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Abstract

A method is being developed to measure phase velocity with high resolution at cryogenic

temperatures. Integral to this method is a variable length acoustic cavity. A piezoelectric

bimorph serves as a moveable boundary with sub-nanometer scale movement to vary the

path length of the cavity. A capacitance bridge is used to measure the position of the

bimorph. Once completed and tested, this method will be applied to make phase velocity

measurements in liquid3He with a ppm resolution down to sub-millikelvin range.



Introduction

Acoustic properties provide important information on the structure of matter.

Sound velocity and attenuation are sensitive to the underlying nature of forces between

molecules or atoms and microscopic scattering processes. Especially in quantum liquids

such as liquid3He and 4He, acoustic study has played a main role in revealing the

fascinating nature of this system. Therefore, accurate measurements of phase velocity

and attenuation under various conditions are required.

Ultrasonic interferometry uses a transducer to produce and detect sound and a

parallel reflector to create standing waves inside an acoustic cavity. In the path length

modulation (PLM) method, the frequency remains constant and the cavity length,l,

varies. The cavity resonance condition is met whenl = nλ/2, wheren is an integer andλ

is the wavelength. Therefore, a continuous variation of the path length causes the

medium to progress through a series of maxima and minima [1]. By measuring the

position of maxima, one can determine the wavelength if the change in the cavity size can

be determined by any means. With the wavelength calculated and the frequency fixed,

the sound velocity can be computed [1].

Grimsrud and Werntz [2] stated that previous sound velocity measurements in

liquid 4He by Van Itterbeek proved ultrasonic techniques ineffective at low pressures

because of large attenuation. To overcome this problem, Van Itterbeek used a low

frequency, fixed-path-length resonant cavity. Knowledge of the effective path length of

the cavity was essential to this method and difficult to determine. Because of this

difficulty, Grimsrud and Werntz used a fixed frequency, variable path length design,

much like the one described above.



Grimsrud and Werntz used a hearing aid transducer with a frequency response at

liquid helium temperatures of 1000 Hz to 3500 Hz. Most measurements were made

around 2200 Hz [2]. By adjusting the reflector position, a maximum (constructive

interference point) in the signal could be detected. The exact location of the maximum

was not certain, thus requiring positions on either side of the peak to be measured.

Consequently, a mean value was used for the position of the maximum. Positions were

measured with respect to the Dewar head using a depth micrometer. This method yielded

sound velocity calculations in3He and4He gas with an uncertainty of 0.07%.

More recently, researchers at Northwestern University performed a similar PLM

experiment with improved technology and a higher resolution [3]. Hamotet al. used a

small path length (150ÿm) and higher frequencies (up to 151 MHz); consequently, they

were able to make measurements at higher attenuation [3]. With path lengths as small as

150ÿm, a piezoelectric bimorph was needed to make minute alterations in the path length

(on the order of several microns).

In the research performed by Hamotet al. [3], the acoustic cavity was formed by

a transducer and a bimorph. The electrodes of the bimorph were polished to reflect

incident waves on one side, and a disc-shaped electrode was attached at the center of the

other side of the bimorph to serve as a capacitor plate.* The position of the bimorph, and

subsequently the size of the cavity, was then measured through the capacitance

measurement between an electrode on the bimorph and a fixed electrode using a

* It should be noted that when the bimorph flexes, the surface becomes bowed. Thus, incident waves do not
reflect off a flat surface and the capacitor plates are not entirely parallel.



capacitance bridge. Once the path length was determined the wavelength could be

calculated and the sound velocity computed.†

Methods

When a piezoelectric material is deformed from its equilibrium position an

electric charge is produced. Conversely, when a bias voltage is applied across a

piezoelectric material, it experiences deformation to a specific direction. When two

piezoelectric materials with opposite properties are sandwiched together, the combined

deformation of one material expanding and the other contracting causes the material to

bend. Such a system is called a bimorph. Most piezoelectric materials are crystalline, the

most common being quartz and lead zirconate titanate (PZT-5A). Our experiments will

use a PZT-5A bimorph to vary the cavity size and to serve as a reflecting boundary for

incident sound waves. By clamping the edges of the bimorph, motion is limited to the

center allowing for minute alterations of path length.

We use a fixed-frequency, variable-path-length method, similar to that employed

by Hamotet al. Sound waves emitted by an ultrasonic quartz transducer are reflected by

a copper plate mounted on a piezoelectric bimorph.‡ By mounting copper plates on either

side of the bimorph, we ensure that the reflecting surface remains flat and the capacitor

plates remain parallel even when the bimorph deforms (see Fig. 1). The bimorph

operates exactly as described above; applying biased voltage causes the bimorph to flex,

varying the effective path length of the cavity. A capacitance bridge then allows us to

† The path length of the resonant cavity remained an integer number of half-wavelengths. Thus, when the
path length was measured, the wavelength could be determined easily.
‡ The transducer serves both as emitter and receiver.



determine the location of the bimorph with great accuracy and with that the path length,

wavelength, and sound velocity can be calculated.

FIG. 1. Simplified experimental design. (Note: figure is not to scale.)
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derived by Sloggett, Barton, and Spencer to measure the effective capacitance where

Celem is the capacitance without the fringe effect correction given above [4]. Fig. 2

shows the capacitance of a parallel circular capacitor with a radius of 0.48 cm for various

gap sizes with and without fringe effect correction. The capacitance bridge gives us

measurements with resolution ofδC/C � 10-6. Therefore, we can resolve gap spacing to

within a few angstroms at a 100-µm gap. When resonance conditions are met in the

acoustic cavity, the path length equals an integer number of half-wavelengths. If the



wavelength changes byδλ, the wavelength will becomeλ +δλ. This change in

wavelength leads to the shift of the same maximum position byδ x = Νδλ whereN is the

number of standing wave nodes in the cavity. Therefore, there is an amplification of the

resolution in the wavelength change compared to that in the position of the maximum,

which was estimated above. For a 200-ÿm cavity length and a wavelength of 2ÿm, there

are 200 standing wave nodes in the cavity. For a change in wavelength of only a few

angstroms, we can resolveδλ/λ � 10-7, giving us sub-ppm resolution in principle.

FIG. 2. Capacitance of disc-shaped parallel capacitor with a 0.48-cm diameter, as a
function of plate separation.

We will use an acoustic spectrometer to measure the electrical impedance of the

transducer. The electrical impedance of the transducer depends on the acoustical

properties of the surrounding medium. In our experiment liquid helium will be used.

Thus, measuring the impedance of the transducer tells us about the acoustical properties

of liquid helium.



Progress

All devices described above are in various stages of completion. The transducer

has been wired, the reflector plates have been machined and are being polished, a hole

has been drilled through the bimorph, and a small post has been constructed to hold the

reflector plates. Once completed, all elements will be assembled and housed in an

acoustic cell. The acoustic cell will be placed in a cryostat and cooled to 4 K. We will

then be measuring the velocity of sound in3He gas and from these velocity measurements

the second virial coefficient can be extracted as a preliminary test.

Resonance tests have been completed on a transducer at room temperature. The

transducer resonated at approximately 4.91 MHz, 15.4 MHz, and 27.4 MHz (see Fig. 3).

We consider the data to be slightly inaccurate. The initial wiring and assembly was

faulty, and silver epoxy residue from this wiring attempt altered the resonance of the

transducer. Despite the loss of accuracy, the resonance tests allowed us to test

simultaneously the transducer and data acquisition program. The tests were performed

with an Agilent E4423B Signal Generator, a SR530 Lock-In Amplifier, and a Continuous

Wave (CW) Spectrometer. The data were collected using a program written in LabView

(see Fig. 4).



FIG. 3. Resonance of the transducer around 25 MHz.

FIG. 4. Excerpt of data-acquisition program written in LabView. This program controls the signal

generator and compiles the output of the lock-in amplifier into a spreadsheet readable in Origin.
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