 2 ) {28a)
o,

and

Gexp =G0 XP[ — @pxg} [ — — v 128b]

2 a,
where g, = g5(LIo/Tok,)\Jor, 72, is also an unknown quanti-
ty. Upon inverting Eq. (28a), solving for {ay,) and inserting
the resulting expression in Eq. {28b), the following expres-
sion is obtained

. 12
Gerp = GoOXp(— a;xo][l - % tanfy,,, — P, — a_,'xu}] .
129)
Eguation (29} can be used with the Least-Squares Linear-
Taylor Differential-Correction curve technique'™" to deter-
mine the optimal values of g, and ¢, from a set of experimen-
tal data point pairs [exp)iv (¥erp ) ]- Then the product (au, )
may be calculated from either Eq. {28) or [28b), once &, or
g Tespectively, are known, provided that g, is known.
In the low absorption coefficient region Egs. (22 and
(23) can be combined with Egs. {26) and (27}

oy =P, +ax, —tan”! [2/tep '], 130a:
and
Jeap = o eXp( — axgliap, ) (30b;

Equation {30) can be convolved in a way similar to the convo-
lution of Eq. {28). The result is

2 [
exp = Qo €XPl — @XM o——— | (3]
foe =0 il T i——

The numerical metheds of Ref. 19 can be used with Eg
(31) to optimize the values of g, and @,. The latter can then
be inserted into Eq. (30] 10 yield absolute values of the pro-
duct (@, ), and hence of the absorption coefficient afd ).

CONCLUSIONS

A simplified one-dimensional theory of transverse
mode photothermal deflection spectroscopy (TPDS) has
been developed for a solid-fluid interface. Explicit expres
sions have been obtained for the ac and de companents of the
signal, in terms of physical and geometrical parameters of
the system. The amplitude and phase channels of the experi-
mentally meaningful ac component were identified as carry-
ing information about the optical absorption coefficient of
the solid sample. Absorption coefficient ranges within which
TPDS can be utilized as a sensitive spectroscopic 100l have
been defined, and expressions relating the experimental am-
plitude and phase have been obtained in the thermally thick
limit in the regions of signal saturation and low absorption
coefficient. These expressions can be used with optimizing
fitting techniques to obtain absolute values of the absorption
coefficient in the respective regions. Applications of the nu-
merical methods will be discussed in a later publication.

ACKNOWLEDGMENTS

The author wishes to thank Professor B, S. H. Royce for
many helpful suggestions and comments on the manuscript.



A4

The kind assistance of 8. Ho in the numerical calculations is
acknowledged. The author gratefully acknowledges the fi-
nancial support of the Natural Sciences and Engineering Re-
search Council of Canada which made this publication pos-
sible.

'A.C. Bocears, D. Fourn'. -, and J. Badoz, Appt. Phys. Lett. 36, 130(1980).
"1 C. Murphy and L. C. Aamodl 1. Appl. Phys. 81, 4580 {1980).

W, D. Jackson, N. M. A ner, A. C. Boceara, and D. Fournier, Appl Opt
20, 1333 (1981}

*B.S H Royee, F. Sanchez-Sinencia, R. Goldstein, R Muratore, R, Wil-

liams, and W. M. Yim, Bull. Am. Phys, Soc. 27, 243 {1982)

°L. C. Aamodt and J. C. Murphy, 3. Appl Phys. 49, 3036 |1978).

*L. €. Aamodt, I. C. Murpky, and 1. G. Parker, I. Appl. Phys. 48, 927

(1977}

F. A. McDonald and G. C. Wetsel, J. Appl. Phys. 49, 2313 (1978).

F A McDonald, Appt Opr 18, 1163 11579}

°A Mandelis, Ph D thesis, Princetan University, 1980

""A. Rosencwaig and A. Gersho, J. Appl Phys. 47, 6411976

"M Born and E. Walf, in Principles of Optics, 3rd ¢d. |Pergamon, New
York, 1965;, Vol 4, p 1562

‘L C. Aamodt and J. C. Murphy, J. Appl. Phys. 52, 4902 119%1).

A, Rosenvwaig, in Advances in Electronics and Electron Physics, edited by
L. Morton [Academic, New York, 1978), Vol. 46, pp. 207-31,

Y. 8. Touloukian, R. W. Powell, €. Y. Ho, and M. C. Nicelasu, in Ther-

mal Diffusivity ||F1/Plenum, New York 1973)

""A. Mandelis, Y. C. Teng, and B. S. H. Royce. J. Appl. Phys. 50, 7138
[1979).

"B. §. H. Royee [private communication).

'"Y. C. Teng and B. 5. H. Royce, J. Opt. Soc. Am. 70, $57 (1980;,

"J C. Roark, R. A. Paimer, and 1. §. Hutchison, Chem Phys Len. 60.112
{1978).

®T. R. McCalla, in Inzroduction to Numsricai Methods and FORTRAN
Prograimming (Wilcy, New Yark, 1967, p. 253,

WAqq - Qo'(cc:
ot chowsnt Plolpbirt Coo 3 (1933) 87

Photoacoustic Spectroscopy
and Related Techniques
Applied to Biological Materials

Thomas A. Moore
Depariment of Chemistry, Aritona Stare Universiry, Tempe, Arizona 83287

B Inbroduetion . . .o vute i s 188
2. Description of the Pholoacoushc Effect; Important Aspects for Biciogical
L T PN 188
1.1, Photoacoustic Spectroscopy . 188
1.2, Photoacoustically Detecled Absorption Spectrum .. .. 190
2.3, Therma! Diffusion Length and Photoacoustic Saturation . .|
2.4. Amplitude and Phase of the Photoacoustic Signa! .. . ... N )
2.4.1. Stratified Chromophores. Model Studies . ... ... ..., . 193
2.4.2. Examples of Naturally Occurring Stratified Chromophores .. ... 197
2.5. Photoacoustically Detected Relaxation of Excited Siates; The
Measurement of Photophysical Parameters ..................... 198
2.5.4. Quantum Yiekds, Energies, and Lifetimes of Metastable
SIS . e, 198
2.5.2, Fluorescence Quantum Yields .. .. -
2.33. Phbotochemical Energy Conversion . N R 1]
2.54.  Flash Calorimetry . oo v i iinni e e 20?
1.6, Experimental Techniques Important in Ph
Biological Systcms...‘........... m
2.6.1, Two-Beam Experiments . ... . . 203
2.6.2. Masking Unwanied Signals 20
2.6.3. Low Temperature Experiments x4
2.6.4, Photoacoustically Detected Circular and Linear Dichroism . bl
2.6.5. Photothermal Radiometry (PTR) .................... . 205
2.6.6. Phototh ] Deflection Techniques (Mirage Effect) .. ..., ... 208
2467, Transform Techni in Pt ic Spectroscopy; infrared
Photoacoustic Speciroscopy . ........vi.. .. . 206
3. Photoacoustic Studies of Chlorophyll-Based Photosynthesis . . 207
3.1, Chloropiasts, Reaction Centers, and Leaves . W7
3.2, Algacand Lichens ,................... . X9
4, Photoacoustic Studies of &. halobium Photocycle . . .om
5. Photoacoustic Studies of Skin Tissue .. ......... .om
6. Conclusion ...... s 214
7. Experimental Noies N s




495 -

15—
h_“

_——h

P I Spect oy : "9

hid Thomas 4. Moore (Rosencwaig and Gersho, 1976; Murphy and Aamodt, 1977, Aamodt er
7.1, Microph ’ 208 al., 1977; Bennett and Forman, 1977; McDonald and Wetsel, 1978;
72 Light Seomabter 1 NI 18 McDonald, 1980). Consider Fig. 1 and assume a sofid o liquid sampte in
;.3. Bifurcated Light Guide . ... [ (0111 26 an enclosed volume allowing a small air-space containing a coupling gas

4 SumedAw el T 218 (air) above the sample. Light from a monochromator, which coy be

B Referncey ooy NS SISOME scanned, is chopped and is incident on the sample surface exposed 1o the

air-space. A fraction of the light absorbed by a molecule at a point in the
sampie is converted to heat, which then diffuses, via thermai conduction,
to the sample surface. At the surface, a thin boundary Jayer of gas is
slightly heated, expands, and ¢reales a pressure wave (sound wave} that

- fills the enclosed volume and is sensed by a transducer such as a micro-
The absorption of light by living organisms is important both as a Phore. This sequence of events, a thermal wave in the sample driving
probe of biochemical processes at the molecular level, and as the stimulus thermal expansion in the thin-layer of gas that in turn drives a pressure
for myriad photobiological processes, Typically. light absorption may be wave in the cell chamber, accounts for the PA response in most cases,
characterized by measuring either the transmission or the reflectance
spectrum; however, most biological systems in siry are not amenable to
these measurements due to opacily, scatfering, poorly defined or heter-
Ogeneous surface properties, etc. Thus, it is ofinterest 1o have a technique
for measuring the absorption of light that js less constrained by the nature
of the material under study. Photoacoustic spectroscopy (PAS) clearly

1. INTRODUCTION

[y

modulated light

|

meets this requirement while offering new information that arises

uniquely from the combination of spectroscopic and calorimetric phe- microphone_ _ 1 -sample
nomena. In certain respects PAS js a qualitative spectroscopic technique, - auartz
the spectra (except in special cases) are only similar to conventional ab- = — “plote
sorplion spectra; also for complex biological samples there is no general T N

method of extracting extinction coefficients or concentrations from the i ! 34 567 \ black
observed signal. On the other hand, photophysical parameters such as d‘/ ‘ light
quantum yields, lifctimes, and energies, characterizing the various excited : ¢ trap
states and relaxation pathways of photobiological systems in situ, can ’
sometimes be measured by PAS. In considering PAS, it is perhaps usefuf Fig. 1. Schematic diagram of s typical PAS cell including sample chamber, mi¢rophone,
to keep in mind that just as the fluorescence excitation spectrum is the and preamplifier, The sampie chamber is larger than scale. The rumbers refer 1o the virious
action spectrum for ﬂuorcscence. the photoacoustic (PA) spectrum is the lengths that determine the_pholqa:ousuc Tesponse of the sample and are defined as foltows:

action spectrum for the production of heat.

Several general reviews have recently appeared (Rosencwaig. 1978; the sample, i, (6) one thermal diffusion tength in the coupling gas. . (7) optical sbsorption
Cahen et al., 1980; Somoano, 1978; Balasubramanian and Rao, 1981}, The lengih, Bopuicu™ 'r. WHETE Bopics) = (2.303) toptical density per ;-‘m)- The letters refer 10 the
resent review focuses on aj lications, exam les, and techniques ger- pnncipal paris of 4 condenser microphone installed in & PA celi: (a} controlled equalization
;anc to biological systems. PP P ques & vent for the microphone; this vent determines the Jow frequency timit of the microphone

2. DESCRIPTION OF THE PHOTOACOUSTlC EFFECT; ' by a microphone, (c) microphone diaphragm, (d} sealing rings preventing pressure leakage

around the microphone, (¢) controlled equalization vent connecling the sample ¢chamber

IMPORTANT ASPECTS FOR BIOLOGICAL EXPERIMENTS with he arge chamber conaiing the mitrophone and preamsin, e, P CPATEe

the low frequency Limit of the PA cell. The cell must also have a means of changing the

21 Photoacoustic s'”c"o'cop ¥ sample such as a removable window and electrical connectors for the signal and preampiifier
A number of quantitative treatments of PAS have appearcd, and an bower supply.

essential consensus has emerged regarding the origin of the phenomenon

\
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However, under certain conditions one may detect the much smaller
acoustic wave produced in the sample along with the thermal disturbance
upon relaxation of the excited state (McDonald and Wetsel, 1978}, This
acoustic wave propagates in the sample as sound (not according to thermal
conduction}, and is conveniently sensed by a piezo-electric detector at-
tached to the sample itseif. In the photoacoustic experiments discussed
herein {involving solid¢ or semisolid samples, a coupling gas, and micro-
phone detection), this acoustic wave in the sample makes only a small
contribution to the signal.

The periodic fluctuations in the coupling gas. driven at the chopping
frequency of the incident light, produce a periodic alternating current
(AC) signal at the microphone output, which is amplified and converted
to a direct current (DC) signal by a lock-in amplifier. With microphone
detection, the photoacoustic response is intrinsicalty AC; the microphone
has an equalization vent across the diaphragm (Fig. 1a) that determines
its limiting low frequency response. In other words, the microphone does
not produce a signal at constant (DC) pressure. As can be seen from Fig.
1, the limiting low frequency response of the PA cell is determined by
the equalization vent (e).

2.2, Photoacoustically Detected Absorption Spectrum

Provided PA saturation [in Fig. 1 the length (1) * (5), Section 2.3}
is avoided, scanning the monochromator produces a spectrum with the
signal {5} at each wavelength given by

5 x @uBoprica (MIP(MR(w) n
where R{w} describes the photoacoustic response of the sample and cell.
Riw) is a complex function of modulation frequency (w) and, as indicated
in Fig. 1, the sample thickness and thermal diffusion lengths in the sample
and surrounding gas (Section 2.3). P(x) is the eptical power as a function
of wavelength of the incident, modulated light beam; Bypicai(A} is 2.303
times the optical density per cm as a function of wavelength, and @, is
the fraction of the absorbed light converted to heat (Murphy and Aamodt,
1977, Rosencwaig and Gersho, 1976). The function S[P{x)] ™' is propor-
1ion10 10 Popricar, 2nd thus to the absorption spectrum. P{A) is obtained
by measuring the spectrum of a black body absorber, usuvally soot or
carbon powder. The general intent of detailed theories is the evalualion
of R so that ¥ can be quantitatively related to optical and calorimetric
parameters of the sample. [n certain cases, especially liquid samples,
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Bopticat c2N be determined quantitatively (Poulet er al.. 1980; Malkin and
Cahen, 1981). Work in this area is clearty important 1o future photobiol-
ogical applications.

2.3. Thermsd Diffusion Length and Photoacoustic Saturation

The modulation frequency of the incident light defines a key param-
eter, the thermal diffusion length (). p is one of the lengths in R {Eq. I)

and is
2& 12
w=(%)

where a is the thermal diffusivity (cm? s}, and w (w = 27f) is the
modulation frequency. There is a thermal diffusion length in both the gas
(i) and in the sample {,). u, defines the boundry layer of gas that is
slightly heated upon diffusion of heal to the sample surface and for air
has a value of 0.6 mm at a chopping frequency of 20 Hz. p, may be thought
of as the distance that heat travels in the sample during the period of the
modulation. Each successive cycle damps the fluctvation induced by its
predecessor, thus limiting the depth from which a PA signal can be ob-
tained. p, defines the optical path length in PAS experiments, and ranges
from ~4 um (2 kHz medulation) to ~170 wm (I Hz modulation} for a
thermal diffusivity of 0.001 ¢cm? 5=7, a value characteristic of biological
materials. Quantitatively, ., is the distance over which the thermal wave
in the sample is damped 10 ¢~ ' of its original magnitude.

Photoacoustic saturation (McClelland and Kniseley, 1976) occurs
when (Bopicat) ™' < p,, that is, a significant fraction of the incident tight
is absorbed within one u,. In this case, the signal amplitude no longer
depends upon Popucwr, and the spectrum becomes the power spectrum
P(») mentioned above. The onset of saturation is shown by peak flatten-
ing, since division by P(A) (a carbon soot sample is completely saturated
at all wavelengths) yields a constant. It should be noted, however, that
in certain cases spectra may be obtained from phase measurements even
from very concentrated [(Bopuicat) ™' <€ w,] samples (Poulet et al., 1980},
Also, several techniques have been presented for “diluting'' concentrated
(pure solid) samples so that saturation is avoided (Fuchsman and Sil-
versmith, 1979; Lin and Dudek, 1979). In order to avoid complicated three
dimensional effects (Quimby and Yen, 1979; McDonald, 1980, 1981) it is
important that the edge of the sample not be illuminated. i.e., the exciting
light should not be closer than several times #, 10 the edge of the sample.

@)
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There should also be a space of several times ., between the illuminated
portion of the sample and any cell wall or the cell window.

2.4. Amplitude and Phase of the Pholoacoustic Signal

As menttoned above, the signal from the microphone is AC, and
hence carries in addition 1o frequency two kinds of information, am-
plitude and phase (Mandelis et al., 1979; Poulet e al., 1980; Adams and
Kirkbright, 1977). In general, PA spectra are plots of signal amplitude vs.
wavelength, The amplitude of the PA signal is strongly dependent on a
number of factors, including characteristics of the sample such as surface
area, the presence and thickness of a waxy coat, and the reflectivity and
opaqueness of the sample. Since PAS is a single beam technique, the

\ - - p—==>% major factors affecting signal amplitude are instrumental factors. Signal
2o M%WQ Y "E Sig P
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amplitude may be related to the concentration of the absorber by a cal-
ibration curve, provided sample preparation and instrumenta! factors are
carefully controlled (Castleden er af., 1979). Also, fluorescence quantum
yields may be measured by a careful comparison of signal amplitudes
between a nonfluorescent reference sample and the fluorescent unknown
sample (Section 2.5.2). However, considerable information, especially in
the case of in situ biological systems, is contained in thz phase of the PA
signal. Furthermore, except in the case of a two phase lock-in analyzer,
one must, in fact, select a phase in order to record a spectrum,

The measured phase angle of the signal (8,,) is defined with respect
to the modulated incident light. Factors affecting 8,, include: (1) processes
intrinsic to the PA phenomena such as thermal diffusion and the produc-
tion of the pressure wave, and herein designated 8, (2) processes such as
the relaxation of excited states with lifetimes of the order of the modu-
lation period (), and (3) strictly experimental processes. Fortunately, it
is often possible, in at least a semiguantitative way, to separate these
contributions so that photobiologically significant information can be ex-
tracted from the phase of the signal. .

Experimental contributions include such things as the phase shift due

) t ' 10 the microphone, which is especially large and frequency dependent at
. T low frequencies, and phase shifts in the signal processing electronics. It

must be remembered that the major conttibution to the absclute phase
of the signal is the angular relationship (around the light chopping wheel)
between the incident light beam and the eleciro-optic pick-up for the lock-
in reference. Except in cells designed to operate at resonance, the di-
mensions of the enclosed volume {1, (2) in Fig. 1] are usually much less
than the waveiength of sound at usual frequencies so that acoustic res-
onance and concomitant phase shifts are not observed.
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For a homogeneous, thermally thick {in Fig. 1, (4) ® (5)] sample the
phase 8 of the PA signal is given by (Poulet e/ al., 1980).

tan 8 = Bopiica s + 1 3)

From this expression it is clear that for cases where Boptical 5 % I there
is no appreciable phase shift as a function of Bopticats i.€., OVer the ab-
sorption band. In the case where Bopticas 1, is = 0.1, this equation may
be used to determine Bopucw, and thus the absorption spectrum quanti-
tatively (Poulet et af., 1980},

I one considers a biological sample in which different chromophores
are present at different depths from the sample surface, the phase and
modulation frequency dependence of the signal are quantitatively com-
plicated {Fernelius, 1980). However, certain information about this
chromophore distribution at depths ranging from ~1 um to ~200 wm from
the sample surface can be obtained from the frequency and phase of the
PA signal. The phase of the signal is completely specified by the in-phase
and 90° out-of-phase (quadrature} components. It is reasonable 1o think
of one of these components as biased towards response from the upper
haif of w,, and the other compenent as biased towards response from the
lower half of p,. Thus, the signal from the sample ‘“‘interior’" is phase
shifted by the transit time for heat diffusing to the surface. In this way -
the overall depth of analysis is controlled by frequency (w) through u, *
“while the upper or lower parts of u, can be selected by the appropriate
7qhoic:e of phase. This approach is sometimes referred to as depth profiling.

a

nd has been described in detajl by Adams and Kirkbright (1977).

2.4.1. Stratitied Chromophores, Model Studies

An example of the use of phase information for a layered sample is
presented in Fig. 2. A plastic film approximately 25 pm thick was marked
on the upper surface with a blue dye and on the lower surface with a red
dye. The lower surface was sealed with a light film of grease to the alu-
minum surface of the sample holder. The spectrum was scanned using a
chopping frequency such that y, > 20 pm. Referring to the inset, it can
be seen that two pieces of information completely characterize the re-
sponse of the sample to the modulated light: either the resultant A{\) and
the angle 8.,(\) or A cos 8,, and A sin 8,, may be recorded (the use of a
two-phase lock-in analyzer and a two channel analog to digital converter
allows simultaneous recording of both spectra during a single scan). Once
these two spectra are obtained, there is no additional PA information
available at the selected chopping frequency. From the phasor diagram
it is clear, ¢.g., that measuring along the & axis will yield a signal that is
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Fig. 2. Two-layer chromophore model. Plastic film, approximately 25 pm thick, with a
blue dye (—:—-—) on the upper surface and a red dye {---- - ) on the lower surface,
oplical density t Anax ~ 0.5 for each. The dyes did not diffuse significantly into the plastic.
and the lower surface was sealed 1o the aluminum sample holder with a light film of silicon

grease. The P = ) was ded at a phase setting so that both
@yes contributed to the signal. A mixed spectrum was also recorded with 2 two phase lock-
in amplifier set in the phase independent, vector magnitude, or Itam mode. In the insel

phasor diagram the phase of the signal from each dye is indicated by a vector of the zp-
propriate symbol. 8., is 1he measured phase angle and is with respect 10 the signal from the
electro-optic pickup for the reference channel of the lock-in amplifier. Application of the
phasor diagram is fully described in the text. The amplitudes of the spectra cannot be com-
pared to each other.

the projection of the lower surface signal on the 0° axis, but contains no
component from the upper surface. Likewise, measurement along the X’
axis will be pure upper surface signal uncontaminated by signal from the
lower surface. It is important to note that the 0° axis is not i general
orthogonal to X', It is very convenient to have a compuler program rotate
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the axis and calculate the two spectra at any desired phase setting (Bet-
teridge ef al., 1979). As can be seen from comparing Fig. 2 with Fig. 3,
the spectra of cach dye alone, an essentially uncontaminated spectrum
of each dye can be extracied from the data {O'Hara er al., 1981). Similar
model studies have shown excellent agreement between the experimental
phase shifts and those calculated from theory (Morita, 198t; Helander ef
al., 1981).

This resolution of depth is unique to PAS; bdth transmission and
refleciance techniques can only provide the sum of these absorbances.

dye on plastic film
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ig. 3. PAspectmofred(-- ... ) and blug (— - — -— -) dyes on individual films recordgd
?wately. Experimenta! conditions are similar 10 those in Fig. 2. The two phase loch-fn
amplifier was in the resultant mode. Notice that the spectrum of the blue dye (surface) in
Fig. 2 matches cxactly the spectrum shown here, whereas the spectrum of the red dye in
Fig. 2 is slightly distoried by the filker effect (shading by absorption) of the jong wavelength

side of the biue dye.
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fne must, however, proceed with great caution when making measure-

Pnts on unknowns. The key problem is to determine which phase angle

Ids the true spectrum. By examining a series of models similar to the

Pre just described, and from a quantitative treatment of the phasor dia-

am. it is possible to develop certain guidelines for the investigation of
knowns.

) At high modulation frequency (1 kHz), and thus short M., ORe
¢an restrict the response to within a few um of the surface. Then, at a
phase setting shown from models 1o be surface sensitive at this frequency,
one can be confident of recording a spectrum from approximately the first
wm of sample, If the spectrum quadrature to the surface s the same as
the surface spectrum, then it is likely that there js no layering of chrom-
ophores over this p,.

(i} If, at lower modulation frequency and with the phase selected
for interior semsitivity, spectra are recorded which differ from the spectra
in (i), then it is likely that a different chromophore has been located. From
the in-phase and quadrature spectra at this modulation frequency the
Spectra are calculated as a function of the rotation of the axis. An axis
of rotation is searched for that nulls a known spectral band from the
outermost chromophore. The spectrum at this rotation will be that of the
interior relatively uncontaminated by the more surface chromophore.

(iii) Similarly, a rotation is searched for that nulls a specific band of
the interior chromophore. The spectrum at this rotation will be relatively

not. The correct rotation yields a flat baseline in the speciral region where
oaly the interior chromophore absorbs.

Giv) Itis,in principle, possible to make use of specific stains to mark
known regions of cells or organelles. For example, a cell wall stain could
be used to mark the cell wall of an algae, thus allowing one to determine
the correct phase for observing chromophores located in the cell walk,

Itis important to realize that the speciral shapes of underlying chrom-
: ophores may be distorted by the filter effect of the chromophores nearest
the surface. In special cases it may be possible to correct for the filter
effect by calculating the light attenuation from known absorption bands.
Furthermore, referring to Eq. 3, in cases where Bopticsr ;= 0.1 at the
absorption maximum, then there will be a phase shift between the signal
from the band maxima and the signal from other regions of the band or
other bands of the same chremophore with lower Bopticar. In these cases
Spurious spectra arise upon rotation of the axis. Our model studies have
clearly shown that, subject 10 Bogical . 0.1, rotation of the axis results
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in uniform reduction of the spectrum to the baseline for samples having
a nonlayered distribution of chromophores.

242 Exampleé of Naturally Occurring Stratified Chromophores

example of the resolution of a naturally occurring str.amied
sys!:l: I:a:!':i workpby Adams et al. (1976), in which light absorption by
the waxy cuticular layer of a green leaf was clearly !'esolved from the
light absorbed by the chloroplasts. The c!ilorophyl]-hke spectrum was
recorded at a phase setting optimizing the signal at 650 om, and the spec-
trum rich in cuticular absorption recorded quadrature_ to this phase. F:gurrt
4 presents the spectrum of an oat seedling taken in our speclromctcri:
spectra of a variety of leaf types have clearly reproduced the results o

signal

800 700 600 500 400 300
wavelength {nm)
i i i 650 nm signal
i trum of an oat seedling afier axis rotation 10 null the 300- r
:?r‘n‘ihepalmtamsts {: }, and to null the cuticular signal in the .near-UV region
(— — ). The optical bandpass was 10 nm, the modulation frequency was 12 Hz. and the
leck-in amplifier output bandwidth was 0.1 Hz.
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Adams er al. (1976), and illustrate the use of {i)-(iii) above in selecting
modulation frequencies and finding the best phase for a particular spec-
trum.

We have measured the PA spectrum of lobster shell at different mod-
ulation frequencies and phases, and have found an unexpected arrange-

ment of protein-pigment complexes (carotenoproteins) in the pigmented

tayer of the shell (Mackenthun et al., 1979). The carotenoproteins having
the longest wavelength absorption maxima were found in the interior.
most region of the pigmented layer. This anisotropic distribution of car-
otenoproteins as a function of depth is destroyed by denaturing the pro-
tein, clearly indicating that tertiary and quaternary structural features are
involved in the pigment-protein interaction.

In Section 3.2, a study of pigment stratification in lichens is pre-
sented.

25. Photoacoustically Detected Relaxation of Exclted States;
The Moasurement of Photophysical Parametars

2.5.1. Quantum Yields, Energies, and Lifetimes of Metastable
States

A unique feature of the PA effect is that absolute values of photo-
physical parameters such as quantum yields, energies, and lifetimes of
long-lived (from submillisecond to subsecond) metastable excited states
can be determined from relative phase shift measurements (Moore, er al.,
1982}, Consider the Jablonski diagram (Fig. 5) in which the metastable
state in this case is the lowest excited triplet State. It can be seen that
the relaxation rate from 7, -+ S, will be characteristic of the triplet life-
time, whereas the relaxation processes 5;— Soand §, — T, will be much
faster. Thus, !l an appropriate modulation frequency the heat produced
from T, —» 5g rélaxation (Ao (w)) will be phase shifted from that produced
by 5) — 5, and 5, — 7, processes (fay). Quantitatively, for sinusoidal
modulation

— klu:‘ €7
Aaoniw) = T i 4
and
k, Ko kise
fasn = Agy + k—’Aio + % + T (&, — €7} {5)
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Fig. 5. Jablonski diagram. The vibrational levels in 1hg gn:‘nund {50} and first excn_ed s[mgll:el
(5,) state are replaced with 2 single level corr:‘spondmg in the case of ab§orpuon o-1
excitation wavelength. and in the ¢ase of emission 10 t!:c _ﬂuores:ence maximum. ‘:j.' 1!\‘
Aeg#nd ey are the encrgy differences between the stm‘es !ndlcated by vertical bars _Ra_ iati ;
{ ) and non-radialive (~---~ } processes arc indicated; phosphqrclscence is ignore
under the diti of this expeni k. knr. Kinc and &, ar? the radiative. nonradiative.
inersystem crossing and triplct decay Fae constants, respectively.

where 7 is the triplet lifetime and k; is the 1qtal decay rate of §,. The
complex amplitude P{w)} of the resulting PA signal has the form

P{w) = Rlw)lhuas (@) + Auiou (w)) (6)
= Pras {w) + Puow (w)

where R{w) is the response function describing the diﬂ'usion of heat in
the sample and its coupling to the gas. Although R{w) is not know_'n ex-
plicitly, it is the same function for both fast and slow processes. T_hls fact
allows one to design experiments to measure the rel.a!We pha.se shift. The
phase lag 4 between the slow and fast components is determined by Ayan
and Mg, and is given by tan ¢ = wr, and the phase 8, between P(w) and
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Praq is given by

awrt
tan g, = ﬁm‘p—) (¢4]

where

kl!c
a= k_, €7 (8)
and
_ kr knr kisc _

b= Ag + k,AE° + P + k. (e, — €7} L))

This function depends only on wr and the parameters of the energy level
scheme; from a plot of tan 8, vs w values of a and & can be determined.
From the value of the parameter a, one can determine cither the energy
of the metastable state or the quantum yield of its formation. In order 1o
measure 9, it is necessary 1o prepare a reference sample in which there
is no slow decay component. This can be accomplished by preparing a
reference sample using an absorber suck as B-carotene in which the triplet
state is not populated, and therefore all relaxation is fast. It is extremely
important that the optical, thermal, and geometric properties of the ref-
erence and sample be exactly rmatched in order that Riw) is the same for
each. Alternatively, the reference could be the sample in which the Jife-
time of the metastable state is markedly shortened by quenching pro-
cesses. The necessity of a matched reference sample probably limits this
method to solutions of biomolecules or subcellular preparations in either
liquid solvents or plastics. It would be difficult to prepare the proper
reference for chromophores in situ (however, see Section 2.5.3 for a ref-
erence system based on the PA signal in the presence of a strong contin-
wous light},

Fortunately, it is possible to carry out this experiment in a way in
which the sample itself acts as the reference. From the Jablonski diagram
(Fig. 5) it can be seen that excitation 1o $» results in fast decay to §,
followed by the photophysical processes, whereas excilation 10 5, results
directly in these photophysical processes. In this way the fast relaxation
from §; — S, provides the reference fast heat. Quimby and Yen (1980)
have used essentially this method 10 measure the quantum yield of flu-
orescence in ruby and report an accuracy of 0.90 = 0.05. It is expected
that these experiments can be carried out in situ in some photabiological
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systems, thus making possible the measurement of photophysical param-
eters of intact chromophore systems in their native environment.

25.2. Fluorescence Quantum Yieids

By measuring the ratio of the signal amplitude of a fluorescent sam?le
to that of a nonfluorescent reference material, the energy yield of radia-
tionless relaxation vy can be determined. @, is related to ¥ by

O = %u -9 (10)
\

where A, is the excitation wavelength and As is the mean fluorescence
wavelength (Callis, 1976). These measurements rely on the fact that R{w)
is the same for sample and reference materials. This can be assured in
solution studies since Bopricar can be matched and the thermal, surface,
&nd geometric propertes are those of the solvent. Adams er al, (1977) have
measured @; for a series of dyes in solution by using the fully quenched
dye as the reference.

- Adams er al, (1980, 1981) have also devised & way to measure @, of
solid samples by using carbon soot as a reference, even though R(w} is
not the same for sample and refercnce. In this case @, can be extracted
from a plot of the ratio of the sample signal amplitude to the reference
signal amplitude vs wavelength of exciting light over a range of wave-
lengths where the sample is photoacoustically saturated. This technigue

" may well be the most sccurate ethod for obtaining @, of solids.

2.5.3. Photochemical Energy Conversion

Callis (1976) has pointed out that the heat produced (Q) in a pho-
tochemical process excited by N photons of cnergy Ei, is

dQ = N(Eqw — Q.E,) an

where @, is the quantum yield of stable product with energy E, above
the ground state. Malkin and Cahen (1979) have developed a general the-
ory for the photoacoustically detected enthalpy changes in a photoactive
sample. The relative PA signal of a photoactive sample is given by

3 b AE,, ..]

an

S(w. A) = Fa Glw) [1 - N
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where S{w, A} is the PA signal compared to a photoacoustically saturated
reference with no photochemical activity; Fa.,, is the fraction of the in-
cident radjation (Mhv) absorbed in the distance W Glw) is an instrumental
factor and @, and AE,, are the quantum yield and stored enthalpy of
product p of photochemical reaction j. AE,; is a function of modulation
frequency since in order to be observed, the product (in many cases in-
termediate) must have a lifetime of the order of w™". By analyzing § as
a function of w, different intermediates are observed; the fastest ones at
high frequency and the slowest ones at very low frequency. In favorable
cases qualitative rate constants may be assigned. In addition to measuring
energies of the intermediates above (or below) the reactant ground state
this equation can be used to extragt information about the wavelength
dependency of photochemical processes. As described below (Section 4)
the photocycle of Halobacierium halobium has been extensively studied
using this approach.

2.5.4, Flash Calorimetry

Cailis er al. (1972) have devised a strategy for directly determining
the enthalpy changes of photophysical and photochemical processes by
measuring the volume change of a solution with a capacitor microphone
following flash excitation. This technique differs from the photoacoustic
measurements discussed herein in two important ways. First, the meas-
urement is in the time domain rather than the frequency domain, and
second, the volume change of the liquid solution is measured by the de-
flection of the microphone diaphragm in contact with the solution (there
is no air-space in the cell}. An advantage of the time domain measurement

< for experiments on complicated photocyelic sysiems such as photosyn-
" thesis and Halobacterium photoconversion is that the system is allowed
1o return to a well-defined initial state between excitation flashes. Al-
though volume changes for & given amount of heat production are much
smaller in liquid than in gas, the time domain measurements are readjly
signal averaged and volume changes of 3 x 107" ¢m? and enthalpy
changes of 1 pcat in the interval of 100 s to 1 s after the flash were
reported,

Volume changes after the flash can arise from two sources {Arata
and Parson, 1981, 1982). Expansion or contraction of the solution due to
heating or cooling and, in the case of photochemical processes, & volume

_difference between reactants and products. The total volume change after
« the flash is given by Tl

V= (nE, - NE,)(;C‘:) + NAY, a3

R ey 2y

I Y7
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where n is the number of systems excited by the flash; E; is the average
energy of the photons; N is the number of systems reaching product; E,
is the energy of the product relative to the ground state {defined as zero);
{ is the thermal expansion coefficient; p is the density; C, is the heat
capacity per g of solution, and AV is the difference in volume between
reactants and products. By using the appropriate reference solutions and
by making measurements at two temperatures, it is possible to separate
the contributions to AV and to find the enthalpy changes of the photo-
chemical process. Flash calorimetry has been used effectively in deter-
tnining triplet state quantum yields in molecular systems (Callis, 1976),
in studies of enthalpy changes and praton translocation in photosynthetic
systems (Arata and Parson, 1981, 1982; Callis er af., 1972), and in studies
of the H. halobium photocycie (Ort and Parson, 1978, 1979a,5).

2.8. Experimental Techniques Important ln Photoacoustic
Studies of Biolagical Systems

2.6.1. Two-Beam Experiments

In spectroscopic studies of photobiological systems undergoing pho-
tocyclic or photochromic reactions, it is often desirable to apply two
beams of light, one to hold the system in the desired state and one (o use
for interrogation. PAS is ideally suited for these kinds of measurements
since only the modulated Light beam will contribute to the signal. Fur-
thermore, it is not possible to saturate the detector {microphone) with a
very strong continuous beam even at the measiring wavelength, since
DC levels are not detected.

Two beam experiments have been used in the study of the bacter-

“iothodopsin photocycle (Garty et al., 1978; Cahen er al., 19784), in pho-

tosynthetic studies (Callis 1 al., 1972; Lasser-Ross er al., 1980; Bults 7
al., 1981} and in our laboratory in the search for signals from phytochrome

* photoreceptors. ] :

26.2. Masking Unwanted Signats

The nature of PAS offers a simple method for restricting the signal
to desired regions of the sample. First, of course, the best signal-to-noise
ratio will be obtained by tightly focusing the light on the portion of the
sample of interest, In this connection, note that the window shown in Fig,
1 can be replaced by a lens. Further restriction of the photoacoustically
active region of the sample is obtained by coating it with a film of trans-
parent wax, plastic, or silicone grease, The ¢oating should be several

[,
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thermal diffusion lengths thick, and transparent to the wavelength range
used in the experiment. Under these conditions the signal from the masked
(coated) regions of the sample will be essentially completely attenuated
(Fernelius, 1980; Helander e al., 1981). In this way it is not necessary
to disect out for spectroscopic study a single region or organelle from an
intact biological specimen. This procedure has been employed in our lab-
oratory in the study of insect eye photopigments i sity, and to attenuate
the signal from very near the cut edge of leaf samples.

263. Low Temperature Experiments

PAS experiments have been reported at temperatures as low as 5°K
(Pichon. et al., 1979; also Section 2.6.6). One technique is to cool the
microphone with the sample, thus avoiding the large thermal gradient
{noise) and volume fiecessary if the microphone is maintained at room
temperature (Murphy and Aamodt, 1977). Inexpensive electret micro-
phones such as the Radio Shack 33-1058 or Sony ECM 16 work well a1
low temperature afier modification in which the original J-type FET im-
pedance translator is replaced with a MOS-FET such as the RCA 3N
187. However, Bechtholgd et al. (1982) have developed a cell that can be

used with a commercial PA specirometer and is continuously variable .

ﬁ'O!'f'I 90-320°K, and the microphone remains at room temperature. A

dopsin, bathorhodopsin, and isorhodopsin. Although not yet reported,
the use of two beams and [ow temperature should allow the observation
of relatively pure rhodopsin and bathorhodopsin spectra in intact retina.

264, Photoacoustically Detected Circular and Linear Dichroism

There is an obvious interest in the study of conformationally sensitive
chiroptical characteristics of biomolecules in siry. Generally, this is not
possible using conventional transmission detected circular dichroism due
1o the opaque nature of biclogical material, Expetiments on solid samples
using PA detection of both linear and circutar dichroism have been re-
ported (Fournier er af., 1978; Palmer et af., 1979), and a theoretical anal-
ysis has been done defining conditions under which the PA amplitude and
phase are directly refated to Ae (Saxe o1 al., 1979). While this method
may hold considerable promise, a potential problem is the loss of integrity
of the circularly polarized light upon multiple reflections (scattering) prior
to abserption (scattered light not absorbed within 4 is of 0o concern),

H

sample. From the Stefan—Bolizmann's Law
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In this connection, and subject to the above cavear, it should be
feasible to measure photoacoustically the linear dichroism of chromo-
phores in situ.
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28.5. Photothermal Radiometry (PTR)

Nordal and Kanstad (1979) have shown that the periodic temperature
fluctuation in the sample induced by the absorption of the modulated hght
may be detected directly as a change in the biack body emission from the

e
W = e

{14)

W = deoT? 3T (15)

where W is the total radiant emittance, ¢ is the emissivity, @ is the Stefan—
Boltzmann constant, and T is the temperature. It can be seen that mod-
ulation of T will modulate W. A detailed theoretical description of PTR
has recently appeared in which the conditions under which the signal s
linearly proportional 1o Bopiicw have been discovered (Tom er al., 1982).
Although 8W may be considerably less than 10-7 W at the detector, the
experiment is feasible since infrared detectors with noise-equivalent-pow-

- ersof 1072 W (Hz)"* are available,

This technrigue requires essentially no sample preparation and no
sample cell or container. The emission from the sample is imaged onto
the detector with appropriate lenses in much the same way fluorescence
is gathered and focused onto a detector. The potential of this technique
is illustrated by the spectrum of a green leaf with signal to noise ratio
=50 obtained ysing an Xe arc lamp monochromtor combination of modest
output { 1 mW) and an electrical time constant of 3 5 (Nordal and Kan-
stad, 1981). It is also worth noting that infrared detectors with response
times of 10-7 5 are available, making it possible to monitor relatively fast
kinetic processes in vivo by PTR.

266. Photothermal Deflection Techniques (Mirage Effect)

Recall from Section 2.1 that upon absorption of light by the sample
a thin boundary layer of gas (ko) at the sample surface is heated. Boccara
ef al. (1980a,5) have shown that the resulting change in refractive jndex
of the boundary layer of gas can be detected from the deflection of a laser
beam passing through the gas boundary layer. For an opaque sample, the
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laser beam should be paralle! to the sample surface and within one thermal
diffusion length in the gas (u, ~ 0.4 mm in air at 50 Hz modulation fre-
quency) of the surface. A knife edge blocking half the beam diameter
followed by a photodetector makes an excellent position sensitive detec-
tor. Boccara et al. (19804) reported visible spectra at room temperature
of both an inorganic powdered sample (Cs;Cr;Cly) and of a single crystal
(Nd2(M00O.):) and, as an fllustration of the versatility of this method of
detection, they also measured absorption and magnetic circular dichraism
of Nda(MoOx); at 2°K and 0.7°K, respectively. In the low temperature
work the refractive index change in the superfluid helium was observed
as a standing wave in the tail of the hetium Dewar. -

These authors reported sensitivity comparable to that of conventional
microphone detection, and noted that there is essentially no sample prep-
aration or sample cell (for room temperature work) needed for these ex-
perimentis.

2.6.7. Transform Technigues in Photoacoustic Spectroscopy;
Infrared Photoacoustic Spectroscopy

Due to the detector limited signal to noise ratio usually observed in
PA experiments, transform tzchniques offer considerable time advantage.
The need for this advantage was first felt in infrared PAS, where source
intensity is especially weak. It is now relatively easy to convert a Fourier
transform infrared (FTIR) spectrometer to PA detection (FTIR-PAS,
Maugh, 1980) and, indeed, the major manufacturers of FTIR instruments
offer PAS cells. Examples of FTIR instruments converied to PA detection
include Digilab (Krishnan, 1981) and Nicolet (Chalmers et al., 1981). This
makes it possible to obtain infrared spectra of matenials that do not trans-
mit infrared light, .g., most biological materials, without solubilization
or other sample preparation techniques that destroy in vive ultrastructures
and interactions. Spectra of mg-amounts of protoporphyrin, bovine
hemin, hemoglobin and horseradish peroxidase have been measured by
Rockley e al. (1980). Although certain features in the spectral range
where the protein absorbed strongly were unresolved, the structural in-
formation characteristically available from infrared spectroscopy is read-
ily apparent.

Fourier transform technigues have been extended into the visible
range, and a detailed comparison to the conventional technique presented
(Lloyd er al., 1980). in special cases the Fourier transform time advantage
could be very useful, but it appears that applications in the visible range
10 biological systems will be limited by technological (interferometer
alignment} and fundamental (it is difficult to extract phase and modulation
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frequency, i.e., depth, information) problems. Gray e al. (1977} have
suggested the use of Hadamard transform techniques, perhaps a very good
suggestion especially for improving the signal to noise ratio in the ultra-
violel region where source intensity is weak,

3. PHOTOACOUSTIC STUDIES OF CHLOROPHYLL-BASED
PHOTOSYNTHESIS

3.1. Chloroplasts, Reaction Centers, and Leaves

Callis ef al. (1972), using the flash calorimeter, measured volume,
and enthalpy changes upon flash excitation of Chrematium chromato-
phores in order to resolve into enthalpy and entropy components the free
energy storage upon light-driven electron transfer from cytochrome Csss
10 a quinone acceptor (Qp). Several novel experiments were pioneered
with this work, and have been used in subsequent efforts, A photochem-
ically saturating continuous light incident on the sample was used 1o pro-
vide a reference. This reference has exactly the thermal and optical char-
acteristics of the sample; it differs only in that the flash does not elicit
photochemical changes. Also, ionophores. uncouplers, and various buff-
ers were used in order to preturb the chromatophores in a predictable
way. These authors found that the increase in free energy upon flash
excitation of these chromatophore preparations is almost totally in the
form of a large negative entropy change. .

Later work by Arata and Parson (1981, 1982) with light-driven elec-
tron transfer from Peso 10 quinone Q4 in reaction center preparations of
Rhodopseudomonas sphaeroides indicates that in the state P05 free
energy is slored as negative entropy. However, in preparations containing

"+ both @, and {s. the formation of the siate P~ Q.04 results in a sub-

stantial enthalpy increase and little change in entropy. These results and
the contrast between the results from Chromatium chromatophores and
R. sphaeroides reaction centers is fully discussed in the references above.

Cahen et al. (19785) reported & study of photosynthesis in a chlo-
roplast preparation using the more conventional coupling gas-micro-
Phone technique. They found that the PA spectrum very nearly matched
the absorption spectrum obtained with an integrating sphere. In this pre-
liminary report they also noted that treatment with 3-(3,4-dichlorophenyl)-
t.1-dimethyl urea (DCMUY) changed the ratio of blue 10 ted region signal
strength, and that the extent of this change depended on the chopping
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frequency. In later work (Lasser-Ross, et al., 1980) on this system, a
strong continuous (DC) light was used to saturate the photochemical pro-
cesses of photosynthesis and the expected increase in the PA signal was
observed [e.g., less photochemical loss (Malkin and Cahen, 1979)]. Fur-
thermore. measurements of this photochemical loss as a function of wave-
length and electron acceptors such as methylviologen could be interpreted
in terms of cyclic photodriven electron flow around Photosystem I. These
authors made the observation that fluorescence and PA techniques seem
to report on different aspects of the photosynthetic process.

When Bults et al. (1981) extended theit work to include whole leaves,
an important observation was made. At low modulation frequency the
PA signal decreased upon application of a strong DXC light. The authors
interpreted this result in the following way. At low modulation frequency
the PA signal consists in large part of modulated O, evolution. The strong

.DC light drives the O; evolution to saturation, and hence the modulated
0: evolution and concomitant PA signal decreases. At high modulation
frequency, above 200 Hz, the slower O, evolution process does not con-
tribute to the PA signal and the expected increase in signal upon appli-
cation of the DC light was observed. DCMU vacuum infitirated into the
leaf completely abolished the change in PA signal upon application of DC
light at any modulation frequency. Further evidence was provided by the
work of Bults et al. {1982) in which PTR was used in a simitar experiment
(see also Canaani et al., 1982; Kanstad er /., 1983). Since PTR is sensitive
only to heat production, the evolution of O, will not contribute to the
signal. Indeed, it was found that over the frequency range 15-120 Hz
{poor signal to noise ratio prevented experiments at higher frequency) the
application of a saturating DC light always resulted in an jncrease in the
photothermal signal. This observation supports the interpretation that
modulated O; evolution does contribute to the PA signal at low frequency.
These results lay the groundwork for facile methods of measuring the
action spectrum for the production of O, and the production of heat and
should open up new avenues of research in photosynthetic energy con-
version.

Inoue er al. (1979) reported the transient variation of the PA signal
from intact leaf sections upon irradiation with modulated light. The
transient signals are large, undergo light and dark adaptation reminiscen’
of the Kautsky effect, are inhibited by DCMU or heating. and are kinet
ically distinct from the transient fluorescence changes. In preliminary
work in our laboratory we have observed large changes in the PA signa
from oat seedlings over a period of minutes. These changes in signa
amplitude depend on the light/dark history of the leaf and the waveleng!
and intensity of a continuous light. It seems clear that perturbations ¢
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the pho.iosymhelic Pprocess give rise to large changes in the PA signal.
These signals contain information about the partitioning of excitation en-
crgy be_(ween the two pigment systems, the energies and kinetics of in-
lermediate states, the extent of saturation of each photosysiem, and the
effects of drugs.

At this point we mention again (Section 2.4.2) the work by Adams
et al. (1976) in which the spectrum of the waxy cuticula of a leaf was
resolved from the spectrum of the interior chloroplasts. As Adams er al,
(1976) suggested, it is clear from these results that the cuticular layer
attenvates the near-UV light, and thus may play a role in protecting the
pho[losympctic membranes, However, it must also be pointed out that
the intensities of the spectra in Fig. 4 are qualitative. One can say only
!hal the absorption of near-UV radiation by the cuticular layer is similar
in strength to the absorption of red light by the chloroplasts. We have
found that, as expected, the very thick cuticular layer found on certain
dicsen plants (agave} essentially masks the PA signal from the chloro-
piasts,

!t is reasonable to expect that PA techniques will play a significant
role in research on ENcrgy conversion in photosynthetic membranes, An
understanding of the initial forms of free energy storage in the native
_syst.em is not only of intrinsic value, but may also serve to guide efforts .
in biomimetic solar €Nergy conversion schemes.

3.2. Algse and Lichena

The PA spectra of a series of freeze dried phytoplankion cultures has
bet?n reported by Ortner and Rosencwaig (1977). Excellent signal 1o noise
ralios were obtained from as few as 200 cells mm~2, and in several cases
the spectra were better resolved than the corresponding absorption spec-
tra. Recently Yoon ef af. (1981) measured the PA spectra of several ex.
amples o.f Porphyra sp. it which the contributions of the light harvesting
carotenoids, biliproteins and chlorophylls te the absorption over the entire
visible range can clearly be distinguished. The various peaks correspond
very u.'e_ll to those present in the absorption spectra; however, the relative
Intensities of the bands in the two types of spectra are marked!y different.
Probab]y_ the major factor affecting the relative band intensities in these
systems is the disposition of excitation energy between Photosystemn |
and_ll. The spectra of these celis was found to be independent of mod-
ulation lt'rcqucncy indicating that there are no wavelength dependent pho-
tochemical rate processes in the s to s range, and no layering of pigment
systems along the direction normal 1o the cell surface (um range).

The PA spectrum of a monolayer of living cells of Porphyridiym

h\
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cruentum is shown in Fig. 6. Chromatic adaptation is easily shown by
comparing the spectra of cells grown under different light conditions. The
relative peak heights in these spectra depend strongly on the intensity
and wavelength of a continuous light isradiating the cells. Furthermore,
the amplitude of the signal from the accessory pigments phycocyanin,
phycoerythrin, and carotene increases relative to the chlorophyll band at
~670 am as the concentration of DCMU is increased from 1 x 10-* M
101 x 1077 M (cells grown for several days in DCMU-treated agar).
Even though a detailed anaiysis is not complete, it seems clear that these
observations are related to energy distribution between the photosystems.

Figure 7 presents the spectrum at several modulation frequencies of
a living sample (~4 mm?) of the lichen Acerospora schieicheri (O'Hara .
et al., 1981). Note that at high frequency the response is limited to the m-rlor.ﬂmf Wisrior, 88 Kz turfoce, 1013 Hr
fungal region of the lichen and yields the in vivo spectrum of the dominant - !
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Fig. 7. PA spectra of the lichen A'mrospora schleicheri. A small section ~4 mm? of tichen

Frowing on a rock was placed in the sample chamber. The spectrum at 1015 Hz was taken

with the phase optimized for surface response. The spectra of 68 Hz and 4 Hz were recorded

with the phase optimized for response from the interior. The optical and ¢lectrical bang-
widths were as in Fig. 6,

signal

fungal pigment, rhizocarpic acid. It is worth noting that the spectrum of
rhizocarpic acid in the native environment differs sharply from that in
solution (peak 275 nm, shoulder 375 nm}. At this frequency there was no
evidence of absorption by the chioroplasts: in order 10 record a signal
from the chloroplasts it was necessary to lower the frequency to 4 Hz
(see Section 7.1 for information on microphones that operats at very fow
frequency). This spectrum clearly shows the chloroplast absorption, mak-

L L 1 L 1 4 ing it possible to monitor the algae photosynthesis in vivo, We have ob-
800 700 600 500 400 3c0 served that simultanecous irradiation with & DC source decreases the PA
wavelength  (nm) signal, consistent with the results of Buits e af, (1981). This response
Fig. 6. PA spectra of a monolayer of living Porphyridium cruentum cells on agar. (-==-) . only occurs with hydrated lichen samples. Dry samples, known to be
Spectrum at 26 Hz modulation frequency and {——) spectrum teken at 1015 Hz. Note dormant, do not respond to the application of a DC light.
the change in signal 1o noise ratio as the modulati frequency s i d. The optical

bandpass was 10 nm, and the lock-in amplifier output bandwidth was 0.1 Hz.
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4. PHOTOACOUSTIC STUDIES OF H. halobium PHOTOCYCLE

- Ort and Parson (1978) reported studies of the purple membrane using
the flash calorimeter to measure the solution volume change after flash
excitation. A fast, buffer-dependent component of the volume increase
following the flash was interpreted as electrostriction of the solvent due
1o proton refease by the membrane. A slower, buﬂcr-independent com-
ponent of the volume increase could be due to proton translocation on

of proton release {®4. ), an important parameter in the mechanism of the
proton pump (Ort and Parson, 1979b). At low ionic strength a value of

the formation of intermediate, M. and suggesting one proton per photo-
cycle. However, at high ionic strength Py, = 0.43 was found while the
quantum yield for the formation of M was unchanged, implying that two

and Delmelle (1981} on the PAS of films of purple membranes demon-
Strates that the quantum yield of photocycle is independent of pH over
the range 5-9. Taken with earlier work by these authors (Renard and
Delmelie, 1980), the suggestion was made thay 25~ are pumped per pho-
tocycle at pH 5-7 and 14+ is pumped per photocycle at alkaline pH.
This conclusion is jn contrast to the observation by Ort and Parson ( 1978)
that &, . does not depend on pH over the range 6.0-8.75. However, a
direct comparison is not possible since the work by Ort and Parson (1978)
is on membrane fragments in solution while Renard and Delmelle (1981}
used films of membrane on filter paper. It is atso noted here that for
solution samples the time domain liquid-coupled microphone technique

change makes only a very small contribution to the signal.

Enthalpy changes during the photocycle have also been reported by
Ort and Parson (1979a). They find thai fast relaxation, proton release ang
the slow component of €Xpansion are exothermic, and that proton uptake
to return 1o the original state js endothermic by approximately 35 kcal/mol
Since return to the starting state is spontancous, entropy changes mus:
be rather large, and thus Play a significant role jn the bioenergetics of the
proten pump, It is noteworthy that Garty er af. (1980), using the ga:
coupled microphone and modulation techniques (Section 2.5.3), reportec
& qualitatively simijar picture of the enthalpy changes during the photo
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cycle and, using a continuous light in a two beam experiment, they have
recorded a very nice spectrum of the intermediate M,,, in a film of purple

may correlate with those observed by optical techniques, there is no gen-
eral agreement . However, complete agreement between photoacoustic
and optical techniques is not expected since thermochemical changes do
not necessarily result in observable optical changes, further illustrating

extract enthalpy changes and the energy stored at each step of the pho-
tocycle.

Bechtold et al. (1982) have reported the spectrum of purple mem-
branes in water sand in a glycerol-water mixture af temperatures as low
as 90°K. Marked speciral changes occur with irradiation time and as a
function of temperature, but these results do not paralle! those from trans-
mission measurements,

In the case of visual thodopsin, the only report of PAS is mentioned
in Section 2.6.3. ’

5. PHOTOACOUSTIC STUDIES OF SKIN TISSUE

thors tentatively supgested that the enzymatic modification of tyrosine,
such as hydroxylation, could account for the observed changes. Also.
since therenal properties of the tissue are affected by the extent of hy-
dration, it was possible 10 corrélate the signal amplitude with the tissue
water conient.

Campbell e1 o, (1977, 1979) have carried out extensive studies of the
hydration profile or water concentration gradient of hurhan skin. A mul-
tilayer theoretical model was developed for the dependence of signal on
modulation frequency and thermal properties. and was used to interpret
the experimental data. It was found that the transition from hydrated (o
dry tissue occurred approximately halfway through the stratum corneum,
consistent with the view that the stratum corncum is the diffusional barrier

N—
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of the epidermis. Further illustrating the application of PAS to derma-
tological research, the authors reported the detection of tetracycline
(down 10 ~0.045% solution topically applied), and jts diffusion through
both plantar and abdominal skin. The time constant for diffesion was
found to be ~10 times greater in the case of abdominal skin.

Several other studies related to skin tissue have appeared. Sunscreer
effectiveness is directly related to the attenuation of light as a functior
of penetration, wavelength, time, environment of the skin, etc, PA tech
niques can be used to measure in sity the absorption of light by the chem-
ical sunscreen as a function of these parameters (Pines, 1978), Lermar
et al. (1978) used PAS 1o measure the absorption of normal, aging, anc
cataractous human eye lenses. An analysis of skin lipids by infrared PAS
at sensitivities of beiter then one wg can be accomplished simply by rub-
bing a cotton swab lightly against the skin and transferring a drying stair
te a small aluminum plate (Kanstad 7 al., 1981). Rather than a gas-mi-
crophone arrangement, these authors used a piezoelectric detector
bonded directly to the aluminum plate.

These reports have clearly estabiished the underpinning work for the
use of PA techniques in studies of both photobiological and biochemi-
cal/biophysical Pproperties and functions of skin tissue. It is expected that
applications will expand in this area and include studies of photoproducts
of skin sensitizing chemicals ang their distribution in the epidermis, the
diffusion of chemicals in tissue, and the disease conditions affecting sur-
face and near surface tissue. In this connection, developments such as
open-ended photoacoustic cells (Fishman and Bard, 1981) and radiometric
detection (Section 2.4.5) could lead to true in vivo spectroscopy of a va.
rety of living things.

6. CONCLUSION

Both qualitative and quantitative information can be extracted from
fmeasurements involving PA techniques. The observation from early ex.
periments that it s in general extremely difficult to determine quantita.
tively Bopiicar. 2nd hence the concentration of a chromophore, remain:
correct. On the other hand, calorimetric aspects of photoacoustics car
be exploited 10 yield absolute values of energies or quantum yields o

things. Furthermore, with proper attention to experimental technique (sat
uration, phase, etc.) urambiguous absorption maxima can be measurec
and therefore the transition energy of chromophores in vivo determined.

Phot Sp Py ns

Certainly the usefulness of PAS in certain types of strongly scattering
materials is questionable (Tilgner, 1981). However, it is clear that the
unigue sensitivity of PA techniques to optical, thermal, and thermochem-
ical properties of the sample will assure its place in studies of biochemical
and especially encrgy-transducing photobiological systems, Capabilities
are expanding rapidly, partly as & consequence of novel technigues such
as PTR, mirage effect, and FTIR-PAS; it seems safe 1o continue the pre-
diction (Smith, 1977) that PA techniques will find increasing use in the
study of biofogical material.

7. EXPERIMENTAL NOTES
7.1. Microphone

We have found that the selection of a high qualily microphone is
rather important. This is especially true in the case of photobiological
experiments, since achieving an acceptable signal to noise ratio by vsing
a high light level may sometimes damage or alier the sample. In other
words, choosing the most sensitive transducer will result in a given signal
1o noise ratic at a minimum light level. In order to derive maximum benefir
from a sensitive microphone, it is necessary to have a cell with sufficient
acoustic and seismic isolation so that the noise floor is electrical from the
preamplifier stage, We have found that the Briiel and Kjaer model 4165
{condenser} or 4175 (electret) microphones to have the highest sensitivity
end widest frequency Tesponse of any commercially available micro-
phones; with special sealing kits these microphones have low frequency
response to <0.1 Hz. Furthermore, they have quantz-coated diaphragms
50 that corrosive chemicals are less of a problem.

7.2. Light Scrambler

Since the PA spectrum results from the point by point division of the
sample signal by the signal from a black body absorber, it is essential for
the beam to have the same power spectrum when irradiating sample and
reference. The power spectrum of a compact arc lamp (Xe) varies mark-
edly over the distance between the electrodes, and if the source optics
are of high quality, the image of the arc at the sample will not be ho-
mogencous with respect to power spectrum. Since the sample is often
not the same size or it is not in the same position in the cell as the black
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body absorber, serious errors up to 50%) can oceur in the observed spec-
trum upor division, We parily solved this problem by instailing a spherical
mirror behind the arc lamp so that an inverted image of the arc falls on
the arc, and completely solved the problem by having Maxlight (Phoenix,
Arizona, USA) build a quartz light guide with the fibers randomized. The
exit slit is imaged onto this light guide with an ellipsoidal mirror, and the
light guide scrambles and transmits light to the cell,

Arc lamps with ellipsoid reflectors arranged such that the arc is coax-
ial with the ellipsoid axis may not suffer from this problem, since the
heterogeneous power spectrum is along the optical axis, a direction not
resolved when the image is formed on the sample,

7.3. Bifurcated Light Guide

An ideal way to carry out two beam experiments is a beam combiner
in the form of a bifurcated light guide. Again, Maxlight custom builds
these with randomized, quartz fibers.

7.4. Stirred Arc

A well-know technique for suppressing arc wander is to place a mag-
netic stirrer or solenoid near the [amp so that the arc is stirred or averaged
over all available sites on the electrodes at relatively high frequency. In
this way the random wander (noise), which can cause sudden intensity
changes of as much as 505 every few minute {very low frequency noise),
is translated up in frequency so that it is averaged by the time constants
in the system.

7.5. Photoacoustic Cell Signal

Signals arising fram absorption by the walls of the PA ceil can distort
the sample spectrum, and are especially troublesome in the case of phase
measurements, We have experienced considerable difficulty with these
spurious signals and have not completely salved the problem. The walls
of the PA cell are illuminated by scattered light and sample fluorescence;
itis difficult to remove these signals since the empty PA cell signal is no?
the correct blank for the PA cell contribution when the sample is present.
A good strategy is to construct the PA cell from Plexiglass or aluminum
with all interior surfaces polished. Additionally, a light trap. as shown in
Fig. 1, may be used. The quartz cover plate must be carefully sealed at
the edges with silicone grease. It is also important that the cell be designed
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50 that light does not fall on the microphone diaphragm. The design of
PA cells is discussed in the general reviews cited carlier; good examples
of useful reports of the sensitivities and signal to noise performance of
cells are given by Cahen (1981), Ducharme ef af. (1979) and Gray et al.
(1977).

ACKNOWLEDGMENT

This work was supplied in part by NSF Grant CHE-8021718.

8. REFERENCES

Aamodt, L. C., Murphy, 1. C., and Parker, ). G., 1977, Size considerstions in the design
of cells for photoacoustic spectroscopy, J. Appl. Phys. 48:927-933,

Adams, M. J., and Kirkbright, G. F., 1977, Analytical optoacoustic spectroscopy part LI,
The optoacoustic effect and thermal diffusivity, Anolvsr 302:281-292.

Adams, M. )., Beadle, B. C., King. A. A., and Kiricbright, G. F., 1976, Analytical oploa-
€oustic specirometry part II, Ultraviolet and visible optoacoustic spectra of some in-
organic, biochemical and phyiochemical samples, Analyst 101:853-56],

Adams, M. J., Highfield. 1. G., and Kirkbright, G. F., 1977, Desermination of absolute
fluorescence quantum efficiency of quinine bisulfate in aguecus medium by optoacoustic
spectrometry, Anal. Chem. #%:1850~ 1B52.

Adams, M. J., Highfield, ). G., and Kirkbright. G. F., 1980. Determination of the absolule
Quantum efficiency of bumi of solid ials employing photoacoustic spec-
troscopy, Anal. Chem, 52:1260-1264.

Adams, M. J., Highfield, J. G., and Kirkbright. G. F., 1981, Determination of the absolule
quantom efficiency of sodium salicylate using photoacoustic spectroscopy, Analvsi
186:850-B54,

Arata, H., and Parson. W. W., |981. Enthalpy and volume changes accompanying electron
transfer from Pex to quinones in Rhodopseudomonas sphaercides reaction centers,
Biochim. Biophys. Acta 636:70-81.

Arata, H.. and Parson, W. W, 1982, Enthalpy #nd volume changts accompanying ¢lectron
transfer from Py to the primary and secandary quinones in photosynthetic reaction
centers, in: Funcrion of Quinones in Energy Conserving Systems (B, L. Trumpewer,
¢d.}. Academic Press, New York (in press).

Balasybramanian, D, and Rao, CH. M.. 1981, Yearly Review, Photoacoustic spectroscop)
of biological systems, Photochem. Photobiol, M:149-752.

Bechthold, P. §., Kohl, K.-D., and Sperling, W., 1982, Low 1emperature photoacoustic
spectroscopy of the purple membrane of Halobacterium halobium, Appl. Op:. 11:117-
132

Bennett, H. 5., and Forman. R. A., 1971, Frequency dependence of photoacoustic spec-
troscopy: Surface-and bulk-absorption coefficicnts, J. Appl. Phys 48:1432-1436

Betteridge, D., Lilley. T., and Meyler, P. J., 1979, Computer gencrated opioacoustic spectra
for & two-layer sobid sample system. Fresenius Z. Anal. Chem. 296:28-37.

Boccara, A. C., Fournier, D., and Badoz, 1., 1980q. Thermo-optical spectroscapy: Detection
by the ““mirage effect,” Appl. Phys, Lent. 36:130-132.

Boccara. A. C., Foumnier, D., Jackson. W.. and Amer. N. M., 19804 Sensitive photothermal
deflection technique for measuring sbsorption in optically thin media. Opr. Lerr 5:377—
9.




~Qe§5—

M

Fil] . Thomas A. Mcore

Boucher, F.,and LeBlanc, R. M. 981, Photoacoustic spectroscopy of cattle visaal pigment
at low temperature, Biochem. Biophys. Res. Commun. 100:385-390.

Bults, G., Horwitz, B. A., Malkin, 5., and Cahen, D., 1981, Frequency-dependent pho-
toncoustic signals from leaves and their relation to photosynthesis, FEBS Lerr. 129;44—

46,
Bults, G., Nordat, P.-E., and Kanstad, S. 0., 1982, fn vive studies of photosynthesis in
attached leaves by means of photothermal radiometry. Biockim. Biophys. Acia 682:234—

37,

Cahen, D., 1981, Ph ic cell for reflection and transition measurements, Rev. Sci.
Tnstrum. 52:1306-1310,

Cahen, D.. Garty, H.. and Caplan, 8. R., 19784, Spectroscopy and energetics of the purple
membrane of Halobacterium halobium, FEBS Leis. 131134,

Czhen. D., Malkin, 5., and Lerner. E. L., 19785, Photoacoustic spectroscopy of chloroplast
membranes; listening to photosynthesis. FEAS Letr. $1:339-342,

Cahen. D, Bults, G., Cany, H., and Malkin, S., 1980, Photoacoustics in life scienges, J.
Biochem. Biophys, Methods 3:263-310.

Callis, J. B., 1976, The calorimetric delection of excited states, J. Res. Nar. Bur, S1and.
BOA:413-419.

Callis. J. B., Parson, W. W., and Gouterman, M., 1972, Fast changes of enthalpy and volume
on flash excitation of Chromatium chromatophores, Biochim. Biophys. Acta. 267:343—
362.

Campbell. 8. D., Yec. S. §., and Afromowitz, M. A., 1977, Two applications of photoa-
COUSLC $peciroscopy L0 measurements in dermatology. 4. Bioeng. 1:185-188,

Campdell, 8. D.. Yee, 8. 3., and Afromowitz, M. A., 1979, Application of photoacoustic
Spectrascopy lo problems in dermatology research, IEEE Trans. Biomed. Eng. EME-
26:220-227.

Canaani, ©., Cahen, D.. and Malkjn, S.. 1982, Photosynthetic chromatic transitions and
Emerson ¢nhencement effects in intact leaves studied by photoacoustics, FEBS Lerr.
150:142- t46.

Castleden, §. L., Eliion, €. M., Kirkbright. G. F., and Spillane, D E. M., 1979, Quantitative
examination of thin-layer chromatography plates by photoacoustic spectroscopy, Anal.
Chem. $1:2152-2153.

Chalmers, J. M., Stay, B. 1., Kirkbright, G. F., Spillane, D. E.. and Beadle, B. C., 193],
Some observalions on the capabitities of photoacoustic Fourier transform infrared spec-
troscopy (PAFTIR}, Analyst 106:1179-1186.

Ducharme, I, Tessier. A., and LeBlanc, R. M., 1979, Design and characteristics of a cell
for photoacoustic spectroscopy of condensed matter. Rev. Sci. Instrum. 30: 1461 ~1462.

Fernelius, N. C., 1980, Extension of the Rosencwaig-Gersho photoacoustic SPECIToscopy
theory to include effects of a sample coating. J. App!. Phys. 81:650-654.

Fishmar, ¥, A, and Bard, A. J.. 1941, Cpen-ended photoacoustic spectroscopy cell for
thin-layer chromatography and other applications. Anal. Chem. §3:102-105.

Foumier, D., Boccara, A. C., and Badoz, J., 1978, Dichroism measurements in photoa-
toustic spectroscopy., Appl. Phvs. Letr. 32:640-641.

Fuchsman, W. H., and Silversmith, A. J.. 1979, General method for overcoming photoa-
couslic saturation in highly colored ofganic and inorganic solids, Anal. Chem. 51:539—
590.

Garty, H., Cahen, [, and Caplan. §. R.. 1978, Use of photoacoustic spectroscopy in the
study of the bioenergetics of purple membranes. in: Energetics and Structure of Hal-
ophific Microorganisms. (8. R. Captan and M. Ginzburg. eds.). PP I53-25%, Elsev.
ter/North-Holland Biomedical Press. Amsterdam.

—

Photoscoustic Spectroscopy 219

Garty, H., Caben, D, and Caplan, S. R., 1980, Photoacoustic calorimetry of Halobacterium
holobivm photocycle, Biochem, Biophys. Res. Commun. 97:200-206.

Gatty, H., Caplan, 5. R., and Cahen, D., 1981, Photoacoustic photocalorimetry and spec-
troscopy of Halobacterium halobium purple membranes, Biophys. J. 37405415,
Gray, R C.. Fishman, V. A., and Bad, A. 1., 1977, Simple sample celt for examination of

wolids and liquids by photoscorstic Speclroscopy, Anal. Chem. 49:697-700.

Helander, P., Lundsurdm, 1., and McQueen, D., 1981, Photoacoustic study of layered sam-
ples, J. Appl. Phys, $2:1746-115),

Inoue, Y., Watanabe, A., and Shibata, K.. 1979, Transient variation of photoacoustic signal
from leaves Accompanying photosynthesis, FEBS Ler. MW1:321-323.

Kanstad, §. ©., Nordal, P, E., Hellgren, L., and Vincent, 4., 1981, Infrared photoacoustic
spectroscopy of skin lipids. Nawurwissenschafren 68:4748.

Kanstad, S. 0., Cahen, D.. and Malkin, S.. 1983, Simulaneous detection of photosynthetic
encrgy storage and oxygen evolution in Jeaves by photothermal radiomeiry and pho-
Yoacoustics, Biochim. Biophvs. Acta 722:182-189.

Krishnan, K., 198], Some applications of Fourier form infrared ph it spec-
troscopy, Appl. Specirosc. 35:549-557,

Lasser-l?oss. N.. Malkin, §., and Cahen. D.. 1980, Photoacoustic detection of photosyn-
thetic activities in tsolated broken chioroplasts. Biochim. Biophys. Acia 593:330- 34,

Lerman, $., Yamanashi, B. S., Palmer, R. A., Roark, ). C.. and Borkmar. R.. 1978, Pho-
toacoustic, fluoresence and light transmission spectra of normal. aging and cataracrous
lenses, Opkthatmic Res. 19: 168=176,

Lin, J. W-p., and Dudek, L, P.. 1979 Signal saturation effect and analytical techniques in
photoacoustic specirescopy of solids, Araf. Chem. 5i:1627-1632.

Lloyd, l"‘. B.. Bumnham.R. X.. Chandler, w_L_, Eyring. E. M.. and Farrow . M. M_, 1980,
Fourier transform photoacoustic visible spectroscopy of solids and liquids, Anal. Chem.
52:1595-1558. .

Ma:kemhn_m, M.L.,Tom.R. D., and Moore, T. A., 1979, Lobster shell carotenoptolein
organization in siftw studied by phatoacoustic SPECtroscopy, Narure T19;265-66.
Malkin. S., and Cahen, D.. 1979, Photoacoustic spectroscopy and radiant energy conversion:
Theoty of the effect with special emphasis on photasynthesis, Photochem . FProtobioi.

29:803-813,

Maikin. §., and Cahen, D.., 1981, Dependence of photoncoustic signal on oplica) gbsorption
cogﬂ‘ici:m in optically dense liquids. Anal. Chem. 53:1426-1432,

Mlndehs.lA” Teng. Y. C., und Royce. B.S. H._, 1979, Phase measurements in the frequency
domain photoacoustic Spectroscopy of solids. . Appl. Phys. 80:7138-7146.

Man;l; ':‘hﬂ. 11, 1980, Fourier transform comes o pholoacoustic SPeCIroscopy. Science

McClelfand, 1. F., and Kniseley, R. N, 1976, Signal saturation effects in photoacoustic
::;clroscopy with applicability 1o solid and liquid samples, Appl. Phys. Lett. 281367

McDon;ld.F. A., 1980, Three-dimensional heat flow in the photoacoustic eff; t 1. Phy.
Lew. 36123 12, preisscousts llct. Appl.Phss.

McDonatd, F. A.. 1981, Three-dimensional heat flow in the photoacoustiz effect-1I: Cell.
wall conduction, J, Appl. Phys. $2:181-385.

McDonald, F. A., and Weise] G. C. Jr., 1978, Generaiized th i

. . N eory of the phot

effect. J. Appl. Phys. 49:2313-2322. i " proloaconsic

Moore, T. A., Benin. D, #nd Tom. R.. 1982, Photoacoustic measurement of photophysical

Propenties. Lowest triplet stare energy of a free by hys
idvey g se prophyan, 2. Am. Chem. Soc.




-\
~223—

= Thomas A. Moore

Morita, M. [981, Theory and experiments on the photoacoustic effect in double-layer solids.
Jpn. J. Appl. Phys. 20:835-842.

Murphy. J. €., and Aamodt, L. C., 1977, Photoscoustic spectroscopy of luminescent solids:
Ruby. 2. Appl. Phys. 48:3502-3509

Nordal, P.-E.. and Kanstad, §. 0., 1979, Photothermal radiometry, Physice Scripta 20:659—
662

Nordal. P.-E., and Kansiad, §. Q.. 1981, Visible-light spectroscopy by photothermal ra-
diometry using an incoherem source, Appl. Phys. Len. 38:486-488.

O'Hara.E. P., Tom. R., and oore. T. A.. 1981, Ab of light by pi s in lichens

died by ph ic sp Y. Technical Digest. Second Internationat Topical
Meeting on Photoacoustic Speciroscopy. June 22-23, 1941, Opticat Society of America,
Washington. D.C. Abs. Tu B9,

Ort. D. R., and Parson, W. W.. 1978, Flash-induced volume changes of bacteriorhodopsin.
containing membrane fragments and their relationship 1o proton movements and ab-
sorplion transients, J. Biol. Chem. 152:6158-6164.

Ort. D. R.. and Parson. W. W, 197%a. The quantum yieid of flash-induced proton release
by bacteriorhodopsi ining b frag| . Biophys. J. 35:341-354,

On. D. R.. and Parson, W. W.. 19795, Enthalpy changes during the photochemical cycle
of bacteriorhodopsin, Biophys. J. 15:355-364.

Ortner, P. B.. and Rosencwaig, A., 1977, Photoacoustic spectroscopic analysis of marine
phytoplankton, Hydrobiologia 8:3-6.

Palmer. R. A.. Roark, J. €., Robinson, J. C.. and Howell. ). L.. 1979, Photoacoustic de-

tection of natural circular dichroism in solids, Technical Digest. Topical Meeting on

Pichon. C.. LeLiboux. M.. Fournier, D.. and Boccara, A. C.. 1979, Variable-temperature
photoacoustic effect: Application to phase transition, Appl. Phvs. Leir. 35:435_437,

Pines_ E., 1978 A new technique 10 assess sunscreen effectiveness, J. Soc. Cosmer, Chem.
29:559_564.

Poulet. P., Chambron. 1., and Unterreiner, R., 1980, Quantitative photoscoustic spectros-
copy applied to thermally thick samples. J. Appl, Phys. 81:1738-1742.

Quimby, R. S., and Yen, W. M., 1979, Threc-dimensional heat-flow effects in photoacoustic
Spectroscopy of solids, Appl. Phys, Lert. 35:43-45,

Quimby. R. S.. and Yen, W. M., 1980, Photoacoustic measurement of the ruby quantum
efficiency, J. Appi. Phys. 51:1780-1782,

Renard, M.. and Delmeile. M., 1980. Quantum efficiency of light-driven proton extrusion
in Malobacterium halobium, Biophys. J. 32:993-1006.

Renard. M., and Delmelle, M., 1981, The photochemical quantum yield of bacteriorhodopsin
in pH independent, FEBS Lerr. 128:245-248,

Rockley. M. G.. Davis, D, M.. and Richardson. H H., 1980, Faurier transformed infrared
photoacoustic spectroscopy of biclogical materials, Science 210:918-970.

Rosencwaig, A., 1978, Photoacoustic spectroscopy, Adv. Electr. Electron Phys. 46:207-
ni

Rosencwaig. A., and Gersho, A., 1976, Theory of pholoacoustic effect with solids, J. Appl.
Phys. 47:64-69.

Rosencwaig, A._ and Pines. E.. 1977a, A photoacoustic study of newbotn rat siratum cor-
neum. Biochim. Biophys. Acta 493:10-23.

Rosencwaig. A., and Pines, E., 19775, Stratum corsieum studies with photoacoustic spec-
troscopy, . Invesr. Dermarol, 69:296-298.

-

-2y — ‘
TSR T

m

Ph tic Sp Py

Saxe, ). D., Fautkner, T. R and Richardson, F. 5., 1979, photoacoustic detection of circular
xe, ). D., LT.R.,

ichroi : . 68:71-76. ) ) o
S:hnd"iihm'ssm‘;;l:: f.fh‘:nﬁegouhl. H.. 1982, influence of photoinduced isomerization
eider. 5.. UL

i . Appl. Op:. 3:44-48. ]
:" ;iMCp ho'llg;'fo‘:el:: ::;::l:. inufpﬁorbxk:log;f’h?;ke Science of Photobiology (K. C.
S #p. 397417, Plequm, N.Y.
Somoano, R. B., 1978, Photoacoustic sp

Til ol Eltd f;:: :’ﬁ:l_::jsuc spectroscopy with light scattering samples, Appl. Opt.
gner. R, .

B iaa. E. P.. and Benin, D., 1962, A generalized model of photothermal
Tom.R. D., ara, E. P., N

¥ Méo?trf::p$‘ Skﬁlr?;l”:-.s:io:mr T. A., Yoon, M., and Song. P. 5.. 1981,

The spectroscopy of Porphyra Sp. in situ, Can. J. Spectrosc. 26:148-157.

y of condensed matier, Angew. Chem.




