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When a sounding tuning fork is brought close to the ear, and rotated about its long axis, four distinct
maxima and minima are heard. However, when the same tuning fork is rotated while being held at
arm’s length from the ear only two maxima and minima are heard. Misconceptions concerning this
phenomenon are addressed and the fundamental mode of the fork is described in terms of a linear
quadrupole source. Measured directivity patterns in the near field and far field of several forks agree
very well with theoretical predictions for a linear quadrupole. Other modes of vibration are shown
to radiate as dipole and lateral quadrupole sources. ©2000 American Association of Physics Teachers.
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I. INTRODUCTION

If one rotates a sounding tuning fork once about its lo
axis while holding the fork close to the ear, one finds fo
positions where the sound is loud, alternating with four p
sitions where the sound is very quiet.1 The loud regions are
indicated as A and B in Fig. 1~b! and the quiet regions fal
approximately along the dotted lines. By rotating the fo
close to the end of a tuned resonance tube this phenom
may be demonstrated to a group of people.2,3 If one listens
very carefully, one finds that maxima in the plane of the fo
@regions A in Fig. 1~b!# are noticeably louder than thos
perpendicular to the fork~regions B!.

A very different pattern of loud and quiet regions is hea
however, when a sounding tuning fork is held at arm’s len
from the ear and rotated once about its long axis. Now, o
two maxima are heard, both in the plane of the fork~regions
A!, while minima are heard perpendicular to the fork~re-
gions B!. The differences between near- and far-field sou
patterns may be effectively demonstrated to a larger audie
by using an inexpensive microphone and preamp conne
to an oscilloscope.

While several older acoustics texts describe the so
field radiated by a tuning fork,1–6 discussion of this phenom
enon is absent from recent acoustics texts. Unfortunat
those older texts which attempt to explain the sound fi
close to the fork do so in terms of constructive and destr
tive interference effects. This would seem an implausi
explanation since the tines of a tuning fork are almost alw
separated by a distance much smaller than half a wavele
of the sound emitted, which means that interference effe
should be noticed only at significant distances from the f
tines. Sillitto7 has shown that close to the fork it is pat
length-dependent amplitude differences which determine
sound field and that path-length-dependent phase differe
only become dominant at large distances from the fork.

The goals of this paper are to address some of the mis
ceptions concerning the sound field radiated by a vibra
tuning fork, to discuss the quadrupole nature of the tun
fork sound field, and to present experimental measurem
of the near-field and far-field radiated patterns. While p
mary attention will focus on the sound field produced by
principal mode of the tuning fork, as shown in Fig. 1~a!,
radiation patterns from other less frequently observed vib
tional modes will also be discussed.
1139 Am. J. Phys.68 ~12!, December 2000 http://ojps.aip.or
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II. THE TUNING FORK AS A LATERAL
QUADRUPOLE

A typical explanation of the sound field produced by
tuning fork goes something as follows.2,3,5,8

When the tines move outward, a compression is sent ou
the directions of A in Fig. 1~b! and simultaneously a rarefac
tion in the directions of B. As the tines move inward the
send out a rarefaction in the directions of A and a compr
sion in the directions of B. These sets of waves are alway
opposite phase, and along the directions 45° from the pl
of the tines~dotted lines! the compressions of one set o
waves and the rarefactions of the other will coincide, a
there will be silence.

As an example of a sound source which follows the abo
description, consider a cylinder whose radius alternately
pands and contracts according to9

r ~u,t !5R1cos~2u!sin~vt !, ~1!

whereR is the mean radius of the cylinder. Figure 2 sho
one cycle of the radial oscillation of the cylinder. The cyli
der simultaneously elongates in the horizontal directi
pushing air outward, and contracts in the vertical direct
drawing air inward. Half a cycle later the cylinder contrac
in the horizontal direction drawing air inward and expands
the vertical direction pushing air outward. Figure 3 sho
two frames from an animation created wi
MATHEMATICA ,10,11 which shows the sound field resultin
from Eq. ~1!. The animation is available as an animated G
movie on the WWW.12 The two still frames differ by one
half-period of the cylinder motion. It is clear to see th
waves propagating in the horizontal and vertical directio
have opposite phase, and that the waves completely ca
along lines 45° from the horizontal.

A similar sound field is produced when four identical om
nidirectional sources are placed in a lateral quadrupole
rangement as shown in Fig. 4~a!. Such an arrangement o
sources may be effectively demonstrated by passing a
frequency signal through four small boxed loudspeakers w
opposite polarities.13 The expression for the complex soun
pressure amplitude produced by a lateral quadrupole ma
derived as14,15

p~r ,u!5
A

r S 3

r 22k22
i3k

r D sinu cosu, ~2!

whereA is an amplitude factor which depends on the si
strength, and frequency of the quadrupole source. The p
ence of the ‘‘i’’ in the third term in parentheses indicates th
1139g/ajp/ © 2000 American Association of Physics Teachers
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this term is 90° out of phase from the other terms. The v
ablek is the wave number (k52p/l) andr is the distance to
the observer. The expression in Eq.~2! is valid for all dis-
tancesr. At large distancesr ~termed the far field! the pres-
sure amplitude may be approximated by

p~r ,u!5
Ak2

r
sinu cosu. ~3!

The angular dependence is the same for Eqs.~2! and ~3!.
Moving from near field to far field has no effect on the a
gular dependence of the directivity pattern.

Figure 4~b! shows a polar plot of the directivity pattern fo
a lateral quadrupole source. For this and all following plo
the pressure amplitude is plotted on a logarithmic scale, w
units of decibels. In addition, all plots have been normaliz
to the maximum value, as is the accepted practice for di
tivity plots.16 The directivity plot shows that the lateral qua
rupole pressure field exhibits four directions where soun
radiated very well alternating with four directions in whic
no sound is radiated. This directivity pattern matches ne
exactly the sound field predicted by the cylindrical source
shown in Fig. 3.

A lateral quadrupole source model has been used to
scribe the sound field of the tuning fork.3,8 While this might
appear to explain what one hears in the near field of a tun
fork, there are several problems. First, this model does
explain why one hears only two maxima and minima wh
the fork is held at arm’s length from the ear. If the tunin
fork behaved as a lateral quadrupole the sound field sh
be the same at any distance from the fork. Second,
model implies that close to the fork all four loud regio
should be equally loud. However, close listening reveals
maxima in the plane of the fork are definitely louder th
those perpendicular to the plane of the fork. Third, as
data will show, the minima do not fall exactly along 45
from the plane of the tines.

Fig. 1. ~a! Principal mode of a tuning fork.~b! End view of a tuning fork
showing regions of loud and quiet.

Fig. 2. The radial oscillation of a cylinder according to Eq.~1!. Times are
fractions of one period,T, of the motion.
1140 Am. J. Phys., Vol. 68, No. 12, December 2000
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III. THE TUNING FORK AS A LINEAR
QUADRUPOLE

When a tuning fork vibrates in its fundamental mode, t
tines oscillate symmetrically in the plane of the fork,
shown in Fig. 1~a!. Each individual tine might be modele
by a dipole source,17,18much like an unbaffled loudspeaker19

and a transversely oscillating sphere14 are treated as a dipol
sources. Dipole sources are discussed further in Sec. V.

A combination of two dipole sources with opposite pha
such that the dipole axes lie along the same line, is calle
linear, or longitudinal quadrupole source. The source dis
bution for a linear quadrupole is shown in Fig. 5~a!. The
exact expression for the pressure field radiated by a lin
quadrupole may be derived as14,15

p~r ,u!5
A

r F ~123 cos2 u!S ik

r
2

1

r 2 1
k2

3 D2
k2

3 G . ~4!

The result by Sillitto7 gives an equivalent expression in term
of Legendre polynomials and spherical Bessel functio
Figure 5~b! is a polar plot showing the directivity pattern fo
a longitudinal quadrupole with an observer distancer
50.05 m from a 426-Hz source, so thatkr50.39. The prod-
uct kr is typically used to define the boundary between
near field and far field of a source. As a general rule
thumb, if kr,1 the observer is in the near field, and ifkr
.1 the observer is in the far field.

The near-field directivity pattern in Fig. 5~b! matches what
is heard close to a tuning fork. There are four maxima, t
in the plane of the fork and two perpendicular. However,
maxima perpendicular to the plane of the fork~at 90° and
270°! are approximately 5 dB lower than the maxima at
and 180°. Since changes in sound pressure level of 5 dB
clearly noticeable to the ear15 this difference in amplitude is
quite observable. Furthermore, the minima are not symme

Fig. 3. Frames from an animated GIF movie~Ref. 12! animating the sound
field produced by an oscillating cylinder according to Eq.~1!.

Fig. 4. Lateral quadrupole model for a tuning fork:~a! simple source ar-
rangement;~b! directivity pattern.
1140Daniel A. Russell
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cally spaced at 45° from the plane of the fork as predicted
a lateral quadrupole model. Instead the first minima occur
approximately 54°.

At large distancesr such thatkr@1 the exact expressio
in Eq. ~4! approximates to

p~r ,u!5
Ak2

r
cos2 u. ~5!

Figure 6 compares the far-field directivity pattern calcula
from the exact expression in Eq.~4! with the far-field ap-
proximation in Eq.~5!. In Fig. 6~a! the observer distance i
r 51 m from a 426-Hz source (kr57.8). These plots show
that in the far field of a linear quadrupole, only two maxim
are present, with minima perpendicular to the plane of
fork. This matches what one observes when a tuning for
held at arm’s length from the ear.

Figure 7 shows a contour plot of the pressure field p
duced by a longitudinal quadrupole source. White repres
the highest pressure and black the lowest pressure. The
tour plot represents a 100 cm3100 cm region with the sourc
at the center of the plot; the two dipoles comprising t
quadrupole, and representing the tuning fork tines, are at61
cm aligned horizontally. The wavelength is 80.5 cm, cor
sponding to a frequency of 426 Hz~the speed of sound i
taken to be 343 m/s!. The pressure field shown correspon
to the time just after the tines have reached their maxim
outward positions, thus producing a maximum pressure
gion in front of each tine in the horizontal directions.

The contour plot in Fig. 7 shows both the near-field a
far-field behavior of the pressure field. An animated vers
is available on the WWW.12 The animation is in color and
shows the pressure field as the fork tines go through

Fig. 5. Linear quadrupole:~a! simple source arrangement;~b! near-field
directivity pattern forkr50.39.

Fig. 6. Far-field directivity patterns for a linear quadrupole.~a! Exact ex-
pression from Eq.~4! with kr57.8; ~b! far-field approximation from
Eq. ~5!.
1141 Am. J. Phys., Vol. 68, No. 12, December 2000
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complete cycle of their motion. Readers are encourage
view the animation to more clearly see the transition fro
near field to far field.

The contour plot and the animation show a significa
wave front radiating away from the tines in the horizon
directions, as a result of the outer surface of the tines push
on the air as they oscillate back and forth. A much wea
wave motion propagates in the vertical directions, with t
amplitude decaying dramatically within the first 20 cm or
from the fork.

The transition from near field to far field is the result of
transition from path-length-dependent amplitude differen
to path-length-dependent phase differences.7 Consider the
tuning fork as a linear quadrupole arrangement of four po
sources, as in Fig. 5~a!. When the observer location is ver
close to the center of the fork, along a vertical orientatio
the distance to the inner pair of sources~2s! is smaller than
that to the outer pair~1d!. Since the pressure from a poin
source decreases as 1/r the pressure amplitude from th
closer inner pair of sources dominates the near field an
significant negative pressure is observed perpendicular to
source alignment. As one moves in the vertical direct
away from the sources, the path length differences to e
source become negligible and the phase differences do
nate. Since there are an equal number of positive and n
tive sources, the pressures effectively cancel and ther
very little resultant vertically propagating wave motion in th
far field. A similar behavior may be observed for the elect
potential around an electric linear quadrupole source.20

IV. EXPERIMENTAL MEASUREMENTS

Measurements were made in the near and far fields of
different sized 426.6-Hz aluminum tuning forks and
2000-Hz aluminum fork. Dimensions for each fork a
shown in Table I. As shown in Fig. 8, a small NdFeB magn
was attached, with wax, to each tine at about 3/4 of the
length from the top of the fork. An electromagnetic coil w
placed over one magnet and driven by a sine wave gene

Fig. 7. Contour plot showing the pressure field produced by a longitud
quadrupole. White represents the highest pressure and black represen
lowest pressure.
1141Daniel A. Russell
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at the natural frequency of the loaded fork. The second m
net provided symmetric loading on the other tine. The fo
was firmly clamped in a support and centered on a rota
turntable. Sound absorbing material was placed around
apparatus to reduce reflections from the table top and w
A small Radio Shack electret microphone was mounted
fixed distance from the center of the fork, at a height j
below the top of the fork. The microphone output was d
played on a Stanford Research Systems model SR780
Fourier transform analyzer using units of sound press
level ~dB!. The decibel level was measured every 5° as
fork was rotated about its long axis.

Figure 9 shows the measured directivity pattern~normal-
ized to the level at 0°! at a distance of 5 cm from the sma
426.6-Hz tuning fork. With the magnets attached, the fun
mental frequency of the fork was lowered to 418.76 Hz
that kr50.38. The orientation of the fork is shown in th
figure by the two small rectangles at the center of the p
Figure 9~a! attempts to fit the data with a lateral quadrupo
directivity pattern using Eq.~2! while Fig. 9~b! attempts to fit
the same data with a linear quadrupole directivity patt
using Eq.~4!. While neither theoretical curve fits the da
perfectly, the linear quadrupole curve~b! more closely
matches the overall shape, and correctly predicts the 5
reduction at 90° and 270°. In addition, the linear quadrup
fit also more closely matches the angular location of
minima, the first of which falls at approximately 50°. Slig
differences between theory and data should be expe
since the theory is for four point sources arranged as a lin
quadrupole, while the actual tuning fork is two rectangu
bars oscillating back and forth. Still, the linear quadrupole
is quite good, and much better than the lateral quadrupole

At a distance of 20 cm from the small 426.6-Hz fork (kr
51.53), the fit between measured levels and linear qua
pole theory is still quite good, as shown in Fig. 10~a!. The fit
is still good at a distance of 80 cm (kr56.13), which is
approximately arm’s length, in Fig. 10~b!. While the theory
and data do not agree exactly near 90° and 270°, the m
sured levels are more than 10 dB down from the levels in

Fig. 8. Experimental apparatus for measuring the directivity pattern
sound radiation from a tuning fork.

Table I. Dimensions of tuning forks used in experiment.

Fork
frequency

~Hz!

Tine
length
~cm!

Tine
separation

~cm!

Tine
width
~cm!

Tine
thickness

~cm!

426.6 13.04 2.14 0.89 1.29
426.6 12.17 1.67 0.72 0.94

2000 6.22 1.11 0.71 0.93
1142 Am. J. Phys., Vol. 68, No. 12, December 2000
g-
k
g
he
ls.
a
t
-
ast
re
e

-
o

t.

n

B
e
e

ed
ar
r
t
t.

u-

a-
e

plane of the fork. Such a sound pattern would give the i
pression of two maxima in the plane of the fork and tw
minima perpendicular to the plane of the fork, as is obser
when the fork is held at arm’s length from the ear.

Figure 11 shows measurements for the 2000-Hz fork
distances of 4 and 78 cm. The loading of the magnet lowe
the fundamental frequency to 1960 Hz so thatkr51.44 and
kr528.0, respectively. Both the near-field and far-field me
surements match the theoretical curves quite closely. In
near field there are four maxima and four minima. In the
field there are two maxima in the plane of the fork tine
while perpendicular to the tines the sound pressure leve
approximately 5 dB lower. The near-field pattern for t
2000-Hz fork (4 cm→kr51.44) looks very similar to the
midfield directivity pattern for the 426.6-Hz fork (20 cm
→kr51.53), as should be expected since the values okr
are similar.

Agreement between measurements and theory for b
near and far fields verifies that the tuning fork behaves a
linear quadrupole source when vibrating in its fundamen
mode. A lateral quadrupole model, which is based on in
ference effects, does not match the measured sound fiel

V. RADIATION FROM OTHER VIBRATIONAL
MODES

While the fundamental mode of a vibrating tuning fo
acts like a longitudinal quadrupole source, there are ot

r

Fig. 9. Sound pressure level directivity patterns 5 cm from the small 426
fork. ~a! Data fit with lateral quadrupole from Eq.~2!, ~b! data fit with linear
quadrupole from Eq.~4!.

Fig. 10. Measured directivity patterns for the small 426-Hz fork at a d
tance of~a! 20 cm (kr51.56) and~b! 88 cm (kr56.25) from the center of
the tines. The solid curve represents linear quadrupole theory and p
represent data.
1142Daniel A. Russell
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modes of vibration which produce different directivity pa
terns. The second most familiar vibrational mode of a tun
fork is the ‘‘clang’’ mode, which occurs at a frequency a
proximately 6.25 times that of the fundamental.21 This mode
and the fundamental are termed symmetric since the tine
the tuning fork both move outward or inward at the sa
time. There are also antisymmetric in-plane modes in wh
the tines move together in the same direction, i.e., both to
right or both to the left at the same time.

For the small 426.6-Hz tuning fork, the lowest frequen
antisymmetric in-plane mode occurred at 275 Hz when
fork was firmly clamped at the stem. This mode cannot
modeled as a quadrupole source, since both tines are mo
together with the same phase. Instead, one might try a di
source. Even though there are two tines, this should b
valid guess since the separation of the two tines is m
smaller than a wavelength.

The pressure amplitude of the sound field radiated by
acoustic dipole may be written as15

p~r ,u!5
A8k

r
cosu, ~6!

whereA8 is an amplitude factor which depends on the si
strength, and frequency of the dipole source. Figure 12~a!
shows a polar plot of the directivity pattern for a dipo
source. Figure 12~b! shows a frame from an animated G
movie12 which illustrates the sound field produced by

Fig. 11. Measured directivity patterns for the 2000-Hz fork at a distanc
~a! 4 cm (kr51.46) and~b! 78 cm (kr528.6) from the center axis of a
2000-Hz tuning fork. The solid curve represents theory and points repre
data.

Fig. 12. ~a! Directivity pattern for a dipole source.~b! Frame from a movie
~Ref. 12! showing the sound field produced by a dipole source~oscillating
sphere!.
1143 Am. J. Phys., Vol. 68, No. 12, December 2000
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transversely oscillating sphere. Circular wave fronts with o
posite phase are propagated left and right as the sp
moves back and forth in the horizontal direction. Fluid d
rectly above and below the sphere sloshes back and fort
the sphere oscillates, but there is no wave propagation a
the vertical axis of the figure@corresponding to 90° and 270
in Fig. 12~a!#.

Figure 13 shows the relative motion of the tines in t
lowest antisymmetric mode and the resulting directivity p
tern measured at a distance of 5 cm from the fork. The d
can be rather well fit to the dipole expression in Eq.~6!, thus
validating our guess at modeling this vibrational mode a
dipole-type source. The measurements appear to be ro
clockwise about 10° from the plane of the tines; the theory
was rotated to match the data. This is probably due to
unbalanced loading of the fork caused by the attached m
nets.

In addition to the in-plane symmetric and antisymmet
modes, there are also several modes of vibration in which
motion of the tines is perpendicular to the plane of the fo
In the lowest frequency out-of-plane mode both tines mo
together as in Fig. 14~a!. For the large 426.6-Hz tuning fork
this resonant vibration occurred at 344 Hz. The motion of
tines in this mode suggests a dipole-type behavior, as was
case for the in-plane antisymmetric mode. Figure 14~b!
shows that measurements of the sound field radiated by
mode agree rather well with predicted results using the
pole expression in Eq.~6!.

f

nt

Fig. 13. 275-Hz antisymmetric in-plane mode for the small 426.6-Hz fo
~a! Relative tine motion.~b! Measured directivity pattern at a distance of
cm. Solid curves are for a dipole from Eq.~6!.

Fig. 14. 344-Hz out-of-plane mode for the large 426-Hz tuning fork.~a!
Relative tine motion.~b! Measured directivity pattern at a distance of 5 cm
Solid curves are for a dipole from Eq.~6!.
1143Daniel A. Russell
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If the stem of the tuning fork is rigidly clamped so that th
fork cannot rotate, a more prominent mode may be found
which the tines move with opposite phase perpendicula
the plane of the fork. The frequency of this mode of vibr
tion is usually fairly close to the fundamental frequency
the fork.4 In the large 426.6-Hz fork used in this experime
this out-of-plane mode occurred at 482 Hz. Figure 15~a!
shows the relative motion of the tines. This vibrational mo
bears similarity to a lateral quadrupole source as describe
Sec. II. As Fig. 15~b! shows, measurements of the sou
field radiated by this mode agree very well with lateral qua
rupole theory from Eq.~2!.

VI. OTHER OBSERVATIONS

Wood17 and Rayleigh22 cite a simple experiment by
Stokes23 in which a piece of cardboard is lined up with th
fork tines. When the cardboard is held in regions A or B
Fig. 1~b!, nothing happens, but when held along one of
dotted lines in Fig. 1~b!, the loudness of the fork dramat
cally increases. The dipole motion of each tine produces
culation of air around the tine as it vibrates back a
forth.6,24 Placing cardboard along one of the dotted lines
terrupts this circulation and destroys the dipole nature of
tine. This is akin to the increase in sound which results fr
placing a loudspeaker in a baffle.18 Passing a tuning fork
through a slot cut in a piece of cardboard produces the s
effect.21,25

In a similar experiment, covering one of the tines with
cylinder dramatically increases the sound level at what w
previously a minimum.1 An explanation for this effect is tha
covering one tine changes a linear quadrupole into a dip
Comparing Figs. 5~b! and 12~a!, it is seen that the near-fiel
directivity pattern for the dipole has a significant sound le
at the location of a minimum for the linear quadrupole. T
sound level in the plane of the tines will also increase
cause dipole sources are much more effective radiator
sound than are quadrupoles.13 The radiation efficiency of a
dipole varies with the fourth power of frequency where
quadrupole radiation varies as the sixth power.

VII. CONCLUDING REMARKS

A tuning fork vibrating in its fundamental mode of vibra
tion is a rather complicated radiator of sound, exhibiting d
tinct near-field and far-field directivity patterns. Naive a

Fig. 15. 483-Hz out-of-plane mode for the large 426-Hz tuning fork.~a!
Relative tine motion.~b! Measured directivity pattern at a distance of 5 c
Solid curves are for a lateral quadrupole from Eq.~3!.
1144 Am. J. Phys., Vol. 68, No. 12, December 2000
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tempts at explaining the radiated sound field in terms
compressions, rarefactions, and interference effects are
able to explain the details of the radiated sound field; a
eral quadrupole-type source also does not correctly mo
both the near- and far-field radiated patterns. A linear qu
rupole model appears to correctly predict the locations
relative amplitudes of observed maxima and minima b
when the fork is held close to the ear and when it is held
arm’s length. Other, less commonly observed, vibratio
modes behave as dipole sources, and one mode exis
which the tines move as a lateral quadrupole. The tuning f
is thus a simple device which can be effectively used
demonstrate the more advanced concept of near-field
far-field radiation as well as the behavior of a linear quad
pole acoustic source.

APPENDIX: SOUND FIELD FROM A WINEGLASS

When a wineglass is made to vibrate in its fundamen
mode, either by rubbing a wet finger around the rim or
tapping the glass with a knuckle, it vibrates in a fashi
similar to what is termed the~2,0! mode of a bell.26,27 The
radial cross section of the glass oscillates according to
~1!, as shown in Fig. 2. A wine glass is thus a good exam
of a lateral quadrupole source. An inexpensive~$1.95! glass
was driven at its fundamental frequency of 895 Hz, usin
small magnet and driving coil in the same manner as
tuning fork measurements. The resulting pressure sound
at 20 cm from the glass is shown in Fig. 16. The data fit v
nicely with a lateral quadrupole directivity pattern from E
~2!, and provide further evidence that this type of sou
source does not accurately model the behavior of a tun
fork vibrating in its fundamental mode.
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FERMI’S THEORY OF BETA DECAY

Emilio Segrènotes that Oppenheimer ‘‘sometimes appeared amateurish and snobbish.’’ Out of
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Richard Rhodes,The Making of the Atomic Bomb~Simon & Schuster, New York, 1986!, p. 444.
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