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Abstract A handful of early breakthroughs in photoacoustic science and engineering
since its modemn-day (scientific) renaissance in the 1970s has defined directions in
the development of the photoacoustic, photothermal, and diffusion-wave fields in
the past 40vears that have shaped modern day developments and have led to an
mimpressive range of vibrant and unique technologies in the third millennium (tech-
nological renaissance). A power-point presentation on the ICPPP-16 opening plenary
talk focuses on the historical roots of what 1 perceive to be some of today’s most suc-
cessful and unique technologies, while readily acknowledging the impossibility to be
all inclusive. It can be found under the wurl: http://cadift. mie.utoronto.ca/History_of_
Photoacoustics- Photothermics.ppt. The thematic areas in question include historical
reviews selected among the following topics: Piezoelectric photoacoustic microscopy
{(PAM) which, along with early gas-phase PA spectroscopic studies of biomaterials
such as blood haemoglobin and progress in the physics of photon diffusion waves, has
led to the modern-day explosion in biomedical photoacoustic imaging technologies
with future trends for photoacoustic and ultrasound co-registered imagers; Thermore-
flectance, piezoelectric, and gas-phase PA imaging of semiconductors which, along
with developments in photocarrier diffusion wave physics, led to photocarrier ra-
diometry, nanolayer diagnostics, carrierographic imaging of optoelectronic materials,
and devices with industrial trends in solar cell inspection and control: Photoacoustic
gas-phase and infrared radiometric probing and scanning imaging NDE which led
to lock-in thermography and have spawned industrial and biomedical technologies;
Thermal-wave interferometry and the gquest for thermal coherence which led to
thermal-wave cavities, the thermal-wave radar. and derivative depth profiling




technologies, and, very recently, thermal coherence tomography. This review is meant
to be a growing public record of work in progress, with new matenals in the given
thematic areas and other thematic areas being added as more information on the rich
history of the field becomes available. Direct inputs to the author by the broader pho-
toacoustic, photothermal. and diffusion-wave community are solicited and strongly
encouraged to ensure that all landmark and seminal work that shaped the state of the
science and art in the field receives fair and deserving exposure and the historical
review becomes truly representative and comprehensive.
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From Piezoelectric PA Microscopy to Biomedical Ultrasonic
Photoacoustics and Imaging.

From Gas-Cell Microphone PA to Optoelectronic Diffusion-
Wave Imaging and High-Frequency Carrierography based
on Energy Conversion Processes in Semiconductors and
Devices

From Gas-Cell Scanned NDT to Lock-in Thermography
and the Thermal-Wave Radar Imager




= J. G. Parker, Applied Physics Laboratory, Johns Hopkins University, "Optical/
Absorption in Glass: Investigation Using an Acoustic Technigue”, Appl. Opt. 12, 2974
(December 1973)
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Fig. 1. Schematic diagram of the experimental arrangement,
The foeal length of the lens was 9.6 em.




1l. Theory region

Applying the heat equation to the glass (region I) €OSity;
and to the gas (region II), we have, assuming a peri- VT, — jWCyTy = —jwp, @

odic time dependence, .
VT + O T = where k2 is the gas thermal conductivity, Cpz is the
Ky VL JoC T, = al, ey specific heat at constant pressure per unit volume,
where «; is the thermal conductivity of the glass, C; and pe is the differential pressure. Invoking the

is the specific heat per unit volume, ay is the absorp- Eu?;i;ms of state and continuity, we obtain from

» we have neglecting the effect of gas vis-

tion coefficient, and Ip the incident light intensity. Jkf@)V'Ty + [Cp + jOrk/kIVT: + kiCpTy = G,

Designating x = 0 as the glass-gas interface, we find ®)
as the physically important solution of Eq. (1 ) ’
PRy v impo 1_n of Eq. (1) where v is the ratio of specific heats and ko = w/cy,
Tix) = Cy exp(kx) — jlao/wCy), (2) ¢ being the velocity of sound and is given by

where

by = [i(eCy/ k)] 3) ¢ = [(¥po/ m0) ¥, (6)

where pg is the ambient pressure and pg the corre-
sponding density.
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Fig. 3. Sound pressure level in Nz indicated by the wave ana-
lyzer plotted vs frequency for a pressure of 356 atm.
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Fig. 2. Sound pressure level indicated by the wave analyzer
plotted vs cell pressure to the one-half power for the gases Na, Na,
and Qs for a constant chopping frequency of 416 He. 1 Conclusion

The phenomenon of optically generated sound de-
scribed here seems to be reasonably well explained
on the basis of a thin absorbing layer whose function
is to convert light to heat, which in turn is commun-
icated to the gas by thermal conduction. This layer
could correspond either to an adsorbed gas layer or
to a surface layer in the glass itself. If adsorption
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FIG. 1. Cross-sectional view of a simple cylindrical photo-
acoustic cell, showing the positions of the solid sample, back-
ing material, and gas column.

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

o L2 fexpanlt +explit),

ixt T o,

for-1<x=<0, (1)
with

A =pln/2k,,
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¥I¢:, 2. Spatial distribution of the time-dependent temperature

within the gas layer adjacent to the solid surface.
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FIG. 3. Schematic representation of speeial cases discussed
in the text.

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 opaque, it is not necessarily opaque photo-
acoustically and, in fact, as long as gu, <1, the photo-
dacoustic signal will be proportional to 8, even though

tractive. In particular, these features give the photo-
acoustic technigue a unigue potential for noninvasive

in vivo studies of human tissues, a potential which may
have important implications in biological and medical
research and in medieal diagnosgtics,
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Planetary Space Sci. 7, 427 (1961)

Abstract—The phenomenon of thermally induced stress waves resulting from the deposition by radiation
of intense electromagnetic energy into the surface of a solid is described. Both theoretical and experi-
mental aspects are treated. The derivation and general solution for the case of a semi-infinite bar are
given. A recent experiment is described which for the first time demonstrated and verified the thermal
impact phenomenon. The design and development of an optimized experimental facility by which the
phenomenon can be studied in the laboratory is discussed.
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Fig. 3. Oscilloscope records of thermally induced
stress waves. (Horizontal sweep 200 usec per division.)
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Fig. 7. General view of thermal impact facility,




R. M. White, Traveling-Wave Tube Product Section, General Electric Company, Palo

Alto, California, “ Elastic Wave Generation by Electron Bombardment or Electromagnetic

Wave Absorption”, J. Appl. Phys. 34, 2123 (1963)

TGH-FREQUENCY elastic waves have been produced by

the impact of a pulsed beam of electrons upon a solid
target in a highly evacuated chamber. Elastic waves have also
been produced by pulses of microwave-frequency, electromagnetic
energy and light upon their absorption at the surfaces of elastic
solids and fluids. Acoustic waves praduced by electron impact

Fua. 2, Output of acoustic probe when illuminated divectly in air by
pulzed ruby laser. {(Vertical deflection 1 mV/major division; horizontal
seale, 50 gaee /major divislon.)
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P'Ii'-..ﬁ. UHL"'”[:JHL'I:H:!‘ Lraces showing (top) electrical output of acoustic
probe ln contact with stainless steel target rod under impact of an electron
beam pulse (cathode current pulse shown in bottom trace). Multiple
elagtic wave signaly are believed due 1o wave reflections in target rod.

where « i& the coefficient of thermal expansion, (J iz the input
heat flux density, K is the thermal conduactivity, o is the density,
and ¢ 15 the specfic heat, The :|,r|1|r|i|'ude of the C{::TLprES‘iiUIm:
siress normal to the surface is keft, where b is the bulk modulus
of compressibility. Thus, for input heat pulses of fixed duration,
the peak value of the normal thermal stress at the heated (and
constrained) surface is proportional to ka(Kec) 8 In Table 1 the




The equations of motion for the semi-infinite body
and the rod are

(@) pF—= x
ﬁ e
ENE -
7 /
e {d} y

Fic. 1, Transient heating conditions, {a) Uniform heating of
surface of semi-infinite body. (b) Uniform heating of end of ﬁmg
rod. (¢} Nonuniform heating of semi-infinite body. (d) Section
of thin lamina heated nonumtorml{ in y direction, representative
of layer near surface of body in (c).

pld%u/0f )= (0o, 0x)
= (\+2u) (8*u/ 9x*) — Ba(86/dx)
(semi-infinite body) (2.5a)

= E(du/0x*)— Ea(98/9x) (thin rod), {2.5b)

where p is the density of the body. Recognizing that
the elastic constants are related to the velocities of
wave propagation by

(A2u)=pr.?, (2.6a)

where v;,=velocity of compressional wave propagation
in an unbounded medium, and vz=velocity of rod
mode of propagation, one can write both equations of
motion in the form

(/v u/ o) = (*u/ox*)—p(a8/dx).  (2.7)

and
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TIvE F16. 3, Generation of elastic waves at the surface of a liguid by
the absorption of an rf pulse. A 9-kMc/sec, 2-psec rf pulse is
partially abeorbed at the surface of the tap water inside the

IX. SUMMARY AND CONCLUSIONS waveguide (the water level inside the waveguide is the same as

t]}:ﬂt uuisil:}e_‘.l. The c::];mpresaiotgll wa.'.rﬂ'f produced is dhﬂmbtf}d by

i ; i the piezoelectric probe mounted in the stopper at the bottom

In ’anﬂlymng the %&I‘l&l‘&tm{l of elastic waves h},? of the container. The time delay between triggering of the scope
transient surface heating, particularly for the case of (when rf pulse iz produced) and the first detected acoustic signal

is equal to the compuied time of travel of the compressional

a harmonically varying temperature, it is found that
wave from the surface of the water to the probe crvstal,

the functional dependence of the stress wave amplitude
on frequency and the properties of the body heated is
governed by the type of constraint applied at the heated
surface, as well as by the distance, compared with the
elastic wavelength, over which heating takes place.




Abstract

A relaxation method is described which allows a direct measurement of
radiationless transition rates. The method corresponds to the spectrophone in
the gas phase; i.e. it employs intensity modulated light of variable modulation
frequency as the means for perturbing the equilibrium, and a microphone as
the measuring device for detecting the resultant pressure wave. By applying
the method to solutions of eosine in methanol the following results were
obtained: 1) The rate of the radiationless transition from the first excited singlet
state of eosine to the triplet state is 1.25 - 108 sec~!. 2) Besides this transition
the radiationless deactivation of the first excited singlet state to the ground state
may be neglected. 3) The natural lifetime of the triplet state of eosine is

0.104 sec. 4) Even at low temperatures (-196°C) the radiationless deactivation
of the triplet state is much more prominent than the radiative transition.
Generalizations of the optic-acoustic relaxation method are discussed.
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Figure 1. Block diagram of the laser-induced photoacoustic spec-
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The pressure fluctuation induced in the sample solution by
absorbed radiation was detected by a piezcelectric ceramic (NPM,
N-6 supplied by Tohoku Kinzgoku Co. Lid.). A lock-in ampli-
fier,/ preamplifier (NF Co. Lid., Model L1-574) was used to amplify
the modulated output signal.

Table I. Comparison of Cadmium Determinations in
Pernicilium ochro-chloron by This Method and Atomic
Absorption Spectrometry

Cd coneentration,

ug/mL
Sample This
No, method AAS.
1 0.23 0.25
2 0.28 0.28
3 11.7 9.0
4 .56 0.35
5 1.36 0,98

The laser-induced photoacoustic absorption method is
applicable to a wide range of liquid samples and application
of lasers operating in the UV, visible, and IR is recommended.
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B. Davison, Neutron Transport Theory (Oxford, Lon

1958).

2. DIFFUSION THEORY IN
RADIATIVE TRANSFER

1 ol(r, g,
[ at

i ff Lix, 5, )f 6 - 340" + Q(x, 5,8, (2.11)
dar

+V-Lir, 38§ =—(c+ B)Lir, 58

where the radiance L(r, &, ) has units W/(m? sr) and
where § is a unit vector pointing in the direction of in-
terest. The linear seattering and abszorption coefficients,
o and 2, are the inverses of the mean free paths for scat-
tering and absorption, respectively, and the normalized
differential scattering cross section f(§ - §')satisfies

fj;r £G-340' = 1. 2.1.2)

The source term Q(r, &, ¢) represents power injected into
a unit =olid angle centered on & in & unit volume at r.
Equation (2.1.2) treats photons as billiard balls underge-
ing elastic collisions and traveling through the medium at
speed ¢ = (3 X 10® m/s)/n, where n is the refractive index
of the medium (typically n = 1.40 for biological tissues!'").
Interference effects of photons are assumed to average to
zero. In essence, Eq. (2.1.1) provides a mathematical ac-
counting of incoherent photons.

the transport mean free path.

where D is the photon-diffusion coefficient, g is the av-
erage cosine of the scattering angle, oy, = (1 — glo +
B is the linear transport coefficient, and Iy = 1/oy is

The similarity of transport equation (2.1.1) to a conti-
nuity equation is emphasized by integration over all solid
angles and use of the definitions of the fluence rate ¢
and the flux j:

1 ag(r, ¢)
c at

+ V- jlr, &) = —Bé(r, &) + S(r, 1),
where

S, £) = fLQ{r. 5,040,
Pir, t) = 'U;# Lir, 5, t)d0} ,

§li0,:8) = f L Lir, 3, 0340, 2.1.3)

When scattering is much stronger than absorption
(o == B), the radiance can be expressed as an isotropic
fluence rate ¢ plus a small directional flux j, and trans-
port equation (2.1.1) reduces to a diffusion equation.’-18
We first write the radiance as

i 1 3 . o
Lir, 5,8 = I;cf:{r, t) + Gﬁr, t)- 8. {2.1.4)

Substituting this diffusion approximation into Eq. (2.1.1)
and then multiplying by § and integrating over all solid
angles yields

18j6e,0) _

1 1
= o —E?éfr, t) — E.il'l', t),

1

D= i—ge+5 " 30s 3

’ (2.1.5)




jr, t)= -DV(r,t).

DVa(r, 1)~ Botr, 1) = (1 + 8DF) = 2280 _ g g)

8D o%(r,t) 3D aS(r, {)
il il ol Hact S caealie it o [t B
¢ ar? [ ot

(2.1.7)

For most biological tissues the scattering and absorp-
tion coefficients are in the range 10/em < oy < 50/cm
and 0.03/cm < B < 0.15/cm [in vivo, and with A = 650 nm
(Refs. 18 and 19)], so 3D 8 << 1. If the source varies in
time with frequencies of less than ~1 GHz, then the last
two terms in Eq. (2.1.7) can also be neglected,?® leaving
the diffusion equation

DVE(r, t) — Bo(r, £) = %%t” - S(r, #). (2.18)

Fig. 1. Infinite-medium geometry. The medium is strongly
seattering with scattering coefficient ¢, absorption coefficient 3,
and refractive index n. The detector fiber is oriented perpen-
dicular to the radial flux from the source, so the detector signal
ig simply proportional to the fluence rate.




= Frequency-domain radiative transfer
boundary-value problem

diffuse photon density wave (DPDW, or diffuse radiant en-
ergy fluence rate) field [13], 4y [W m™~2]:

7

a d
?%(Es ) - Ulpﬂ'!'d(«"!s w) = Ije ! @ _L=g=0. (- L.w) - AE#’H‘[— L.w)=-3pgAly,
z
= g+ g (n) J -z L)
llb.d(uﬁ m] + A_ﬂbd(u# m] = S#EEAIUE T (?]
o %(#ﬁg#ﬂa) _ 1 dz
D \p-gn) e+ (1 -]’ where A=2D(1+ry)/(1=ry)=2DE. ry, is the internal re-
1 1 flectance, defined as the ratio of the upward-to-downward
[ }—'hﬂ complex diffuse-photon wave number is defined as hemispherical diffuse optical fluxes at the boundary.
15
N —iwT, @)
o, =\ .
! -\ D ef_fr a

v

D, =vD= ;
" 3[pe + (1 - g)pe,]

T, = I:W_Ln,)_l .

Here v is the speed of light (=10'"" cm/s for light propagat-
ing in turbid media): D is the optical diffusion coefficient, in
units of length.
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These theoretical results and their experimental implementations confirming
the theoretical predictions form the background of the current laser
optoacoustic tomographic technologies for biomedical applications. The
following slide shows the formalism and first experimental application of the
spatial distribution of the optical absorption coefficient recovery from
measurements of the temporal profiles of laser-generated acoustic pulses.




se Eq. (2.35) to analyze thermoelastic sound generation for the case where
bsorption is dependent on the coordinate: @ = a(z). The acoustic wave

can be represented as
exp( J.Oz a(§)d§)] -

aG(1,2) 603
hen obtain for travelmg acoustic wave (2.36) in the rigid boundary case

BIO i ) — iwT &
wn =2 J_wﬂ“’)" de.o cos( E)gcg)dg, (2.37)

(£) describes the spatial distribution of the sources G.

vf(r)——f F(@)e™ " do f” sm( g)gtg)dg (2.38)

tions (2.37) and (2.38) can be generalized by continuing the source func-
) (this function is defined only for z> 0)into the domain z < 0 either oddly
’reemboundary g —2z) = —gy(2)], or evenly (for a rigid boundary)
=g (2). Taking this into account

— T — 0T

-2 e 2 [" e o [T e mod @)
(z) is the corresponding continuation. Therefore the thermooptical transfer
is the Fourier transform of the spatial distribution of the thermal sources.
words, the OA-signal spectrum is the product of the laser radiation density
n and the Fourier spectrum of the spatial distribution of absorption (taking
inuation into account).

is the fundamental result from using the transfer function method. The
function and the spatial distribution of optoacoustic sources can be recov-
m the known light intensity spectrum (the laser pulse wave form) and the
d spectrum of the acoustic signal. This technique was implemented in Ref.
| laser pulses of sufficiently short duration are used and when the spectrum
broader than the range of the transfer function, the leading edge of the
pulse mimics the source distribution:*

v~a(z—c0t)exp( — J:‘c' a(g)dg), z>cot.

z) can be determined from this equation. Figure 2.9 shows the results of
ents to recover the absorption distribution in a model medium.* Such ex-
ts have demonstrated that recovery is possible to a depth z of the order of
:al thickness of the medium

[ attrde=2 3.

fraon™
720} -
L 3 8-
80} 7 S -
<0}
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FIG. 2.9. OA diagnostics of an inhomogeneously absorbing medium. Solid curve—absorptior
vs depth; circles—experiment; z—number of absorbing layer.

single laser pulse.’ In some sense this is the inverse of the previous c
technique has also been implemented experimentally in Ref. 8.

It should be pointed out that in many versions of OA spectroscopy a
acoustic wave is not measured but rather different characteristics of the fi
excitation region are measured. We will nonetheless represent their tempc
trum as the product of the radiation intensity spectrum and a certain f
function independent of the type of radiation modulation. The transfer
method is therefore also applicable in these modifications of optoacoustic
copy. Some of the more commonly encountered versions will be examine

2.3. Stage-by-stage Analysis of Thermooptical Excitation of Sound

The transfer function method can be employed to find the spectrum of
coustic signal to a depth of a few (3-5) absorption lengths of light a ™ i
sound is commonly recorded at far greater distances experimentally. T
neglected in the generation zone can no longer be ignored here. These inclu
dissipation, finite sound amplitude, and diffraction.

As a rule, a disk-type acoustic source geometry is typical of laser optc
and a stage-by-stage approach can be used to account for the cited effe
approach is as follows. If the lengths over which dissipation Lpg, nonlinez
and diffraction Ly are manifested for efficiently thermooptically excited
cies are much greater than the dimensions of the thermal sources

(aLDs,aLNL,aLDF) -3 I

the problem is divided into two stages. In the first stage the transfer
method, for example, is employed to determine the traveling wave spec
profile (see Sec. 2.2; all cited effects are not incorporated ). The resulting s



Photoacoustic ultrasound (PAUS)—Reconstruction tomography
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c aT(r,1) V2T +s . Acoustic Wave
p ﬁt - ’ (rat) (rst)a ( ) /——\f
7

The second equation is a wave equation that relates \(‘
acoustic pressure p(r,f) to the excess temperature distribu- \
tion T(r,t): / R \

)
LR WAL o (
ot g K Ot \

the excess pressure, p(r,r), at position r and time ¢ can be \ /

expressed as a volume integral: /&l
dr'  &#T(r',t") /\\..._-/’

p(r.n)= ”f TR 3)

where the volume integral is carried out over the entlre I' FiG. 1. A sphere of radius R expands to radius R+ AR in time =, creating an

space, where the temperature acceleration PT(r' 1) o1'?
nonzero, and t' =¢—|r—r'|/v,.

acoustic pressure wave.




Photoacoustic ultrasound
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|I FIG. 3. PTR spectrum from a whole
' blood smear on a glass slide. Pulse
l\ frequency /= 134 Hz.

WAYELERGTH [rem]

Per-Erik Nordal and Svein Otto Kanstad, Laser and

Molar Extinction Coefficient (cm-11)

10000004 - . -
100000 4
10000+ hat :
1 UOU'% HbO, E
100 T T T
200 400 600 800 1000
Yavelength (nm)



SPIE Laser-Tissue Interaction IV, 1882, 86 (1993)

“A technique is described for the measurement of optical
properties in clear and turbid media based on time-resolved
detection of acoustic transients. Thermal expansion of the
irradiated volume of a sample heated by short laser pulses
causes a pressure-rise that is proportional to the laser

fluence and the absorption coefficient in the sample”. ns - Nd:YAG laser [
6 i i P _._-
—
1 A Joulemeter [*_
4 1-exp (-4 . 2) f ~p® i Trigger 1=355-1064 nm
0
A

a 2 A / .
D \/ . Digital i
g 0 1 : _ Oscilloscope st b
@ 2 Computer

: j FIGURE 6.  Experimental set-up for time resolved detection of laser induced acoustic waves.
250 350 450 550 650 750 d:nupressmd:smhuuon in the sample. The actual acoustic pulse profile formed by the lascr
ﬁ calculated as the convolution of the instant spatial d:smbu?on of the

. pulse profile, L(t), can
Time, ns thermoelastic sources moving into the media and temporal intensity envelope of deposited laser energy:

FIGURE 1.  The profile of acoustic signal generated by a 14-ns pulse of Nd:YAG laser at 355 nm in -
pnmsslumchrmteaqumus solution. The surrounding medium is air that creates "free” boundary at the Pity=T C'p,lloj Lit) exp(- p,Cs lt-t) dt

surface of irradiated medium, (11)



Table 1. Optical properties of soft tissues in vitro measured at three wavelengths of Nd:YAG laser.

OPTICAL BEEF DOG ADVANCED FIBROUS
PROPERTY LIVER PROSTATE ATHEROMA
Wavelength | 1064 | 532 | 355 | 1064 | 532 | 355 | 1064 | 532 | 355
Rdoo 032 | 006 | 005 | 060 | 0.285 | 0205 | 045 | 0285 | 0.165
Meff, cm L 20 | 278 | 722 | 08 | 137 | 394 | 145 | 204 | 662
Ka, cm-l 03 | 115 [ 315 | 005 | 24 | 92 | 015 | 36 | 177
W's, cm-1 40 | 109 | 236 | 42 | 238 | 471 | 45 | 348 | 649

Ry : total diffuse reflectance from optically thick samples
MWeff , which includes absorption and scattering:

Heff = (3pa*(Ha+l's)) 112
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Fig. 2. General scheme of acoustic transducer.
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Fig. 3. Senativity of the lithium niobate acoustic transducer
(WAT-04) a= a function of frequency of the pressure waves propa-
gating in the acoustic conductor. Calibration was performed on
the basis of differential ultrasonic frequency spectra of a reference
signal and a signal detected by a WAT-04 transducer.
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where v[Pa '] is the thermodynamic coefficient of
isothermal compressibility (4.59 % 10~ ° bar™ ! for wa-
ter):

1 C
¥Y=—"=3 = ¥

pe. C,
where ¢,(m/s) is the sound velocity in the medium,
AViem?®)is the volume increase caused by the thermal
expansion, V is the laser-irradiated volume initially
at room temperature, p[g/cm?] is the density of a
medium, C,(J/gK) is the heat capacity at constant
pressure, and ', i3 the heat capacity at constant
volume. The pressure increase is proportional to the
thermal coefficient of volume expansion g [K '] of the
given medium, and the absorbed energy density £ ;
[ /em?], which in turn equals the product of the laser
fluence H (J/em?®) and the absorption coefficient of the

medium p,:l_{cm_i}.

(2)
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Fig. 9. Acoustic signal profile induced by a 14-ns Nd:YAG laser
pulse in a turbid gel. The top medium i1s quartz that creates a
rigid boundary at the surface of irradiated gel colored with potas-
sium chromate and made turbid with polystyrene microspheres.

0.6

04 1

02 7

Stress, bar
(=1




Source fiber

Tunable laser H Nd:YAG pump laser ]

O Ragy Photodiode

v Fcnnical leng Fessccssosossssss==

Maotor driver__

Translation stages ™"

_, University in St. Louis
. . wirror website -1

Annular illumination
with a dark center

Focusing light through an objective lens with a numerical aperture of 0.1 yields a 5

(a) um lateral resolution, which is limited by the optical focal diameter. Such a resolution
allows in vivo imaging of capillaries—the smallest blood vessels—as shown in Fig.
1(d), where single files of red blood cells are imaged.

(b) (c) (d)

Photoacoustic macroscopy: 144 pm axial resolution, 30 mm depth
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Planar-view computed tomography: Fabry-Perot detection array
In planar-view photoacoustic computed tomography, ultrasonic detection follows a

plane. Optical interferometry, instead of the piezoelectric effect, can be used to sense
the ultrasonic displacement or pressure. When a solid planar Fabry-Perot
interferometer was constructed, a dielectric or polymer spacer was sandwiched
between a pair of mirrors. A focused laser beam was optically scanned across the
surface of the interferometer.

Then, an inverse algorithm was used to reconstruct a photoacoustic image [Fig. 2(b)].

Spherical-view computed tomography: rotation of object and detection by arc
array

In a recently constructed small-animal whole-body photoacoustic tomography system,
the animal, immersed in coupling liquid, is rotated inside a virtual spherical surface,

on which a concave arc-shaped array of 64 piezo-composite ultrasonic transducers is
situated. Two expanded counter-propagating laser beams illuminate the small animal
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Photoacoustic breast imaging

PAT lends itself to breast imaging. Breast tissue has relatively homogeneous (~+5%)
speed of sound, and breast tumors tend to present higher total blood concentrations
and lower oxygen saturations of hemoglobin than surrounding tissues. Figure 3(a)
shows an in vivo photoacoustic image of a human breast,where the ultrasonic

ACLC On Io11OWwWS an 4 N1C 1Magca 1€S10n measurca ~ C CI'C
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Correlation Processing (Matched Filter
Compression)

Heterodyne Mixing with Coherent Detection




RBerencs Chirp Heterodyne Mixing and Coherent Detection
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Transducer ¢ : phase lag due to acoustic delay
signal d. d ; d > Heterodyne signal contains frequency components

proportional to the chromophore depth:




DSP Algorithms for FD-PTA Imagin

Comalaion Processing (Malched Filer Comprasskan) - Phokiacmusic RADAR
1. Digital correlation processor with quadrature demodulation.
(Records muliple chirps, averages and time-shifts posi-processing) = SLOW!
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System Autocorrelation Function

Frequency sweep: 1- 5 MHz Configuration (1)

oweep duration: 1 ms
Reference signal delay time: 30 us

-
=
E
o
n
ji1]
o
o

Delay time {us) Delay time (us)
FWHM=05ps, aAl=0.74mm atc,=1.4810F cm/s

Delay time is equivalent to depth z = ¢, ¢, therefore FD-FPTA systemcan be used
for single-point depth selectivity or 2-0 and 3-0 imaging of subsurface issue
chromophores.




J-D FD-PTA Depth-Selective Imagin
of Tissue

sample: Chicken breast with embedded disc-shaped gel inclusion (p, = 4 cm-).
Frequency sweep: 1- 5 MHz

Fixed depth images of the 3-D volume
Amplitude Amplitude

e 8
X {mm)}
=3 ps

cample Geometry .
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Image is formed using a set of ultrasound
beams with direction controlled by delay time
applied to individual transducer sensors

Beam steering is dynamic without
any mechanical scans
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Small animal (rat) with intramuscular tumor implanted.
Superficial and deep (~ 1cm) blood vessels at tumor position are visible

Tumor vertical cross-section

blood vessels

X (em)




Stages Tumor Simulation
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FD-PA correlation image of blood vessels in a human wrist

(a) Data
/= r2adout

Imaging

Blood plans2

yassals > 4

Ne

Laser intensity impinged on the wrist = 1 Watt
Beam diameter = 2 mm
64-elements phased array transducer frequency = 3.5 MHz




Imaging modality Primary contrast | Imaging depth | Resolution
Confocal microscopy | Fluorescence/scattering ~0.2 mm ~1-2 microns
qu-photon Fluorescence ~0.5 mm ~1-2 microns
microscopy
Opﬁ:::’?;::::;e Optical scattering ~1-2 mm ~10 microns
Ultl‘:;;o;;'ir;! bty Ultrasonic scattering ~60 mm ﬁr‘m3'(c?ons
mlciz:oto:yu(';ﬁ Nc]Hz) Optical absorption ~3 mm ~15 microns

Photoacoustic
tomography (3.5 MHz)

Optical absorption




Endra, 35 Research Drive, Suite 100, Ann Arbor MI 48103, USA

Endra, Inc. is commercializing a breakthrough medical imaging technology that combines the
properties of light-based (optical) imaging with ultrasound to enable advanced medical imaging.
Based on the principles of photoacoustics, Endra's equipment utilizes ultrasound to detect the
miniscule amount of heating caused by laser light deep within tissue, providing high contrast
imaging at depths and spatial resolution far exceeding existing techniques.

VisualSonics Inc., 3080 Yonge Street Suite 6100, Box 66, Toronto, ON M4N 3N1,
Canada

Photoacoustic Mode, or ‘PA’ Mode is a new integrated feature built onto the Vevo LAZR platform
to enhance high-resolution ultrasound-derived images with the sensitivity of optical imaging. The
result is visually stunning anatomical images overlaid with functional hemodynamic and molecular
data. Photoacoustics is changing the way cancer biologists, neurologists, developmental biologists
and countless other researchers are seeing & obtaining their data.

TomoWave Laboratories, Inc. , 675 Bering Drive, Suite 575, Houston, Texas
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The Gold Nanoparticle for Nanotechnology. Nanopartz Gold Nanorods can enhance optical
absorption (and photoacoustic signals) in targeted cancer tissue and provide high contrast for
non-invasive cancer imaging. In many photoacoustic imaging applications, for example in optical
mammographic methods, it is already understood that intrinsic contrast alone will not provide the
sufficient sensitivity and specificity necessary, and that target contrast enhancement is likely to
be required.

"7 I

Fairway Medical Technologies, 710 N. Post Oak Road, Suite 204, Houston,
Texas 77024, USA

Seno Medical, Inc. was formed to commercialize a new modality in cancer screening and
diagnosis: opto-acoustic imaging. Unlike most screening techniques, which rely on anatomical
imaging, Seno's goal is to bring functional imaging that can detect angiogenesis to the
marketplace. Our first product is a small animal imaging device. This product application was
successfully licensed to a world market leader, VisualSonics. Products for use with humans,
focusing initially on breast cancer, are also in development. Seno’s first clinical application is for
breast cancer diagnosis.




PA to Optoelectronic
Diffusion-Wave Imaging and
High-Frequency
Carrierography based on
Energy Conversion Processes
In Semiconductors and
Devices



POWER  CUTPUT (MILLIWATTS)
RELATIVE P4 SIGMAL - 1ZERD SUFFR

L0AD RESISTANCE [GHMS]

FIG. 1. Electrical output power and zero-suppressed PA sig-
nal as function of the resistance load over the Si photovoltaic
cell, Hlumination was by a 450-W Xe-arc lamp, filtered
through a 3-cm-deep water filter and a oy {>420 nm)} cutoff
filter, The power curves for continuous and 540-Hz modulated
light are virtually identical, Care was taken to exclude stray
light and ensure 100% modulation. Detection of the modulated
signal was by a Brookdeal 9502 Lock-in Analyzer. Knowles
Flectronics, Inc. BL 1685 microphones, polarized at 2.8 V,
were used as acoustic transducers, Photovoltaic cell perfor-
mance under these conditions: V, =0, 53 V; I, =85 mA/em?’;
FF=10,6.
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FIG. 2. Spectral response (i, e., short-circuit current) as a
function of incident light wavelength and photoacoustic spectra
at open circuit and under near-optimal lead of the 31 solar
cell, The vertical scale of the spectral response curve is
moved upwards for clarity’ 5 sake. Light from a 450-W Xe-
arc lamp was passed through a Bausch & Lomb High-Intensity
Meonochromator. In the 360—T40-nm range a grating blazed

at 500 nm was used, while for the 740=—1200-nm range 4 grat-
ing blazed at 1000 nm, in connection with a Corning £-58 filter
to eliminate second-order transmission, was used. The spec-
tral widths for the two ranges were 20'and 40 nm, respective-
ly. All data are corrected for the variation of incident light
intensity with wavelength.



n an Bl .
il +D T + P exp(fx) expljwt),

Here, D and 7 are the carrier diffusion coefficient and
recombination time, respectively. Equation (4), to-

gether with the boundary conditions

on —l<z<0. (4)

NCIZENT
BACK SAMPLE GAS
G LIGHT

= :'.1' lﬁ‘ _I ; E,

Fig. 1. Schematic configuration of the photeacoustic cell.
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Fig, 2 Frequency dependence of the pressure fluctuation obtained from Eqs. (15) and (17) for a typical thermally thick if = 1 cm) i sample

with & carrier regombination time of 1 meee.
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FIG, 1. Acoustic cell used for investing the transport proper-
ties in semiconductors,

ACOUSTIC  SIGNAL (mV )
3

when the energy gained from the field equals the energy
lost to the lattice. This heat, dissipated by the carriers,

is translated into excitation of mechanical vibrations
(phonons) of the solid, via the electron-phonon inter-
action. Hence, by pulsing a de voltage in a semiconduc-
tor, these phonons (excited by the heat dissipation),
once transmitted through the crystal, can cause pres-
sure fluctuations in the surrounding gas. Confining

T.p!mlll
00 05 10 15 20 25 30 35 40 45

FIG. 3. Acoustic signal versus pulse duration for different
values of the amplitude V,.




photoacoustic and the pyroelectric data is
interpreted in terms of a simple model for a
junction type solar cell.

(2]

Iimaf

LoaD FESISTANCE [0

SRS 10CH

Loah RESISTANCE ()

FIG. 1. Photopyroelectric ypp (solid) and photoacoustic yp, (dashed)
conversion efficiencies as a function of the load resistance R, , for a S00-um-
thick p-n solar cell, at 18 Hz under ~ 5.2 mW He-Ne laser illumination. At
350 11 the PA-determined conversion efficiency is — 129, whereas the PP-
determined optimal conversion efficiency is ~ 5% at 400 (1.

FI1G. 4. (a) FP signal for the solar cell, as a function of the load resistance at
200 Hz under ~ 5.2-mW He-Ne laser illumination. (b) Dependence of the
square of the load resistance f; (mA } asa function of R, as oblained from
the electrical measurements.




Ar' LASER

BIZELL A-0 MODULATOR
CETECTOR
t BEAM
EXPANDER
Hehe FILTER 1

Hahe LASER

Fig.1. Schematic depiction of laser beam deflection technique used
for the thin-film thickness measurement experiments.
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Fig. 2. Schematic depiction of physical processes affecting the laser

probe beam for an opague homogeneous sample including thermoe-

lastie deformation of the air-sample interface and thermal lens effects
in the air above the sample,




RELATIVE AMPLITUDE
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1000 A Si0, on Si
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Fig.6. Relative amplitude at 1 MHz of laser beam deflection signal
as a function of Al film thickness for a series of Al-on-8i and Al-on-
5i04-on-Si films. Circles are experimental data, and curves are from

2.5

the extended Opsal-Rosencewaig model.

Fig. 2—Illustration of the generation of thermal waves, using a
focused laser beam incident on a silicon wafer containing subsur-
face lattice damage from ion implantation.



Fig. 9—Contour map of ion-implanted dose
uniformity on a GaAs wafer [11].




A photothermal wave imager which monitors the

b M'f'f;?;ﬂﬁggﬁ thermoelastic surface deformation due to
LASER L LENS absorption of a highly focused, intensity-modulated
ar heating laser beam, was capable of producing
LASER - — images of subsurface features related to processing
EHPAND=R steps (thermal-wave depth profiling) at open
L circuit, as well as current flow sensitive images
I related to electronic processes in the active
POLARIZING ] h 4 . _ o
BEAM SPLITTER, BEL N transistor (plasma-wave depth profiling).
3
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FIG. 1. Schematic diagram of PTW Imager apparatus, The entire assembly

FHOTO-DETECTOR

rests on an antivibrational optical table.

FIG. 3. Magnified view of the MOSFET, including scanned regions.
8 == source; G = gate; D = drain.
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FIG. 5 Thermal-wave scan of a MOSFET gate metal padding as it narrows
into the gate strip (Fig. 3). Light medulation frequency: 1 MHz; {(a) ampli-
tude, and (b} phase,
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1853 (August 1997).
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Log(PTR-, PMR-signal), (W)

Log(f), (Hz)

=5x10% m, E,=112eV, D,=35x10 " m¥s, s=50m/s
— 150 Wm K. and f=8%10 ° m"/s.

G. 2. PTR and PMR amplitude frequency responses for p-51 calculated
smg the values of the carmer plasma-wave and thermal-wave coeflicients

f Table II with different minority-carner lifetimes, as indicated 1n the in-
ets. Other calculating parameters are: hr=241¢eV, Iy= 10" Wim?, N;

Relative sensitivity to energy, a.u.
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FIG. 4. Implantation dose dependencies of relative sensitivities to energy of
the PTR amplitude at 10 kHz and TW signal. Relative sensitivity to implan-
tation energy is defined as a ratio of the corresponding parameters obtained
for a high-energy (100 keV, 150 keV) samples to that measured for 50 keV
implanted wafer.
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FIG. 1. Experimental setup.

lll. THE HETERODYNE METHOD

The modulated field of temperature implies a modulation
of reflectivity at the same frequency f, at the surface of the
sample

R(x.v.t)=Rglx.yv.1)+Ry(x.yv.t)cos(2mfit+@(x.v)+ i),

(2)
where ¢(x.v) and # are, respectively. the phase shift due to
the thermal effect and the phase shift due to the setup. As for
the LED. its flux 1s given by

b= %[l +cos(2mfHit)].

Therefore. the flux reflected back to the camera® is pro-
portional to
s(x.v.1)
= % XRolx.v.1)+ % XRi(x.v.1)
Xeos(2mFt—@(x.v)— )
+terms at high frequencies. (3)
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FIG. 1. n-tvpe semiconductor energy-band diagram showing ex-
citation and recombination processes. Energy emission processes
include nonradiative intraband and inferband decay accompanied by
phonon emussion, as well as direct band-to-band recombination ra-
diative emissions of energyv fiw(h ;) and band-to-defect/impurnty-
state recombination IR emissions of energy fiwzm(Ap).
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e Full frame exposure time 0.13 — 16 ms
e Spectral bandwidth 0.9 - 1.7 pm

o Electronic shutter

e 256x320 plxels
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irradiation

< Reference
signal Af

» Heterodyne method is a detection method

based on non-linear CG (or PCR) using the

trigonometric identity

sin(a)sin( ) = %cos(a - ) - %cos(a + )

e The heterodyne signal depends both on
excess minority carrier concentration and
degree of nonlinearity

e Heterodyne method allows constructing high
frequency images using long exposure time of
the camera

. Combined laser
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Two lasers
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Ratio (One laser 10 Hz Lock-in amplitude))
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Acquisition of Therma-Wave a “"Non-Event” in the Metrology/Inspection Equipment Market.
Therma-Wave held only a 1.5% share of the metrology/inspection market in 2005 compared to
KLA-Tencor’s 44%. The major advantage to KLA-Tencor is Therma-Wave’s leadership in Implant

Metrology, a technology that back in 1999 Therma-Wave sued KLA-Tencor for patent
infringement.

Intervac Inc., 3560 Bassett Street, Santa Clara, CA 95054, USA

Solar Cell Inspection. NANOVISTA is Intevac’s high speed, high resolution photovoltaic cell
inspection system. Photoluminescence images of in-process materials and finished cells are
collected at up to 3600 wph. With its high throughput capability and proprietary, high sensitivity
sensor technology, NANOVISTA captures 1.3 megapixel images in milliseconds with greater
accuracy than other imaging systems. NANOVISTA interpretive software performs powerful image
analysis using simple graphical tools. The data analysis can then be used to provide process
monitoring, simple pass/fail criteria, or wafer grading.

HORIBA Jobin Yvon Inc., 3880 Park Avenue, Edison, NJ 08820-3097, USA
Laser photoreflectance and photoluminescence systems. Determination of energy band
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FIG, 1, Schematic diagram of the laser photoacoustic scanning
d

system,

focused .

Lﬂ 32 mm -
FIG, 3, Typical traces of the photoacoustic signal (=800 Hz).
{a} and (b) Repeated scan on surface with no obvious crack,
{c) Scan on surface with obvious cracks. (d} and (e} repeated

Ny scan on surface (e) with a better focused laser beam.
™~ flow

FId, 2, Geometric consideration of flaw detection with the
photoacoustic technique.

evaluated. Therefore we define an effective absorbing
depth d,, given by
d’l‘f{ :dﬂl fﬂr dm ‘:'dﬂ:pi

dﬂf = dbll for dHl '}dﬂn"

Amm . -

FIG. 4. An X-¥F scan of surface with obvious eracks,
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FIG. |. Experimental arrangement. The laser beam is deflected by saw-

tooth-generator driven scanners SCX and SCY. The optoacoustic signal FIG. 3. Surface imaging of an aluminum e ic signal is

voltage is combined with the scanner voltages in such a way as to give a two- enhanced where the step is.
dimensional projection of the signal surface.

FIG. 5. Subsurface imaging of two small disks under a graphite layer on
aluminum. The amplitude of the optoacoustic signal is recorded.

FIG. 6. Subsurface imaging of holes in an aluminum sample. Sample geom-
etry (113 11 em?) is shown together with optoacoustic phase image.



Photothermal Phenomena, Heidelberg, July 27-30 (1987), pp. 415-418.

IR VIDEO
CAMERA

Fig. 1 Block diagram of the vector lock-in IR video imaging system

of averaging (b)

VIDEO HEATING
—®| DIGITIZER CONTROL
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Fig. 4 Schemaric diagram of the samples
used in Fig. 5, showing the shape of the

copper microbridge

Fig.2 A video image of & circuit board (a), together with its lock-in image after just two cycles &

Fig. 5 In-phase (a) and quadrature
images (c,d) of a microbridge with
the same average power input to both samples

(b) lock-in ima
a simulated de

& B LIRS LELEAT LELALIIE]

ges of a Cu microbridge; and the same
bond. The ac current was adjusted 1o give




FIE. 1. Principle of phose sensitive tharmageaphy: Time dependence of
light intensity T is shown together with scanning radiomster coordinate 1
and with four signal values 5 to 5 abtained at x, which are related o the
thermal wave curve § constructed for ;.

correct phase. Though more data points reduce the noise,
the following discussion will concentrate on four equidis-
tant signal data points, 5 to 5, from which the phage shift
¢ with respect to & given reference modulation resulis ac-
cording to

Sl—Sg] ™,

$= [51—51
while magnitude 4 is found to be
A= I8, -5 + (5, 5% (2)

CT-NT | 4 r Y | i i

F1G. 2. Experimental arrangement for phass seisitive modulated ther-
mography with sinuscidal modulstion of light intensity.
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FIG. 3. Depth srange test with phase sensitive thermography: CFRP-
sample geometry (a) together with magnitude (b} and phass angle ()
images oblained at (.9 Hz. Contrast & enhanced by differentiation, Di-
mensions are given in mm.




“Lock-in IR-Thermography - a novel tool for material and device characterization”, Solid-State
Phenom. 82 (2000)

Heating power X
: i o
detector head
| . sample ; .
g hJ
Single incoming Multiplication by weighting factors Result l— grabber
~ frames e 1;":*:“'511 . board
(noise of the camera) , aupply - mmm'ber _.J_EE_L,_
4 PC-RAM
BS 232 PC

Fig. 2: Scheme of the TDL 384 I "Lock-in" svstem

Fiz. 1: Promeaple of Lock-m [R-Thermography.

Conclusion

Lock-in thermography has been shown to be
a versatile and very sensitive tool to detect

Fig. 5. Thermograms of a whole wafer (3), a defect agzlomerat (b) and a 1x1 em” area (¢} for the determination of the
defect density.




= Thermal wave lockin-interferometry, though it is
very much like Lockin-thermography, the image
generating mechanism is substantially different: '
The thermal wave generates periodical thermal
expansion correlated with an overall deformation
where the depth integral of the thermal wave is
involved. The way how phase is extracted in this
lockin-interferometry is similar, though more .
complicated than in lockin thermography: During i i ol oyl e TS it i (el aad
the slow periodical deformation, interferometric resulting lockin phase angle image (night) obtamed on the same sample provided with rear surface holes.
fringe patterns are recorded continously which are
then converted into a stack of images showing
modulated thermal expansion.

—

e

Lanp with
filter

" vI SERROT

|

laser
modulated @ l Fizure 5. Test panel of an awcraft. Stmger areas disbonded in bucklng test are afterwards revealed m the
ohject deformation phaze angle image (see arrow).
Fizure 3. Setup for Lockin-Shearography. The senzor 15 a convenfional shearography camera generating two

images that are shghtly tilted with respect to each other due to a modified Michelson setup. Superposinon of
the two mmages results in finges mdicatmg the derrvative of the deformation state.




Toronto, Toronto, ON, M5S 3G8, Canada, "Thermophotonic radar imaging: An emissivity-normalized
modality with advantages over phase lock-in thermography’, Appl. Phys. Lett. 98 (16), 163706
(2011)

Thermophotonic Radar Imager +] lr*1 mm

Image sequence

Experiments: step wedge sample
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CC Amp, L |CC Delay,

0.01-1Hz, 6s ===110.01-1Hz, 6s

1%)

?Illlﬂﬁlll1

Mineral Content (Vo

3

10 days of treatment

Mineral Loss
1: 600 Vol¥e.pm
2: 180 vol%.um
3: 1510 vol%.

0 100 20‘400 500

Sample Position (pm)

20 days of treatment

FIG. 4. Thermophotonic radar and
phase L1 imaging of sample 3. (a)
CC amplitude image; (b} CC peak
delay time image: and (¢} CC phase
image (chirp parameters: 0.01-1 Hz
in 6 s). LIT phase images at (d) 0.01
Hz and (e} 1 Hz; (f) TMR mineral
profiles at points 1-3 indicated in
part (c], the inset depicts the amount
of mineral loss.



Binary Phase Code (BPC) optimizes
thermal-wave depth selectivity through
suppresion of pulse-compression
sidelobes and optimized axial resolution:

Thermal Coherence Tomography

Jmmmm Frequency Domain
-JJW “"A’:ﬂ -‘M'm“x
(MNarrow band)

Filan = E{E(f}}——.ﬁ'inc - Za;exp[—imfiv{—ﬂjﬂ




Experimental verification of TCT

Improvement in depth resolution Resolving overlying absorbers

1 mm
it M 2

0.2 mm

.? Lock{n
~ Phase




Thermal-wave Coherence Tomography

(TCT)

Through progressively delaying the matched-filter and registering pixels
coherent to the delayed filter one can form thermal-wave coherence
tomographic images.




= Together they make high-resolution lock-in thermography solutions for fault analysis of electronic
components available the the world's microelectronic industry.

= FLIR Systems, America's Main Office, Boston, MA.

Thesa: Full Radiometric Software Suite for Lock-in Thermography Applications. Camera systems for
non-contact imaging of stress in materials and structures. Lock-in thermography processing for Stress
Analysis, Electronics and NDE. Complex structures undergoing real loading. Temporal stress analysis

Random & transient loading. Dissipated energy measurement. Motion compensation

= MoviTHERM, 15540 Rockfield Blvd, Suite C-110, Irvine, CA 92618, USA
= Lock-in Thermography Enables Solar Cell Development.

= Thermal Wave Imaging, Inc., 845 Livernois St., Ferndale, MI 48220 USA

= TWI is operating in the field of Thermographic NDT and is a solution provider for demanding
applications in the aerospace, power generation and automotive industries.




