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Abstract Piezoelectric ceramics mounted on the endplates of a cylindrical resonator
were used as the source and detector for speed-of-sound measurements. The pertur-
bations of the longitudinal gas modes of the cavity due to the compliance of the dia-
phragms (10 mm diameter, 0.3 mm thick) and the attached transducers were estimated
from first-order perturbation theory. The fractional shift of the resonance frequencies
in argon caused by the source and detector was 0.03 × 10−6 at 0.1 MPa and 273.16
K. The high signal-to-noise ratio (up to 1 × 104 with a 6 s integration time) that
was obtained with these transducers makes them suitable for acoustic thermometry.
The heat dissipation in the source transducer was measured to be only 0.7 µW at the
working voltage (7 V) and frequency (1 kHz).

Keywords Acoustic thermometry · Cylindrical resonator ·
Piezoelectric ceramic transducer · Speed of sound

1 Introduction

Acoustic thermometry is one of the most accurate ways to determine the thermo-
dynamic temperature and the Boltzmann constant. One measures the acoustic reso-
nance frequencies of dilute, high purity argon, or helium in a gas-filled cavity [1–4].
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We plan to determine the universal gas constant R and the Boltzmann constant kB
with a relative uncertainty less than 1 × 10−6 in preparation for the new definition
of the temperature unit—kelvin (K) [5]. In order to achieve this low uncertainty,
the acoustic impedance of the transducer used to generate and detect the acous-
tic signal in the cavity needs to be determined over the whole working frequency
range.

Quinn et al. [6,7] measured the Boltzmann constant using a variable-length
cylinder resonator with a piezoelectric ceramic transducer as the detector. One
obvious merit of their method was the high signal-to-noise ratio that compensated
for the comparatively low-quality factor Q for the cylinder resonator. However,
their method requires calculation of the perturbations to the acoustic and temper-
ature fields for accurate determinations of the speed of sound and the Boltzmann
constant.

In this article, lead zirconate titanate (PZT) piezoceramic transducers were attached
to diaphragms on the endplates of a cylindrical cavity to generate and detect acoustic
signals. We determined the acoustic impedance of the two transducers and the heat
dissipation in the source transducer using experimental and theoretical techniques.
We also calculated the perturbations of the resonance frequencies caused by the trans-
ducers and diaphragms. Because they dissipate very little heat and cause very small
perturbations to the resonance frequencies, we conclude that piezoceramic transducers
are suitable for use in acoustic thermometry.

2 Transducer Model

We constructed the piezoceramic-diaphragm system shown in Fig. 1 in the endplates
of a cylindrical resonator. A thin diaphragm (0.3 mm thick), axially located, was
machined into each endplate. A piezoelectric ceramic disk was bonded to the outer
surface of each diaphragm with epoxy as shown in Fig. 1. One disk was used as an
acoustic source and the other as a detector. The cylinder and endplates of the resonator
were made from oxygen-free copper. The resonator had an inner radius of 40 mm, an
inner length of 129.4 mm, and a wall thickness of 10 mm.

Gillis et al. [8] developed a model to estimate the source strength and detector
sensitivity of piezoceramic-diaphragm transducers for acoustic measurements in
xenon near its liquid-vapor critical point. The diaphragms used in [8] were 2.5
mm thick stainless steel to withstand the resonator’s internal pressure of 6 MPa.
Their analysis of their acoustic measurements showed that the displacement of
the source diaphragm depended only on the applied voltage but not the drive fre-
quency, characteristic of a high-impedance source. They found good agreement
between the model and the experimental measurements of the source and detector
responses. A slightly generalized version of the model1 to include the impedance
of the fluid is given in this section. A more rigorous model is given by Lihoreau
et al. [9].

1 K. A. Gillis, unpublished.
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Fig. 1 Cylindrical resonator
and transducer placement

2.1 Diaphragm Motion

We present a simple model for the low-frequency, long-wavelength response of a
piezoceramic acoustic transducer when used as either a sound source or a detector. The
transducer is composed of a piezoceramic bonded to a flexible diaphragm. The trans-
ducer behaves as a high-impedance sound source when a sinusoidal voltage is applied
to the piezoceramic’s electrodes. The deformation of the piezoceramic creates a stress
on the diaphragm’s surface that causes the diaphragm to deflect. When the diaphragm
is driven by an acoustic pressure wave, a voltage is generated across the piezoceramic,
and the transducer behaves as a sound detector. The frequency of the driven or detected
sound is assumed to be much lower than the diaphragm’s lowest resonance frequency,
and the wavelength of sound in the gas is assumed to be much larger than the dia-
phragm’s diameter.

Consider a circular diaphragm with strains in the diaphragm. A time-dependent
force per unit area, Fωeiωt , applied uniformly over the diaphragm will cause a dis-
placement of the diaphragm in accordance with the force equation,

σd ζ̈ = − Y t3
d

12
(
1 − ν2

)∇4ζ + Fωeiωt (1)

where ζ is the instantaneous deflection of the plate in the z-direction as a function of
the distance r from the axis, σd is the areal mass density, Y is Young’s modulus, ν is
Poisson’s ratio, and the over-dot signifies time differentiation. A “clamped” boundary
condition is appropriate here. When the frequency f = ω/2π is much lower than
the diaphragm’s resonance frequency, the diaphragm’s inertia is negligible, and the
amplitude of the displacement is approximately [10]

ζ(r) ≈ 3
(
1 − v2

)
Fωa4

16Y t3
d

[
1 −

( r

a

)2
]2

+ · · · (2)
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Fig. 2 Pressure applied on a diaphragm

We consider two contributions to Fω: stress from the piezoceramic FPZT due to an
applied voltage and the acoustic pressure p̃ generated in front of the diaphragm. These
contributions oppose each other, so the total force per unit area is Fω = FPZT − p̃.
Note that a positive acoustic pressure p̃ above the diaphragm in Fig. 2 causes a negative
deflection.

Since, we are interested only in the low-frequency, long-wavelength limit, we need
only consider the average deflection over the area of the plate

〈ζ 〉 = 1

πa2

a∫

0

ζ(r)2πrdr ≈
(
1 − v2

)
Fωa4

16Y t3
d

. (3)

The compliance per unit area of the diaphragm χF = 〈ζ 〉/Fω is a measure of the dia-
phragm displacement resulting from an applied force. The compliance in this limit is
approximately

χF ≈ (1 − v2)a4

16Y t3
d

. (4)

The compliance is an important parameter that is used to estimate the perturbation
on the gas modes in a resonant cavity. A complete dynamical treatment shows that
the compliance is frequency-dependent and becomes very large when the frequency
is near one of the diaphragm’s resonance frequencies. A large compliance may result
in an unacceptably large perturbation of the gas modes of an acoustic resonator, espe-
cially if the diaphragm and gas mode frequencies are close together. Our model is valid
for operating frequencies much lower than the lowest diaphragm resonance frequency.

In response to a sinusoidal driving voltage applied to the piezoceramic, the deflec-
tion of the diaphragm displaces a volume of gas at an average rate given by

Usrc = iωπa2 〈ζ 〉 . (5)

An important property of an acoustic source is the mechanical impedance per unit
area Zm = Fω/Usrc. The mechanical impedance of a good volume-velocity source is
large when compared to the acoustic impedance of the medium in which the acoustic
wave is generated. The acoustic pressure p̃ generated at the endplate by this volume
velocity source in a cavity is proportional to the acoustic impedance of the gas in the
cavity Zcav, i.e.,
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p̃ = Usrc Zcav = iωπa2χF Zcav (FPZT − p̃) . (6)

Therefore, the acoustic pressure generated in the cavity acts to oppose the stress in
the diaphragm that drives the diaphragm’s motion. The resultant acoustic pressure is,
therefore,

p̃ = iωπa2χF Zcav FPZT

1 + iωπa2χF Zcav
= Zcav

Zm + Zcav
FPZT. (7)

The frequency-dependent impedance Zcav is the response of the gas in the cavity
and includes the line shapes of the resonances. The magnitude of Zcav has peaks at
the resonance frequencies. At the resonance frequency fl = ωl/2π of a longitudinal
mode in a cylindrical cavity, the cavity impedance is

Zcav(ωl) = 2ρc2

V

Ql

ωl
, (8)

where ρ is the gas density, c is the speed of sound in the gas, V is the cavity volume,
and Ql is the quality factor of the resonance. Equation 8 follows from the resonator
response calculated from the Green’s function as discussed in Sect. 3 below. If the
ratio Zcav/Zm is small in the vicinity of the resonance, then the measured response
will closely approximate the resonance’s true line shape. For the resonators and trans-
ducers studied here, we estimate that Zm is at least 100 times larger than Zcav for
frequencies up to 16 kHz.

2.2 Electromechanical Model

In order to relate the motion of the diaphragm to the voltages that are either applied
to or generated at the pioezoceramic electrodes, we must estimate the stresses in
the diaphragm and in the piezoceramic. The stresses in the diaphragm as a func-
tion of distance from the center due to an applied force per unit area Fω are
approximately [10]

σr = 3

8

(
a

td

)2 [
(1 + v) − (3 + v)

( r

a

)2
]

Fω (9)

σθ = 3

8

(
a

td

)2 [
(1 + v) − (1 + 3v)

( r

a

)2
]

Fω (10)

where σr and σθ are the radial and the azimuthal stresses, respectively. The radial and
azimuthal strains in the diaphragm are, respectively,

εr = 1

Y
(σr − vσθ ) (11)
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and

εθ = 1

Y
(σθ − vσr ) . (12)

Similar relationships hold for the strains in the piezoceramic in terms of the PZT’s
Young’s modulus YPZT and Poisson’s ratio νPZT. We equate the radial strains and the
azimuthal strains in the diaphragm and the ceramic, εr = (εr )PZT and εθ = (εθ )PZT,
since the two materials are bonded together. These relationships can be inverted to
give relationships between the stresses in the ceramic and in the diaphragm,

(σr )PZT = YPZT(
1 − v2

PZT

) [(εr )PZT + vPZT(εθ )PZT] = YPZT

Y
σr (13)

(σθ )PZT = YPZT(
1 − v2

PZT

)
[
(εθ )PZT + vPZT(εr )PZT

] = YPZT

Y
σθ . (14)

For a circular piezoelectric ceramic disk that has been poled along the z-axis (per-
pendicular to the flat faces), the relevant piezoelectric coefficients that relate the
stresses and strains to the electric fields are

�aPZT

aPZT
= 2d31 Ez Ez = g31

[
(σr )PZT

]
r=aPZT

(15)

where
[
(σr )PZT

]
r=aPZT

is the radial stress at r = aPZT, Ez is the electrical field in the
z direction, and the coupling matrices di j and gi j contain the piezoelectric properties
of the piezoceramic. Equation 15 are obtained from the constitutive equations [11].

From Eq. 15, the radial strain in the diaphragm at r = aPZT is given by

[
(εr )PZT

]
r=aPZT

= �aPZT

aPZT
= (εr )r=aPZT

(16)

where aPZT is the radius of the piezoelectric ceramic. The strain in the piezoceramic
due to the applied voltage produces in the diaphragm a similar strain that results in
the diaphragm deflection. From Eqs. 9 and 10, we obtain a relationship between the
strain generated in the diaphragm and the force per unit area Fω = FPZT generated by
the piezoceramic,

(εr )r=aPZT = 1

Y

3

8

(
a

td

)2 (
1 − v2

) [
1 − 3

(aPZT

a

)2
]

FPZT. (17)

Combining Eqs. 15–17, and the relationship between the electric field and the applied
voltage Ez = Vs/tPZT, we find

FPZT = 16

3

d31Vs

tPZT

(
td
a

)2

Y
1

(
1 − v2

) [
1 − 3 (aPZT/a)2] . (18)
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Substituting Eqs. 4, 8, and 18 into Eq. 7 in the limit that Zm � Zcav, we obtain

p̃l = 2iQlρc2

3R2 L

a4

tPZTtd

d31Vs[
1 − 3 (aPZT/a)2] (19)

for the acoustic pressure amplitude at the endplate of a cylindrical resonator as a func-
tion of the voltage amplitude applied to the source transducer at the frequency fl of
the lth longitudinal mode. R and L are the radius and length of the cylindrical cavity,
respectively.

Next, we estimate the sensitivity of the detector to an incident acoustic pressure p̃.
From Eqs. 9 and 13 with Fω = − p̃, the radial stress in the PZT detector as a function
of r is

(σr )PZT = YPZT

Y
σr = YPZT

Y

3

8

(
a

td

)2 [
(3 + v)

( r

a

)2 − (1 + v)

]
p̃. (20)

The voltage from the detector Vd is

Vd = 〈E〉PZT tPZT = tPZT
1

πa2
PZT

aPZT∫

0

g31 (σr )PZT2πrdr

= tPZTg31
YPZT

Y

3

16

(
a

td

)2 [
(3 + v)

(aPZT

a

)2 − 2 (1 + v)

]
p̃ (21)

where p̃ is the RMS acoustic pressure. We combine Eqs. 19 and 21 to obtain an esti-
mate of the detector signal Vd at a longitudinal resonance in the cylindrical cavity as
a function of the RMS source voltage Vs

Vd = ig31d31Vs Qlρc2 YPZTa6

8Y t3
d R2 L

×
[
(3 + v)

(aPZT

a

)2 − 2 (1 + v)

] [
1 − 3

(aPZT

a

)2
]−1

. (22)

For the resonator and transducers used in this study, Eq. 22 predicts the RMS detector
signal to be about 50µV for 1 V (RMS) applied to the source when the resonator is
filled with argon at 0.1 MPa.

3 Piezoceramic Transducers in a Cylindrical Resonator

In this section, we investigate some practical aspects of the piezocermaic transduc-
ers for use in a cylindrical resonator to measure the Boltzmann constant: (1) optimal
transducer placement, (2) perturbations of the resonance frequencies, (3) dissipation
in the source transducer, and (4) the signal-to-noise ratio. The piezoelectric ceramics
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Table 1 Properties of PKI-402
PZT

a Data supplied by the
manufacturer

Name Unit Values

Radius m 0.0032

Thickness m 0.0004

Transverse charge coefficient d31
a m · V−1 −120 × 10−12

Transverse voltage coefficient g31
a m · V · N−1 −10.8 × 10−3

Young’s modulusa GPa 76

Poisson ratioa 0.31

used in this article were made of lead zirconate titanate (Navy Type I, PKI-402) from
Piezo Kinetics Inc.2 The properties of PKI-402 PZT ceramic are shown in Table 1.

3.1 Location of the Source and Detector

Consider the motion of a gas in a closed cylindrical cavity with radius R and length L.
We use r to specify points within the cavity and rw to specify points on the boundary.
The source and detector are embedded in the endplate as described in the previous
section. The source is approximated as a piston centered at r = r0 with area πa2 and
velocity usrc = −n̂Usrc/πa2, where n̂ is the outward-pointing normal to the wall and
Usrc is the volume velocity defined in the previous section. The effects of heat transport
and viscosity near the wall are included in the boundary condition as a nonuniform
specific acoustic admittance yw(ω, rw). The steady-state acoustic pressure p̃ω in the
cavity, when the source is driven at frequency ω, is the solution to the Helmholtz
equation [12,13];

∇2 p̃ω (r) + (ω/c)2 p̃ω (r) = 0, (23)

with the condition at r = rw that n̂ · ∇ p̃ω = −i (ω/c) yw p̃ω − iωρusrc for rw within
the source area and n̂ · ∇ p̃ω = −i (ω/c) yw p̃ω for rw outside the source area. The
acoustic pressure at the location of the detector rd is given by the formal solution,

p̃ω (rd) = −iωρ
∑

N

�N (rd)
∫

S �N
(
r′) n̂·ũsrc

(
ω, r′) dS′


N V
[
(2π FN /c)2 − (ω/c)2] , (24)

where the normal mode �N is an eigenfunction of ∇2�N + (2π FN /c)2�N = 0 with
n̂ · ∇�N = −i (ω/c) yw �N everywhere on the boundary [12,13]. The wavefunc-
tion �N and the complex-valued normal-mode frequency FN = fN + igN formally

2 In order to describe materials and experimental procedures adequately, it is occasionally necessary to
identify commercial products by the manufacturer’s name or label. In no instance does such identification
imply endorsement by the National Institute of Metrology or the National Institute of Standards and Tech-
nology; nor does it imply that the particular product or equipment is necessarily the best available for the
purpose.
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include the effects of the thermoacoustic boundary layer. fN and gN are the observed
resonance frequency and half-width, respectively, of the Nth normal mode of the gas-
filled cavity. The parameter 
N = (1/V )

∫
V �2

N dV is a normalization constant.
The source and detector transducers are not point objects, but they are small when

compared to the wavelength of sound. Since we assume a piston-like source (usrc is
constant over the source’s area and zero elsewhere), the integration over �N (r′)n̂ ·
usrc(r′) in Eq. 24 becomes πa2n̂ · usrc〈�N (r0)〉src, where 〈�N (r0)〉src is the average
of the wave function over the area of the source at r0. The signal from the detector
transducer at rd is proportional to 〈 p̃ω (rd)〉d, the average of the acoustic pressure
over the area of the detector. We average both sides of Eq. 24 and replace �N (rd)

with its average 〈�N (rd)〉d. In terms of these average quantities, the detector signal
is proportional to

〈 p̃ω (rd)〉d = ρc2Usrc

2πV

∑

N

if 〈�N (rd)〉d 〈�N (r0)〉src


N
(
F2

N − f 2
) . (25)

Equation 25 contains a sum over the lineshapes of all the modes of the cavity. In
the vicinity of a resonance that is well separated from other modes, the sum can be
approximated by a single resonance term plus a sloping background. For such high-Q
modes, the dominant frequency dependence comes from the resonance denominator,
and the effect of the boundary admittance yw on �N can be neglected for the purpose
of studying transducer placement.

The eigenfunctions for the rigid-walled (yw = 0) resonator are [12,13]

�lmn(r) = Jm(χmnr/R) [cos(mφ) + sin(mφ)] cos(lπ z/L), (26)

where Jm is the mth-order cylindrical Bessel function, and χmn is a solution of
J ′

m(χmn) = 0. We specify the normal modes of the gas by the triplet of integers (l|m|n),
where l = 0, 1, 2, . . . is the longitudinal quantum number, m = 0,±1,±2, . . . is the
azimuthal quantum number, and n = 0, 1, 2, . . . is the radial quantum number.3 With
this convention, (l00)denotes the modes with z-dependence only (longitudinal modes),
(0|m|0) denotes the modes with φ-dependence only (azimuthal modes), and (00n)

denote the modes with r-dependence only (radial modes). All other modes are called
mixed modes. When |m| > 0, the eigenfunctions with azimuthal quantum numbers
±|m| are doubly degenerate.

If the thermal and viscous boundary layer corrections are assumed to be the only
perturbations, the real and imaginary parts of the acoustic pressure are obtained from
first-order perturbation theory [12,13]:

3 The notation we use was adopted from [13], Sect. 9.2, which describes the modes of circular ducts. The
mode designated (l|m|n) has l nodal planes perpendicular to the cylindrical axis, |m| nodal planes extending
radially from the axis, and n cylindrical nodal surfaces concentric with the axis. Our notation differs from
that of [12] for which the third number in the triplet n′ = n + 1.
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Re 〈pω (rd)〉d = ρc2Usrc

2πV

δT

R

∑

lmn

Almn f 3Ωlmn
[

f 2
0,lmn − f 2

(
1 + δT

R Ωlmn

)]2 +
(

f 2 δT
R Ωlmn

)2

(27)

Im 〈pω (rd)〉d = ρc2Usrc

2πV

∑

lmn

Almn f
[

f 2
0,lmn − f 2

(
1 + δT

R Ωlmn

)]

[
f 2
0,lmn − f 2

(
1 + δT

R Ωlmn

)]2 +
(

f 2 δT
R Ωlmn

)2 ,

(28)

where

Almn = (−1)lεl
Jm (χmna/R) Jm (χmnb/R) [cos (mφd) + sin (mφd)][

1 − (m/χmn)2] J 2
m (χmn)

(29)

and

Ωlmn = γ − 1

1 − (m/χmn)2

[
1 + εl R

L

(
1 − m2

χ2
mn

)]

+
√

Pr

1 − (m/χmn)2

[
1 − χ2

mn − m2

(lπ R/L)2 + χ2
mn

(
1 − εl R

L

)]
(30)

Here, f0,lmn is the unperturbed resonance frequency, δT is the thickness of the thermal
boundary layer, γ is the heat capacity ratio, and Pr is the Prandtl number. εl is defined
to be 1 for l = 0 and 2 for l > 0.

The theoretical response from Eqs. 27–30 predicts that the coupling between the
transducers and a particular mode (and therefore the observed response) will be min-
imum (maximum) when the transducers are placed at a pressure node (antinode) for
that mode. To test this prediction, we measured the acoustic spectrum of the cylindrical
resonator (Fig. 1), filled with argon at 0.1 MPa and 293.16 K, with the source transducer
placed at two different locations: (1) the center of the endplate, (r, φ, z) = (0, 0, 0), to
maximize the coupling to the longitudinal and radial modes while minimizing the cou-
pling to the azimuthal modes, and (2) off center at (r, φ, z) = (0.628R, 0, 0), which is
at a radial node for the modes (l01) for l = 0, 1, 2, . . . In both the cases, the detector
was located on the axis at the opposite end of the resonator, i.e., (r, φ, z) = (0, 0, L).
The top of Fig. 3 shows the measured frequency response between 1 kHz and 6.5 kHz
for case (1) with both transducers located on the axis. The longitudinal modes (l00),
the radial mode (001), and the mixed modes (l01) are clearly visible. The azimuthal
modes near 2334 Hz, 3872 Hz, and 5326 Hz do not appear, since the coupling of these
modes to both transducers is weak. The bottom of Fig. 3 shows the response for case
(2) over the same frequency range as the top one in Fig. 3. The radial and mixed mode
amplitudes have been reduced by a factor of 200 due to the reduced coupling. The
azimuthal modes again do not appear since the coupling to the detector is weak.
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Fig. 3 Spectrum of modes between 1 kHz and 6.5 kHz of a cylindrical cavity (80 mm in diameter and
129.4 mm long) filled with argon at 293.16 K and 0.1 MPa. Top source and detector transducers are cen-
tered on opposite endplates; bottom source transducer is located at a pressure node for the first radial mode
(r, φ, z) = (0.628R, 0, 0) of the endplate. Radial mode (001) and mixed modes (101), (201), and (301) are
not present due to inefficient coupling to the sound source. Note the different vertical scale from the top
figure.

3.2 Compliance and Perturbation of the Transducer

The diaphragm’s compliance χF in the low-frequency limit is given in Eq. 4. The
acoustic admittance of the diaphragm as seen by a wave in the resonator is [1]

ytr = iωρcχF. (31)

We use first-order perturbation theory to estimate the frequency shift for the ideal
longitudinal modes [14];

� ftr

f0
= iytr Atr

lπ2 R2 = −ρc2χ Atr

π R2L
(32)

where f0 is the the ideal resonance frequency in the cavity. Table 2 shows the estimated
perturbations for a 0.64 cm (1/4 inch) microphone and the PKI-402 PZT transducer
at 273.16 K and different pressures. The perturbations for the microphone are calcu-
lated using data from Ref. [1] for a spherical cavity resonator with an inner radius of
9 cm.

3.3 Heat Generated by the PZT

We measured the dissipation in one of the PZT transducers while it was attached to
the diaphragm in the endplate as indicated in Fig. 1. Figure 4 shows the circuit we
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Table 2 Perturbations for the
PZT transducer and condenser
microphone

� ftr
f0

/10−6

0.1 MPa 1 MPa

0.64 cm (1/4 inch) Microphone −0.16 −1.60

PKI-402 PZT −0.03 −0.27

Fig. 4 Circuit used to measure
the dissipation factor

used to measure the dissipation factor tan δ as a function of voltage and frequency.
The equivalent circuit for the PZT element is assumed to be a series combination of
resistance R1 and capacitance C1, which is shown inside the dash frame in Fig. 4.
The PZT’s capacitance was 600 pF. The standard resistor R0 = 200.110 �, which
was used to measure the current in the circuit, had negligible capacitance and induc-
tance. The voltages across the standard resistor and across the PZT element were
measured with a dual-phase lock-in. We determined the power dissipation from the
expression,

Pdiss = V0

R0
VPZT cos θ, (33)

where θ = π/2 − δ is the phase angle between the current and VPZT. Figure 5
shows the dissipation as a function of the square of source voltage V 2

s at different
frequencies. When the PZT is operated at 7 V (RMS), the dissipation in the trans-
ducer varies from 0.75 µW to 35 µW when the frequency varies from 1 kHz
to 15 kHz based on extrapolation of the values shown in Fig. 5. The empirical
function,

Pdiss

µW
= 5.14 × 10−3

(
f

kHz

)1.83 (
VPZT

V

)2

(34)

correlates the frequency, voltage, and dissipation data with an uncertainty of
6 nW.
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Fig. 5 Power dissipation of the PKI-402 PZT as a function of the square of the source voltage between
1 kHz and 15 kHz. Solid lines are fits given by Eq. 34.

3.4 Signal-to-Noise Ratio

Piezoelectric ceramic transducers can improve the signal-to-noise ratio for measure-
ments in the cylinder resonator. The top of Fig. 6 shows a typical acoustic reso-
nance for which the resonance frequency and half-width were FN = fN + igN =
1976.4072 + i1.7668 Hz. These data were acquired with an integration time of 6 s at
each frequency. We measured the frequencies and half-widths of the longitudinal res-
onances in argon at 0.1 MPa and also used the fitting method described by Moldover
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Fig. 6 Top in-phase and quadrature voltages from the PZT detector as a function of frequency near the
(100) longitude mode of our cylinder resonator (2R = 80 mm, L = 80 mm) in argon at 0.1 MPa and 293.15
K; bottom measured voltages minus calculated voltages [15].
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et al. [15]. The bottom of Fig. 6 shows the amplitude deviation for the in-phase and
quadrature components. The signal-to-noise ratio is more than 1 × 104.

4 Conclusions

Piezoceramic transducers made from PKI-402 PZT are suitable to generate and detect
sound for acoustic thermometry. The piezoelectric ceramic transducers were set on
the middle of each endplate to minimize the coupling to the azimuthal modes. We
observed a signal-to-noise ratio up to 1 × 104 for our cylinder resonator which is
high enough to fit the complex resonance frequency with a precision of 10−7 of fN .
With an RMS drive voltage of 7 V, dissipation in the piezoceramic transducer varied
from 0.75 µW to 35 µW when the frequency varied from 1 kHz to 15 kHz. The frac-
tional frequency perturbations to the longitudinal modes were estimated to be only
−0.03×10−6 and −0.27×10−6 for pressures of 0.1 MPa and 1 MPa, respectively, at
273.16 K in argon.
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