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Experimental results for the transient response of a single oscillator, for two magnetically coupled
oscillators, and for oscillations about the center of mass of an isolated system are presented. The
apparatus is easy to build. The data for the response and for the forcing term are acquired in a simple
way, and allow accurate analysis and comparison with theorpo@ American Association of Physics
Teachers.
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[. INTRODUCTION tal results for the transient response of single oscillator when
a forcing excitation is suddenly applied are presented first as
A flat steel spring with a mas® attached at one end and a simple example. The experimental techniques are then ex-
clamped to a massive support massat the other end pro- tended to more complicated systems.
vides a mechanical oscillator system in which the flat spring
constrains the oscillations to remain in a plane, so that th
displacement is well defined and expressed by a single vari-
able. If one or more ceramic magnets are attached to the , ) , )
oscillating mass, a nearby small response coil can detect’a: 1'ansient response of a single mechanical harmonic
time varying magnetic flux and give a measure of the velocOScillator

ity of the oscillating mass. A second coil fed by an alternat-  The system was constructed with a single flat steel spring
ing current and placed close to the ceramic magnets can hey, <o cross section was 1.5 w2 mm: the length be-
used to excite oscillations and will be referred to as the drivg, wan the mass and clamp pbint was app;roximately 250 mm
coil. The basic layout of such an oscillator system is shownryg oijjating mass, including the magnets, was chosen to
in Fig. 1(.3)’ and details given in Fig. (b). Eddy currents .give a natural oscillation frequency about 8 Hz. Magnets of
induced in a copper plate placed close to the magnet Will ., 55 10 40 mm and thickness 10 mm were used. Two
cause damping. ci‘nagnets mounted on the spring with a small gap between
h

. EXPERIMENTS

This simple system can be built easily. Free and force .
oscillations and transient behavior can be studied, with o em can t;)e useful.hThgs_,e twa maé:jnﬁts Pff”_"t a greater
without damping. If the support system madsis reduced separation between the drive coil and the velocity response
q d .th tit freoly. f le b coil. The magnetic field also can be measured by placing a
an d‘%”aft‘ge ?}OI ati tcan movel reely, 3r anm_pel tydsuﬁqall probe in the gap. The magnetic interaction for the later
pending the whole Ssyslém as a long pendulum, 1So1aled 0%, pling experiments can be modeled by considering coils of
cillations in the center-of-mass system can be investigated. e same area as the magnets, carrying currents that make the

pair of per_ldulums as shown in Fig. 2, that are couple_d by 3ame field at the center as measured by the Hall probe.
link, constitute a very useful apparatus for demonstrating thé o ractangular velocity response coil consisted of 100
concepts of classical eigenmodes, eigenfrequencies and P&l

! ) . . urns  of 0.3-mm-diam wire supported by a 75-mm
turbgtlorj theory, b_ut do not permit detailed e_xpenmental in- 60-mm blastic frame. One of the 75-mm sides was placed
vestigations. But if two flat springs, each with an attached he regign of the stro.ng field of one magnet parallelrzo the
mass and a rr?agnet ?:r_e(%ampﬁddclo;,le tqgeth_erFqn ?b;nasslyg_mm dimension of the magnet. The plané of the coll is
support, as shown in Fig(&, with details given in Fig. &), '
the interactions between the magnets couples these oscillBa"a/lé! to the plane of the face of the magnet. The response

tors. Symmetric or antisymmetric classical eigenmodes ofCll @nd the drive coil are shown in Figsial and 1b). The

these coupled oscillators can be excited by the appropriafdiN€’ 75-mm side of the response coil is in a region of very

placement of the drive coil and orientation of the magnetsTuch lower field. With small oscillation amplitudes of
The eigenfrequency of the antisymmetric eigenmode can be 3 MM, the flux change is mostly associated with sweeping
studied as a function of the separation distance between tHB€ Strong magnetic field past the side of the coil in the
magnets. A drive coil and a response coil, as introducedtrong field region and is roughly~3 mmx40 mm) times
above for the single flat spring oscillator, enable data collecB, whereB is the magnitude of the strong magnetic field.
tion and accurate experimental investigations of these magFhe drive coil is slightly smaller, 70 mm45 mm, with 100
netically coupled oscillators to be made. turns of 0.375-mm-diam copper wire, and is fed through a
A single oscillator system built with a flat steel spring, 3-Q) resistor from a signal generator and audio amplifier. This
attached mass and magnet, with a velocity response coil ar@sistive load provides a signal for the data acquisition sys-
a drive coil to provide data, gives results for forced excita-tem, giving information on the forcing term. A personal com-
tion and magnetic damping that are the same as those oputer with an analog-to-digital convertor is used to collect
tained with other systenisHowever, setting up the single the data from both the drive and velocity response coils.
oscillator system with the drive and response coils is a useful For these experiments the response signal was recorded
first step for gaining experience for the later work on coupledand plotted usingnATHCAD. A plot of the modeled behavior
oscillators and center-of-mass oscillators. So the experimerisee the followingcan be compared to the experimental data
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() Fig. 3. (a) General view of the flat spring coupled harmonic oscillator sys-

tem, showing the coupling magnets, response coil, and drive (bpiEnd

view of the flat spring coupled harmonic oscillator system, showing the
Sfelation between the response colil, the drive coil, and the magnets. For this
arrangement, with the drive coil located centrally and the magnets oriented
with their magnetic moments anti-parallel, the antisymmetric eigenmode can
be excited.

on the same graph. The response frequency is one of the
parameters that can be varied. Alternatively, the response fre-
guency can be extracted using FFT NMATHCAD or by a
separate package.

Fig. 1. General view of the flat spring harmonic oscillatd). End view of
the flat spring harmonic oscillator showing the relation between the respon
coil, the drive coil, and the magnets.

In the transient experiments, the natural resonant fre-
quency,fq, of the oscillator is roughly determined first. The
v signal generator is then set to a frequerfcglose to but
A?_ different fromf,. Then the analog-to-digital convertor is set
e to receive the drive and response signals, and the audio am-
plifier is immediately switched on so that the oscillating driv-
ing force of amplitude= goes from zero td- cos(27ft-¢).
The sudden switch-on means that the driving force is a prod-
L uct of a step function and a sinusoidal driving term. Because
the step function is nonperiodic, its spectrum has a continu-
ous range of frequencies that includes the resonant fre-
— quency. Alternatively, we could consider the step function
alone to behave like a displacement from equilibrium caus-
Fig. 2. A simple coupled harmonic oscillator system with coupling link. ing a natural oscillation, decaying on a time scale determined

Link—>

591 Am. J. Phys., Vol. 71, No. 6, June 2003 Lance McCarthy 591



by the Q of the system. These oscillations will beat with frame greatly aids the understanding is not large. The most
those forced at frequendy until the natural oscillations die Well known and frequently made observations of this kind
away. are of the tides. If tides are considered in the reference frame
The equation of motion for the system can be written as where the earth and moon are rotating about their common
2 center of mass, it is easily seen that the distribution of the
d*x + E d_X+ £x= ECOSwt (1) earth’s water envelope produces two lunar tides per day, see
dtZ "mdt m~ m ’

for example, Browrt, or Rogers’ In other reference frames
where the coefficierth is real. The form of the damping term

the explanation is more difficult. It is useful for pedagogical
is appropriate for the case of a high system with residual purposes to consider laboratory experiments and demonstra-
air and internal friction damping, and no added electromag

tions that demand analysis in the center-of-mass reference
netic dampingk is the spring constanin is the mass, ang

frame.

: In developing accurate experiments on the simple har-
andw=2f are the amplitude and angular frequency of thegpjc oscillatog, the problem of using a finite mass support
forcing term. The solution of Eq1) can be written as: rather than a completely rigid support became obvious. A

X1(t)=X;0C0g wt— ¢by). 2) 171—_kg optical table was used as the support, an_d when a
. . . relatively small mass was left on the table by mistake, a
Equation(2) is the usual form of the solution for a forced |\ ey resonant frequency was obtained. This observation

damped harmonic oscillator in the steady state. This solutiof) 55 followed up by measuring the resonant frequency for a

is the particular integral, but the sudden switch on of thegeq ence of mass increments. The data showed that the reso-
forcing term tells us that we must also include the solution t

%hant frequency for this system on the optical table decreased

d>x bdx k from 10.7799 Hz for a base mass of 171 kg to 10.7569 Hz
a2 + mdt + m*= 0. 3 for271 kg. These observations suggest that the support mass
be deliberately changed in order to develop a demonstration
The solution to Eq(3) is the complimentary function: experiment for which the analysis must be done in the
_ —t _ center-of-mass frame.
Xo(t)=Xp0® 7 COS ol = b), @ For this experiment, flat springs, plus an effective oscilla-
where tor mass oimn including the attached magnets are clamped to
b a frame of finite masM that includes the drive and detector
" m 5 coils; M can be increased by attaching other masses to the

. o frame, as shown in Fig. 5. The complete system is suspended
is the decay rate of the natural oscillations whose angulags 5 pendulum of length-2.5 m, and the oscillations are

frequency iswo, and arranged to take place in the horizontal plane. Suspending
, k the system in this way allows the small amplitude oscilla-
©o=1y (6)  tions of bothm and M to take place almost isolated from
o other effects. The oscillations of this system must be consid-
The complete solution is then ered in the center-of-mass frame.
X(£) =x4(t) + X,(t) When M is incremented by a_mouszMi, the resonant
o frequency decreases. The design of such a system has to
=X10COg wt— 1) + X8~ 7" COL wot — 7). (7)  ensure that for all choices afM;, the center-of-mass and
The corresponding velocity is the time derivativexgt) in ~ the pendulum attachment point remain in the plane of the
Eq. (7): oscillations. A single flat spring and attached mass
) o clamped to one end of the frame results in angular as well as
(1) == X300 SiN(wt— 1) = X0~ [y COL wot — ¢b7) linear oscillations. To avoid the problem of angular oscilla-
+ wo SiN(wot— ) . (8) tions and ensure that only linear oscillations occur, a sym-

. ) . metrical system as shown in Fig. 5 was made using a piece
The procedure is to display the experimental record of theyf aluminum channel as the frame for the base of nMss
velocity over a time interval long compared to the decayryg jdentical flat springs were clamped to opposite ends of
time, and fit the data to Ed8) by varying the parameters o frame each having an attached nma# located close to
such as the phases, frequencies, forcing term strength, decgy, coner of mass. Each mass had a magnet attached, whose
[ﬁte’ as ?.?tg'led n F'g' 4. Thﬁ Eudden ‘T’W_'Ifﬁh'?? s;ljgges_ts thB incipal purpose was providing the velocity response signal.
F'e a;nrél Udeo an );]20 Wlh ebequa - [NETLShOWN I~ Thege magnets were placed very close together and oriented
Ig. 4 demonstrates that the observations were COnsISteqf, i, they attract each other, ensuring that the masses move
with the theoretical predictions of transients at the natura ogether. This part of the system thus acts as a single oscil-
frequency beating with the forced oscillations as they decay, ;- \vith total oscillating massn, and a combined spring
The frequencies were extracted from the fitting procedure '

and the frequency for the forcing term confirmed by com-constani. _
parison with the value set on the signal generator. To predict the behavior of the system, we take be the

coordinate of the mag®, andX to be the coordinate of the

frame with masdM +AM;, each measured with respect to

the center of mass. Conservation of momentum requires that

the velocities be opposite at all times and hence the displace-
The number of classical mechanical phenomena that cament of the spring is the sum of the displacementsaind

be readily observed and whose analysis in the center-of-madg + AM;. We apply a sinusoidally varying forcing term us-

B. Harmonic oscillations of systems in the center-of
mass frame
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(a) The experimental data consisting of 4096 samples of the transient velocity signal v ,
taken at 10ms intervals are read into a file v, and some of this data is plotted to show
the general behaviour :

50 T T T T T T T T
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(b) Next, a velocity Vis calculated each 10ms using Eq 8. Unit amplitudes are used.
The frequencies f, fo, phases §, $o, and decay rate y can be varied.
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vestigations of transient oscillations.
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(¢) The calculated velocity is plotted over the experimental data. The frequencies f, fo, the
phases §, do, the decay rate y and signal strength (using the multiple M) are all varied
manually to obtain the best fit as judged by eye. A general view of data and fit :

mation about the process of making
theoretical calculations for the com-
parison.(c) Information on the com-
parison of experimental data with the-
oretical calculations.
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ing a magnet mounted as part of interacting with a coil
carrying an ac current mounted as partMf+ AM,. The

written as:
d?x
— +
dt®

593

b d(x+X) k F
m  dt

+ —=(x+X)= —2coswt.
m m
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9

d?x

. . nted a2 TMTAM,  dt
equations of motion for the individual masses may then be

11 115 12
tm fe;
TIME in SECONDS
b d(x+X) k

T Mram, 5

Fo 10
= m coswt. ( )

If we combine Eqgs(9) and(10), we can write:
Lance McCarthy 593
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d’(x+X) b d(x+X) k Fo where wo(AM;) is the resonant angular frequency for the
az Tw, T ar T wm, XX gy coset, base mas#l +AM; .
(11) For these experimentd was about &, so thatwy(AM;)

can be made to decrease by about 15% 5 is increased

from zero to very large values. The oscillating massand

M, (AM,)= m(M+AM;) (12) mass of the basM were measured using a laboratory bal-
r ance. They were found to b@&~0.65 kg andM ~2.1 kg.

Equation (11) has the same form as the equation for aiti3(2:5 ,\rlne_alsu_rris Of." E_he spring C?T]St??; tg?;?
forced simple harmonic oscillator with the reduced mislss rE .h detOS(t;;]a mg.maseg Its .nol“és ato ? th
moving relative to a rigid support. Such a system is charac@sses attached 1o the spring, but includes some of he

terized by a resonant angular frequenay, which depends spring mass. The effective oscillating mass, which is the
on the increment\ M. - ' quantity thatm represents, can be determined in an auxiliary
i

experiment where the frani is clamped to a very massive

where the reduced mass is

W(AM )= Kk _k(m+M+AM;) support andm is varied by amount$m; . Then
0 VUM, m(M+AM,)
L P 13 2(om;)= X 14
m M+AM,/’ (13 0l mi)_m+5m, (14
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FREQUENCY vs TOTAL BASE MASS
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P Fig. 6. Comparison of experimental
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g Feale. 8 \O\ theoretical fit obtained when the pa-
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’ the best fit. The values of these param-
eters that give the best fit were found
78 to bek=1452.8 NnT%, m=0.628 kg,
and M=2.04 kg, consistent with the
77 roughly measured values noted in the
text.
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A comparison of a plot ok/ w3(8m;) vs ém; with a plot of  for infrared absorption in the solid state compared with that

m-+ om; vs Sm can be used to determine the effective springin 9as phase would be expected, but no direct comparison

constank and oscillating mase. This determination is not nas been found in the literature.

presented, because the quantitieand m are not the main

interest and their values can be obtained from measurement Coupled mechanical harmonic oscillators

on the isolated system. i i , )
The resonant frequency for the isolated system can be ex- A Simple demonstration of coupled mechanical harmonic

tracted, for example, by initiating a transient and taking thePScillators can be made using a pair of identical pendulums

FFT of the velocity trace. Data fdi,(AM;) are taken for a Whose masses are a distaricebelow a common support,

range of values of\M; as this increment of mass is in- each constrained to have just one degree of freedom by using

creased, keeping the increment symmetrical about the cent@rpair of cords attached to a rod as shown in Fig. 2. The
of mass. Equatiorf1l3) can be written in terms of the fre- cc')u.pllng strength c.)f the pendulums can be vaned. using a
quency sliding link connecting the adjacent cords as shown in Fig. 2.

This simple apparatus permits an elegant demonstration of
1 m+M+AM, classical eigenmodes and eigenfrequencies. The frequency of
fo(AMi)=5— km- (13)  the antisymmetric eigenmode when the linkiis below the
' support is approximately that of a pendulum of length
Figure 6 displays the experimentally measufgAM;) vs  (L-AL/2). The change of the eigenfrequencies of the two
M+ AM,; for this isolated system. The data were fitted usingmodes that are degenerate whigeih=0 can be considered as
Eq. (13') by varying the values df, m, andM. The best fit  a function of AL. This apparatus does not lend itself to ac-
is shown as a solid line. The manual fitting process, judgedurate measurements, because it is not simple to quantify the
by eye, is reasonably sensitive. For examplenis changed strength of the coupling through the link, and it is not easy to
from 0.628 kg, the value found to give the best fit, by half aforce the oscillations.
percent to 0.625 kg a very noticeable misfit occurs. A pair of flat springs with attached masses and magnets as
These experiments model linear vibrations of moleculesshown in Figs. 8) and 3b) together with the exciter and
The case of the system isolated on the pendulum is analaletector coils and a rigid support system enables the coupled
gous to the stretching vibrations of a diatomic molecule inmechanical oscillator system to be investigated quantita-
the gas phase. Textbooks on the applications of infraretively as a function of the strength of the magnetic coupling.
spectroscopy to organic chemistry, for example, Refs. 4 an@he strength of the magnetic coupling can be decreased by
5, discuss the stretching vibrations of diatomic molecules byncreasing the separation between the individual oscillators.
calculating the vibrational frequency as a ball and springBy a suitable orientation of magnetic moments and drive
system using the reduced mass. However, when discussimils, each of the eigenmodes can be excited and resonances
the factors influencing vibrational frequencies, they do notbserved. For free oscillations, the FFT of the response sig-
discuss the details of modeling the changes expected in goal demonstrates that there is a mixture of the two eigen-
ing from the gas phase to the solid phase. When the frame imodes. This FFT is used to extract the eigenfrequencies.
clamped to a rigid support, this oscillator system is analo- Coupled mechanical oscillators are discussed in books on
gous to a molecule in the solid. A reduction of the frequencyvibration control such as Ref. 6, but the emphasis of these
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books is on finding solutions of engineering problems. Sy-decreases it on the other. The currents on opposite sides of
mon discusses theoretical techniques for analyzing coupletthe responding loop produce forces that are opposed. We
systems, and suggests techniques for coupling includingneed to find the behavior &,(a+x,z) andB,(a—x,z) as a
springs and friction. He gives a detailed theoretical analysisunction of the displacement and the separation between
of systems coupled by a spring. Symon presents some exhe loops. We write the vector potential as:
amples of coupled oscillator vibration traces, but the data are )
not analyzed or compared with theory. It is not obvious how _ Hola (27 cosé
: . . . ALr,2) — md¢. (15
the strength of the coupling spring can be easily changed in 4m Jo (a+r+z—2arcose)
a way that maintains the natural frequencies of the individu I . .
oscillators, because some fraction of the spring mass alway. he.n thez component of thé field is obtained by taking the
contributes to the oscillator mass. curl:
The strength of the magnetic coupling used in the experi- 190
ments discussed in the following can be varied without — Ba(1.2)= 1 —-(rA4(r.2)). (16)
changing the individual spring constants, or changing the ) ) )
individual oscillator masses. The natural frequencies of thd he estimate of the perturbing force is then
individual oscillators are therefore maintained. The magnetic  |[B,(a+x,z)—B,(a—x,2)]b, (17)
coupling can be quantified and varied in a well-defined way. } ) .
The rigidity of the flat spring plus mass system ensures thawhereb is the effective length of the current perpendicular to
the magnetic coupling does not alter the geometry of the patRothx andz. The value ob is chosen to be the length of the
of the individual oscillations, as would occur for magneti- long side of the actual magnet.
cally coupled, freely suspended pendulums, even with The principles and results of the modeling of the spatial
double cords as shown in Fig. 2. variation of this perturbing force are presented in Fig. 7.
Before we can write the equations of motion governing thel here are notes to guide readers to do the calculat!ons in any
coupled systems, we need to be able to represent the cofathematical package they prefer. The calculations have
pling term as a function of separation distance, and as R€en done here usingATHCAD, but not all the details are
function of the relative displacement of the two oscillators.Shown; for example, it is necessary to calculate the interac-
This term can be modeled by representing the magnets by dion force usingBz. Itis seen that the perturbation is propor-
current carrying single turn loops of radiasof equivalent tional to the displacement for a given value of the separa-
area and magnetic moment. A Hall probe placed on the sution z, and proportional ta™“ for a given value ok. There
face of the magnet was used to measure Bhéeld that IS of course no relative displacement for the symmetric
single turn loops with the same area as the magnets mu§igenmode, and so the magnetic coupling does not perturb
match for the model. The value obtained was 0.12 T. the symmetric eigenfrequency. For the free, undamped asym-
In modeling the interaction we regard one of the singleMetric eigenmode, there is a term containing the spring con-
turn loops as the source of a magnetic field. The current itantk and a term containing a new quantfiydefined as the
the other |00p was regarded as the response |00p and imé?erturbatlon force per unit dISplacement of the oscillator. For
acts with this field to produce the magnetic coupling termthe opposed magnetic moment orientation chosen tere,
Because the current stays fixed as we vary the separationProvides a force in the opposite direction to that of the
and the relative displacement we can find the dependence SP'ing, and we write the equation of motion for each oscil-
of the coupling term orz andx by calculatingB as a func- lator as:
tion of these variables. To obtain the appropriate strength of d?x [k p
the coupling, the oscillators must be placed so that the mag- W*’ m m x=0. (18)
nets or loops are separated by a distance that is the order of ) )
their linear dimensions. For this reason we need to calculatéhe solution to Eq(18) is
near—fjelds accura;ely at a range of locations. _ X1 (t) = X100 woat), (19
An important point of this paper is that the vector potential ) : .
A has become valuable now that mathematical packages afd1ere for this antisymmetric eigenmode
readily available. Not only is it important to improve stu- p
dents’ understanding of the vector potentighere is much w3A=—( 1- —)- (20
. . b . m k
to be gained by using for magnetic field calculations. Be-
fore the introduction of mathematical packages, the usk of For the symmetric eigenmode:

was difficult and even in graduate textbooks on K
electromagnetisi,most problems involved approximations wgsz__ (22)
for far fields or on the fields near the axis of a current car- m

rying coil. But by using mathematical packages, it is easy to  The perturbation to the antisymmetric eigenfrequency in
calculateB from the curl ofA everywhere, especially when terms of the symmetric eigenfrequency for small perturba-

A is produced by circular current loops. tions is then approximately:
For the present case it is easiest to work in cylindrical 0
coordinates I(, ¢,z), where thez axis lies along the undis- fOS_fOA:ﬂfOSa (22)

placed axes of the loops. The vector potential in these coor-
dinates has only & component, and the_ interac_ting current o in terms of angular frequencies:

also has only ap component. The relative oscillatory dis-

placemenk increases the radial distance between one side of e :ﬁw 22)
the response loop and the center of the source loop, and ~ 05 "“O0A™ K0S
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(@) Define:  po.=4-110"' 1:=34100  a:=001784

Use (Curl A)z to calculate Bz :  Bz(r,z) =

= | =
CLIQ-
=

ds
L

2.7
. pola cos($)
i 4.n

|

2
(az + IS + - 2~a-r-cos(d>)>

Examples :

1. Bzatr=0.05mm, z = 0.mm, very near the coil center : Bz(0.00005,0.) =0.119748

. . . _ ol

This can be checked with the st year Eq : B = e =0.119747 Fig. 7. (3) The basics of the calcula-

tions of thez component ofB, used
2. Bz atthe conductor of the other coil when the separation z = 50mm, for modeling the interactions between
. the coupling magnets. The interaction
i. for relative displacement x =0mm : Bz(a,0.050) =0.003409 force is the product of the current, the
current element length, and the differ-

i for relative displacement x = 2mm : Bz(a+0.002,0050) =0.003189 ence between the values of tBefield

at locations such as those calculated
for relative displacement of 2 mm. The
current element lengths are chosen in
this modeling to be 40 mm, the actual

Bz(a- 0.002,0.050) =0.003621

Then calculate the interaction force as a function of displacement x, and separation distance z. length of the magnets. Ifb) the inter-
action force Fx(x) is plotted as a
) FORCE v DISPL x, for Separation z = 50mm function of the relative displacement
03 of the magnets, for the case when the
separation distance is 50 mm. The cal-
3 025 L culated results are shown as boxes.
§ Fx(x) 02 Drawing _thg lineAx vsx, and varying
> © /,/ the multiplier A to get the best fit
E Ax 0.15 shows that the dependence Bk(x)
g — y onx is linear. In(c) shown as boxes is
& 0.1 L= the plot of the dependence of the inter-
E /‘,/ action force F(z) on the separation
0.3 L distance, for the case when the relative
0 displacement is 3 mm. That the inter-
0 1 2 3 4 5 6 7 8 9 10 action is dependent on the inverse
x; fourth power of the separation dis-
DISPLACEMENT (in mm) tance is shown, again by fitting a
straight line, this time by varying the
© DEPEND. OF FORCE on SEP when x = 3mm multiplier A3.
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The spring constant was measured and found tokbe The two eigenfrequencies were then extracted using a FFT
=220 Nm %. The symmetric eigenfrequency was measuredor different values of the separation distarcewith 4096
to be fos=3.671 Hz, by taking a full resonance curve. For samples at 10 ms intervals, the FFT cannot determine fre-
50 mm separation and 5 mm displacement, our estimate fdiuencies to better than 0.025 Hz. Even so, the data and
pis p=29 Nm L. The predicted value of the antisymmetric gnalysus confirm that the difference in the eigenfrequencies
eigenfrequency is thefy,=3.43 Hz. increases from zero at large separatiorzas

For interest and simplicity the data have been collected fo
the transient mixed mode excited when one oscillator is[”' DISCUSSION AND CONCLUSIONS
pulled aside and released. Alternately one oscillator can be The description of the apparatus, the presentation of typi-
struck gently. The data and analysis are presented in Fig. 8al data obtainable with this apparatus, and the data interpre-
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Fig. 8. In(a) is displayed a typical ve-
2) 525 locity trace for one of the coupled os-
E cillators. For this case the separation
; !F‘ 150 | between the magnets was 55 mfh)
% - The FFT of the velocity trace from
E which the symmetric and antisymmet-
175 . . .
ric eigenfrequencied,g and fo, are
determined(c) shows as boxes the de-
0 0 0.625 1.25 1.875 25 3.125 375 4.375 5 pendenc_e of the dlf_ference between
c these elgergrequenuesfog—f%) on
j the inverse 4 power of the separation
FREQUENCY distance z. The solid line labeled
A(Zk)~* enables the linear relation-
© foS-foA v INVERSE 4th POWER of SEP DIST. ship to be determined\ is the multi-
03 plier that is varied to obtain the best
s fit.
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tation are intended as a guide to help interested readers corj)ElectroniC mail: lance.mccarthy@flinders.edu.au _ _
struct simple harmonic oscillator systems for demonstrations tém;f;rf,hgh;%” ;hhe :f';czr?‘;mg%%”‘*ggi‘yfgggmped mechanical harmonic
and teaching laboratory .eXpem.nentS' Figures 4, 6, 7, and 8Hanbury’Brown,Man);md the’Star$Oxford U.P., Oxford, 1978 p. 78.
demonstrate the ease with which the data can be analyze . M. RogersPhysics for the Inquiring MindPrinceton U.P., Princeton,
and compared with theory. NJ, 1960, p. 328.

Attention is drawn to the use of the vector potential when 4. c. p. Brand and G. Eglintopplications of Spectroscopy to Organic
modeling the dependence of the perturbation on the separachemistry(Oldbourne, London, 1965pp. 23—24.
tion and relative displacement of the coupling magnets pre-W. Kemp, Organic Spectroscopf\viley, New York, 1975, pp. 14-17.
sented in Fig. 7. Mathematical computer packages enable th&V. J. PaimModeling, Analysis and Control of Dynamic Systewley,
vector potential to be used easily to calculate the magneticeW York, 2003, 2nd ed., pp. 469—474. _
fields everywhere. The near fields are obtained here with ;‘)Rl'gsly_mz%?MeCha”'CS(Add'son'WeS'ey' Reading, MA, 195 Brd ed.,
sufficient accuracy that th_elr differences can be “Seo,' to acsM..D. Semon' and J. R. Taylor, “Thoughts on the magnetic vector poten-
curately model the experiment. Many laboratory coils are ) » am. J. Phys.64 (11), 1361-13691996.
CiI’Cl€|ar), and the ve(f:tcl)r potential in cylindrical coordinates, °j. D. JacksonClassical ElectrodynamicéWiley, New York, 1975, 2nd
Eqg. (15), is very useful. ed., pp. 177-180.
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