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Theoretical aspects of Photoacoustic Signal Generation with Solid Crystals

Today, non-destructive analysis techniques play an important role in industrial applications and scientific, as
well as technological research. Photoacoustic method is one of such non-destructive methods in which
generation of acoustic waves takes place due to the absorption of the modulated incident radiation.
Photoacoustic signal is a base for photoacoustic research. The generation of the photoacoustic signal is
related to the nature of the cell used for investigation. Though a variety of explainations about signal
generation in photoacoustic interaction are reported by many researchers, many aspects are yet to be studied
in detail. While investigating a solid crystal in photoacoustics, factors as mode of operation, scheme of
excitation, the shape of the cell, and pressure fluctuations in the cell are considered for analysing
photoacoustic signal generation. Also, design and performance optimization of the photoacoustic cell play
paramount role in determining efficiency of related signal generation. In this paper, theoretical aspects of
photoacoustic signal generation for solid crystals are presented. While obtaining the expression for pressure
fluctuations with solid crystal, cylindrical configuration of photoacoustic cell is preferred to get a better sig-
nal-to—noise ratio. Along with the analysis of other factors, pressure fluctuations generated by the enclosed
gas in photoacoustic cell is mathematically determined.

Keywords: photoacoustic signal, solid crystal, energy transfer, light-matter interaction, non-radiative de-
excitation, photoacoustic cell, photoacoustic transducers.

Introduction

A.G. Bell discovered photoacoustic effect in 1880 by using solar radiation, a chopper and an earphone
as an acoustic sensor [1]. The generation of acoustic waves due to light absorption in the target material is
called as photoacoustic effect [2, 3]. After the invention of laser, photoacoustic research changed drastically.
When a laser beam is passed through a solid crystal placed in a closed cell, absorption of laser energy in the
molecules of the crystal leads to the generation of photoacoustic signal [4, 5].

Several researchers studied various aspects of photoacoustic signal in the last three decades. Across two
media interfaces, studies on heat transfer and effect of solid — gas thermal contact resistance on
photoacoustic signal generation were amply discussed [6]. The pulse shape of the photoacoustic signal in the
form of cylindrical ultrasonic pressure waves generated by the irradiation of laser in a weakly absorbing liq-
uid was described [7]. In pulsed photoacoustic spectroscopy, signals have been studied to describe origin of
the complex transients [8]. Attenuation and deformation of the photoacoustic signal due to thermoelastic and
viscose losses were also studied [9]. The study of nano-scale temperature rises on photoacoustic sig-
nal generation based on thermal nonlinearity of optical absorbers gave a new dimension to this field
[10]. Photoacoustic signal amplitude and its relationship with concentration of the gas enclosed in the cell
were experimentally studied as well. The researchers also studied the stability of photoacoustic sig-
nals generated while studying trace gas components [11]. Recently theoretical aspects of transient tempera-
ture on cubic crystal surface during photoacoustic signal generation has been described [12]. Along with the
other research, mathematical aspects of displacement fields of a cuboid crystal in photoacoustic sig-
nal generation in a cell are discussed [13].

Processess in Photoacoustic Signal Generation

The creation of thermal energy within the sample is caused by non-radiative de-excitation processes
that ordinarily occur in the photoacoustic cell [14]. After modulating the incident radiation, the creation of
thermal energy within the sample will be periodic and will result in a thermal or pressure wave having the
same frequency as that of modulation. The thermal wave or pressure wave transfers energy to the sample
boundary, which results in a periodic temperature shift [15]. The creation of an acoustic wave in the adjacent
surrounding gas to the crystal is caused by a periodic variation in the temperature at the sample's surface and
this wave propagates through the volume of the gas to the detector where a signal is produced [16]. When
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this detector or microphone signal is plotted as a function of wavelength, it represents a spectrum that is pro-
portional to the crystal's absorption spectrum.

Factors involved in photoacoustic signal generation

The important factors involved in photoacoustic signal generation with a solid crystal are
1) Operation mode;

2) Method of Excitation;

3) Structure of the cell;

4) Pressure fluctuations in the cell.

Operation Mode

The confined air around the crystal in a closed photoacoustic cell will vibrate according to the modula-
tion frequency of the source of the incident radiation. When the mode of operation is resonant, one of the
resonant frequencies of the signal in the cavity will be the modulation frequency of the incident source. The
pressure fluctuations in the cell will generate an acoustic wave whose amplitude will be amplified at the fre-
quency of modulation of the incident radiation. The signal's amplification will be proportional to the quality
factor Q. The relationship between the signal's resonant frequency and its bandwidth is represented by the
quality factor. To amplify just the modulating frequency of the produced signal inside the cell, a significant
gap between neighboring resonance frequencies, as well as a high—quality factor should be maintained [17].
The amplification of all remaining resonant frequencies will be inversely proportional to
the difference between the square of modulating frequency and the square of produced signal's resonant fre-
quency. If the photoacoustic cell is operating in resonant mode, then implemented modulation frequencies
are relatively high — about 3 kHz. The goal of this selection is to reduce noise that is correlated with the re-
ciprocal of the frequency.

External acoustic noise, noise due to amplification, and intrinsic noise of the detector are all associated
with each other. For higher frequencies, the cavity length is shorter. Therefore,
an intermediate value between a longer absorption length and a shorter cavity length should be preferred
while choosing the resonant frequency. Mostly, smaller cavity lengths are recommended in order to have a
compact cell with a faster response time [18].

Method of Excitation

The photoacoustic effect is based on sample heating caused by optical absorption, as previously stated.
Periodic heating and cooling of the sample are required to generate pressure fluctuations in order to create
acoustic waves that can be monitored by pressure-sensitive transducers.

Modulated Excitation

Radiation sources whose intensity changes periodically in the shape of a square or sine wave, resulting
in a 50 percent duty cycle, are used in modulated excitation systems. This can be achieved by, for example,
mechanically chopping light source. To overcome the barrier of the 50 percent duty cycle, option to vary the
phase of the emitted radiation rather than the amplitude is preferred. The determination of UV or IR absorp-
tion spectra of opaque solid crystals is done using chopped or modulated lamps or IR sources from commer-
cial spectrometers [19].

The most popular sources for photoacoustic analysis are modulated continuous—wave lasers. The
photoacoustic cell is a crucial part of the photoacoustic effect. This fact can be used to improve signal quality
via acoustic resonance. Therefore, acoustic resonance curves must be taken into account while designing
photoacoustic cells.

Pulsed Excitation

Laser pulses with durations in the nanosecond range are commonly used for excitation in pulsed
photoacoustic spectroscopy. Since the repetition rates are only a few Hz, the outcome is a short period of
illumination followed by a considerably longer period of darkness, resulting in a low duty cycle. This causes
the sample medium to expand rapidly and adiabatically, resulting in a short shock pulse. In such cases, data
analysis is done in the time domain. Hence, oscilloscopes, boxcar systems, and fast A to D converters are
used to record the signal. The frequency — domain transformation of the signal pulse produces a wide spec-
trum of acoustic frequencies up to the ultrasonic range [20]. In this way, laser beams modulated in the form
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of short laser pulses generate broadband acoustic sources and a sine wave of a laser excites a single acoustic
frequency.

Structure of the cell

The internal cavity of a resonant photoacoustic cell is fabricated to the appropriate size to match the
acoustic wavelength of the photoacoustic signal [21]. Figure 1 shows a schematic representation of a cylin-
drical photoacoustic cell for a solid crystal. By attaching additional buffers to the central section of the cell,
having different cross-sections, its structure can be modified. The addition of buffers helps to avoid noise
caused by the cell's coupling with other measuring equipment.

Signal Detector

L 1
» 1 » »
Laser ~ || ~ ~
Window Solid Crystal Window

Figure 1. A schematic diagram of cylindrical photoacoustic cell for a solid crystal

A one-dimensional photoacoustic cell is a resonator with short dimensions that is oriented perpendicu-
larly to the propagating acoustic signal. Standing acoustic waves produced by exciting sound signals
are amplified when propagating sound waves are reflected back into the cell if the phase difference between
the waves is 2m or, in its multiple. The phase difference is dependent upon the reflections of waves at the
ends of the cell, as well as the acoustic path length. A pressure antinode will be formed at the closed end of
the cell. The cell material has a higher acoustic impedance than that of air is the reason for this phenomenon
[22].

Because of the matching nature with the symmetry of the laser beam, the cylindrical form of the
photoacoustic cell is the most common for a small size acoustic sensor or a microphone, the measured signal
is proportional to the amplitude of pressure fluctuations at its position. By placing the sensor at the node of
the generated amplified wave, unwanted sound signals, generated in resonance from the external sources, can
be reduced. For a cylindrical photoacoustic cell, desired value of the O factor value can be set up to 900.

Pressure fluctuations in the cell

Let p be the pressure fluctuation in the gas, T be its temperature, and V be its volume surrounding the
crystal in a closed photoacoustic cell. The change in pressure in the surrounding gas is given by

dp = ()vdr+ (L) Tav. (1)

It has been assumed that (a) conduction of heat from the enclosed gas in the cell to the gas outside the
cell is negligibly small, (b) the sample dilation has negligible impact on the model of mechanical piston, (¢)
heat energy distribution in the solid sample has uniform nature along its plane, (d) during laser absorption,
only thermoelastic bending is considered. This situation is schematically represented in Figure 2.
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Figure 2 : A crystal kept in a Photoacoustic Cell
For ideal gas, at constant volume,
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Here, p is assumed to be uniform in the cell. According to the condition of structural design,
<% @)
So, the pressure fluctuation in the cell becomes
=bgr-»
dp= T dT v dv. &)

If o is internal stress, p is density of the material of the crystal, u be the displacement field in the crystal and
2%u

72 be the second derivative of displacement field in the crystal, then

do 9%u
G)=r ©
According to the Landau and Lifshitz [23],
2
o=—KB(AT) 5+ 2p Gr =2 21 + Ku 7
where K is isothermal compressibility having value
10V
== Vo ®)
at constant temperature and f is thermal expansion coefficient of the material of the crystal, whose value is
= %Z_‘TI’ at constant pressure p. )
Substituting this value in equation (6),
62 62 62 2 62
W3z + o +am) U+ (K+5)vvu-p 25 =KB@AD). (10)

If 4s is change in the surface area of the crystal surface due to the thermal expansion, and if 46 is tem-
perature fluctuations in the same surface, then the pressure fluctuations in the enclosed gas in the cell are
given by

dp=2d1 -2 As+E 0. (11)
Conclusions

An exact equation for pressure fluctuations in the enclosed gas around the solid crystal kept in a cylin-
drical-shaped photoacoustic cell is exactly determined. This expression allows the calculation of various pa-
rameters of photoacoustic signal related to solid crystal in the designed photoacoustic cell. The signal de-
pendence in terms of operation mode, method of excitation, and structure of the cell is theoretical-
ly presented. This theoretical approach constitutes an important step towards the determination of various
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aspects of photoacoustic signal generation for solid crystals. This work will be useful in photoacoustic re-
search to explore more scientific and industrial applications in various fields in the future.
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A.IL. Capope, O.X. Maxamxan

KatTbl kKpucTaaabl GoToaKyCTHKAJIBIK Aa0bLIIAPABI
reHepanusiayIbIH TEOPUSJIBbIK acneKTiiepi

byrinri tanma OepikTik Oakbliay oicTepi OHEPKACINTIK KOJJaHyla, COHBIMEH Karap, FhUIBIMH JKaHa
TEXHOJIOTHSUIBIK 3epTTeYJIepae MaHbI3Abl pei atkapaasl. PoToaKyCTHKAJIBIK 9ic — Oy OepikTik Oakpuiay
omicrepiHiH O0ipi, OHAA aKyCTHKAJbIK TOJKBIHAAPABIH Maiiga OONybl MOIYJISIMSUIAHFAHHAH TYCKEH
CoyJeNleHy i CiHIpy apKbpUIbI kKypeni. PoToakyCTHKaNBIK Ma0bUT (OTOAKYCTHKAJIBIK 3epTTEYJICPAIH Herisi
Oosbin TaObuTanEL. DOTOAKYCTHKAIBIK MAOBUIIBIH Taiga OONybIH 3epTTey KOJJAHBUIATHIH YSIIBIKTHIH
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TaburateiMeH OaiinanbicThl. KentereH 3eprreyininep (GoToakyCcTHKANBIK ©3apa dpeKeTTecy KesiHae nadbul
reHepaLsICBIHBIH SPTYPIIi TYCiHaipMenepi Typaiibl ecen 6epce e, Gipkarap acmekTinepi aiii erKke-Terxkeii
3epTrenamMereH. POTOAKyCTHKAIAFbl KATThl KPUCTAIIBI 3ePTTey KesiHne GoToaKycTHKabIK 1a0bULIbIH naiaa
G0JIybIH TaIay YIIiH )KYMBIC PEXKHUMI, KO3Y CXEMachl, YAIIBIK MilIiHi )KOHE YSIIBIKTAFbl KBICBIMHBIH aybITKYbI
cHAKTHI (pakTopiap eckepineni. CoOHbIMEH KaTap, ()OTOAKYCTHUKAJBIK YSAIIBIKTEIH KYPBUIBIMBI MEH OHIMIUIITiH
OHTAINIAHJBIPY THUICTI MAOBUIABIH THIMIUICIH aHBIKTay/la MaHBI3IBI Peil aTKapaasl. Makaia aBTOpIapbl
KaTThl KpUCTAJapFa apHaJraH (hOTOAKYCTHKANIBIK NaObUIIABIH Maiifa GOJYbIHBIH TCOPUSUIBIK acIEKTiIepiH
ycbiHFad. KaTTbl KpucTanabl KbIChIM (h1akTyanusiapsl YIiH ©pHEKTI aFaH Ke3Je, 1a0bll/Ily apakaTbIHACHIH
JKaKcapTy YIIiH (OTOAKYCTHKAJIBIK JKaCYLIaHbIH LMIMHIAPIIK KYPbUIBIMBIHA apTBHIKIIBUIBIK Oepineni. backa
(akropnapzsl TannayMeH Karap, (POTOAKYCTHKANIBIK YSIIBIKTaFbl I'a3 IIBIFAPATBHIH KbICBIMHBIH aYBITKYBI
MaTEeMAaTHKaJIbIK TYP/C aHBIKTAJIaJIbl.

Kinm coe30ep: (oToakyCTHKAIbIK HaObLI, KaTThl KPUCTAJUI, SHEPTHSHBI Oepy, XapblK IIeH 3aTTHIH e3apa
opeKeTTecyi,  coyleleHOeTeH  KO3yIbl  Omipy, (OTOAKyCTHKANBIK  YSIIBIK,  (OTOAKYyCTHKAJBIK
TYpJICHAIpTiITEep.

A.IL. Capope, O.X. Maxamxan

TCOPCTI/I‘IGCKI/IC ACIIEKThI reHepanuu (l)OTOﬂKYCTI/I‘IeCKI/IX
CUTHAJIOB ¢ TBEPABIMH KPUCTAJVIAMHA

CerosiHss METOBI HEPa3pyIIAMOLICro aHallM3a HIPAOT BAXKHYIO POJIb B MPOMBIIUICHHOM IPUMCHCHHH, B
HAyYHBIX, & TAKXKE TEXHOJIOIMYECKUX HCCIeA0BaHUAX. DOTOAKYCTHYECKUH METOJ SIBISICTCS OZHHM H3 TaKHX
Hepa3pyIIAIIUX METOJIOB, IPU KOTOPOM IeHEepaLys aKyCTHYECKUX BOJIH IPOUCXOIUT 3a CYET HOTJIOICHUS
MOJYJMPOBAHHOIO  TaJAMOIIero u3iaydeHus. (DOTOAKYCTHYECKMI CHUTHal —SBISCTCS OCHOBOH IS
(boToakycTHueckuX UccnenoBaHuil. ['eHepaiys (HOTOAKYCTHYECKOTO CHTHAja CBS3aHA C NPHPOJIOH sueiiky,
HCTIONB3YEeMON [UIsl MCCIIeNOBaHMs. XOTS MHOIHME HCCICHOBATENM COOOIIAIOT O Pa3iMYHBIX OOBSICHEHHSX
TEHepalii CHIHAJOB NPH (OTOAKYCTHIECKOM B3aHMOJCHCTBHH, HEKOTOPBIC ACMEKTHl €IIe IPEICTOHMT
IETANbHO HM3y4nTh. [IpH HMCCIEIOBAaHMM TBEPOOTO KpHCTAIa B (POTOAKYCTHKE ULl aHANM3a I€HepaIiu
(HOTOAKyCTHIECKOr0 CHI'HANA YYUTHIBAIOTCS Takne (AKTOphl, KaKk PeXHM pabGoOThI, cxema BO30YXKICHUS,
dopma sueliku W KoneOaHWs [aBieHHs B sdeiike. Kpome TOro, ONTHMH3AlUs KOHCTPYKLMH U
MPOU3BOUTEILHOCTH (HOTOAKYCTHUYECKOH SUYCHKH MIPaeT BaKHYIO pOJIb B ompeneieHuu 3((eKTHBHOCTH
reHepaluy COOTBETCTBYIOIIETO CHTHaja. ABTOpaMH CTaThbH IIPEJICTAaBICHBI TCOPETHYCCKUE AaCIICKThI
reHepanuy (hOTOAKYCTHYECKOTO CUTHana Ul TBEPABIX KPHCTAUIOB. IIpH MOJMYYCHHH BBIPQKCHHS IS
GbaykTyanuii maBI€HMS C TBEPObIM KPUCTAUIOM MPEANOYTHTENbHA [LIMIHHAPHYIECKas KOHGHUIypaLus
(boTOaKyCTHIECKOM SYEHKH, YTOOBI MOMYYHTh JIydIllee COOTHOIUCHHE «CHrHAN/mym». Hapsay ¢ aHanmsom
Ipyrux GakTopoB, MaTEMAaTHUECKH ONPEACISIIOTCS KOJIeOaHus! TaBICHMs, CO3AaBaeMble 3aKIFOYCHHBIM [a30M
B OTOAKyCTHYECKON sTUCHKE.

Kniouesvie cnosa: q)OTOaKyCTI/I‘{eCKI/Iﬁ CUTHAaJI, TBepZ[LIﬁ Kpucrajui, rnepejaada SHEPIruu, B3aUMOJICIICTBHE
CB€ra MW BCLICCTBA, 6e3bI3IIy‘{aTeIII)HOG OTKJIIOYCHHUC BO36y)KZ[eHI/I$I, q)OToaKyCTI/I‘IeCKaSI ;meﬁKa,
q)OTO&KyCTI/I‘IeCKI/Ie HpeO6pa30BaTeIII/I.
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