utilizing the inherent ability of simple chaotic oscillators to states of the system. We then indicated how this simple con-
generate very wide bandwidth waveforms directly and effi-trol scheme can be extended to control higher order UPOs
ciently. With chaos control, we can produce a vast array otind arbitrary chaotic waveforms using a dynamic limiter.
waveforms that are ideal for spread-spectrum communicabue to its simple construction and operation, this system is
tions and for highly accurate ranging. We believe a systemvell suited for laboratory demonstrations of chaos control

designed around a chaotic source can perform comparably taat can provide students with exposure to the emerging field

conventional systems while requiring far fewer componentsef chaos engineering.

The idea of exploiting the complexity of chaos in order to

simplify hardware is the crux of chaos engineering. For these gjectronic mail: ned.corron@us.army.mil
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trol chaos at these SpeedS, we Certain|y cannot emp|oy d|g|ta2iE Ott, C. Grebogi, and J. A. Yorke, “Controlling chaos,” Phys. Rev. Lett.

processors or complex analog circuitry to calculate the reg-84 (1), 1196-11991990. o
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In summary, we have described a circuit for generating N- J- €orron, S. D. Pethel, and B. A. Hopper, “Controliing chaos with
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The measurement of the speed of sound in air is a classief soundc. In a hypothetical experiment, sound waves are
experiment in introductory physics laboratory courses. Usuproduced by a small loudspeaker that is driven by a signal
ally, the experiment is performed at room temperature. Heregenerator and placed at one end of the tube. A microphone
we describe an experiment for measuring the speed of soundcated at the other end of the tube is connected to an oscil-
in air for temperatures between 15 and 65 °C. A typical labloscope or to an external loudspeaker. By using a fine tuning
session involving five temperatures can be performed ircontrol, the frequency of the signal generator is increased
about 1 h. The collected data can also be used to obtain tretowly until a resonance condition is met. Under this condi-
ratio of specific heats for aily=cp/cy . tion, a relative maximum amplitude on the oscilloscope

The speed of sound, is related to the frequencyand  Screen is observed or a relative maximum intensity of sound
wavelength\ of a sound wave through the general relationin the external loudspeaker is heard. Alternatively, one can
c<= v\, wherev and\ are usually determined by consider- fix the frequency of the sound wave and vary the length of
ing the acoustic resonances of a cylindrical tube such as @€ tube, by placing the microphone in a movable piston or
resonance tube or Kundt's tube. In particular, for a tube ofY USing two telescoping tubes, until a resonance condition is
length L, closed at both ends, the resonance or standingchieved.
wave condition requires2=n\, wheren is an integern For temperatures close to room temperature, th? speed of
- . sound in air is known to vary linearly with its Celsius tem-
=1,2,3..., and therefore the resonance frequenejesre . . ioh:
given by peraturet according to the following relation:

Cs cs=a+bt, (2)
Vnzzn. (1)
wherea=331.4 m/s is the speed of sound in air at 0 °C and

Thus, from the measurement gf one can obtain the speed b=0.61 ms!°C 1. Equation(2) can be obtained from
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Fig. 2. Temperature of the air inside the resonance tube as time progressed
— during the experiment. Vertical dashed lines indicate the times when the
computar oise resonance curves were captured.
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Fig. 1. The experimental setup includes the resonance tube, a thermostat, a 0

data logger attached to a thermocouple, a personal computer, and an F%king y=1.4, R=8.314J] moflK-1 and M=28.95

tuner. % 103 kg/mol, Eq.(5) evaluates to become E(R).
Equation(2) is usually employed to check the valuescgf

] . ] ) obtained in laboratory experiments. Corrections due to hu-

simple thermodynamic considerations. The speed of a soundidity are usually neglected. Experiments specifically de-
wave in a fluid is related to thermodynamic quantitie$ by ~signed for measuring the temperature dependence of the
speed of sound in air are not typical in physics labs. Ouseph

Cs= /l, ©) and Link® have measured the variation of speed of sound in

pK air with temperature, using Polaroid’s ultrasonic ranging sys-

where y=cp/cy is the ratio of specific heats at constant €m. Bretzet al* have proposed a spherical acoustic resona-
pressure and constant volume,is the mass density, and tor that can be used to illustrate the temperature and pressure

k7= —V"Y(aV/3P)7 is the isothermal compressibility of the dependence of the speed of so,und in gases. Here, we propose
fluid. For an ideal gas, Eq3) becomes an apparatus based on Kundt's tube that allows one to per-

form the experiment in a very reasonable time.
[yRT In our experimental setup, two methacrylate tubes are
Cs=N M (4 used. One of them has a length ©46 cm, an outside di-
ameter of 4.9 cm, and a wall thickness of 0.4 cm. The other
whereT is the absolute temperatur, is the universal gas pas a length of-48 cm, an outside diameter of 2.5 cm, and
constant, andvl is the molar mass of the gas. If one takesa wall thickness of 0.2 cm. As shown in Fig. 1, the tubes are
T=To+t, with T,=273.15 K, and then expands H¢)ina  mounted coaxially by means of two plastic walls placed at
power series of, truncating to first order, one obtains the ends of the external tube. This tube has two holes that

Table I. The resonance frequencies obtained in our experiment for a tube of lergts.0+=0.1 cm at five
different temperatures. The frequencies are measured with an uncertain® lef. For each temperature, the
speed of soundgiven in the last royw was obtained by equating/2L to the slope of the corresponding
straight-line fit.

t(°C)
n 162501  26.4+0.1 36.6:0.2 47.4:0.2 57.7:0.3
2 781 794 801 822 833
3 1150 171 1188 1205 1239
4 1518 1548 1574 1610 1633
5 1897 1926 1960 1999 2038
vy (H2) 6 2277 2320 2352 2404 2444
7 2656 2697 2750 2793 2843
8 3036 3074 3136 3198 3255
9 3404 3468 3528 3587 3654
10 3783 3851 3909 3986 4065
1 4169 4234 4313 4392 4471

Cs (M/9) 341.2-1.1 346.8-1.1 352.9-1.1 359.5-1.1 366.2-1.1
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Fig. 3. Microphone spectrum obtainedtat=16.2 °C showing the various
tube resonances. Each peak is labeled by its value of the integer

allow the entrance and the exit of water coming from a ther-
mostat. A small loudspeaker with an impedance ofBand
frequency response of 20—10 000 Hz is placed at one end of
the internal tubéresonance tubheAn electret condenser mi-
crophone is mounted inside a PVC or cork stopper and
placed at the other end of the internal tube; the distance

between the loudspeaker and the microphoné. 4s45.0 11 ' ' ' ' ' '
+0.1 cm. The microphone is powered by a 3 V battery. The 8.4 8'6RT8'8 49'0 9.2 9.4
loudspeaker is connected to a random noise generator. In our o (10 m? s?)

case, for simplicity, the noise source is an FM tuner that is

set far away from any broadcast station. The microphone is

connected to a computer, and its response is treated by mearig: 5- (@ The speed of sound, given in the last row of Table | as a

of standard real-time Spectrum-analyzer softwafbe tem- f_unctlon of theZCeIsms temperatureSolld I|_ne _glves_ the best stralght_-llne

perature inside the internal tube is measured with a calibratelfﬂ' (b) Plot of ¢; as a function oRT/M. Solid line gives the best straight-

. . ine fit. Error bars have a size comparable to that of the symbols.

type K thermocouple. This thermocouple is also connected to

the computer by using a data log§ep that the temperature

is recorded throughout the experiment as shown in Fig. 2.

The data logger is, of course, not essential and can be rewitched off and the temperature of the thermostat is in-

placed by a standard temperature sensor. creased~10°C. We wait until the temperature of the air

The thermostat is started at room temperature, and thigside the resonance tube stabilizes at a new value. For our

random noise source is then switched on. The noise can hgtup, about 15 min is required for stabilization. During this

assumed to have a continuous spectrum of frequencies afighe the resonance frequencies of the preceding resonance

the tube acts like a filter, selecting its resonance frequenciegurve are determined by simply positioning the mouse

The signal received by the microphone is analyzed by thgointer over the peaks. In order to avoid the influence of a

spectrum-analyzer software providing tiesonance curvef  spurious peak that appears in the low frequency region, as

the tube. This resonance curve is visible on the computegan be seen in Fig. 3, the resonance frequencies are recorded

display screen and can be saved to disk in order to record thgom n=2 to n=11 only. When the system is ready for the

resonance frequencies. A typical result is shown in Fig. 3new temperature, the noise source is switched on again and

After capturing the resonance curve, the noise source ife above process is repeated. Figure 2 shows the time evo-
lution of the air temperature inside the resonance tube, indi-
cating the times when the five measurements were per-

00— formed.

4000} 1 A typical set of experimental results obtained by this pro-
— cedure is shown in Table I. Frequencies are given with an
i 3000} ] uncertainty of== 3 Hz. The resonance frequencigscan be

N plotted versush and fitted with a straight line whose slope
2000} . yields cg/2L. This is shown in Fig. 4 for three temperatures
along with the corresponding best linear fit. The results ob-

1000} ] tained forcg for all five temperatures are given in the last
ol o row of Table I. In Fig. %a), our measured speed of sound in
D) 4 6 ) 10 12 air is plotted against Celsius temperature. The best linear fit
n is given by
Fig. 4. Plot of resonance frequenciggas a function oh for temperatures m/s
ofglﬁ.z °C (open trianglg, 36.(23 °C(o?>$en ellipsg and 57.7 °O(o§en rect- Cs(m/g)=(331=3 m/9+| 0.60+ 0'0%) t. ©
angle. Error bars are smaller than the symbol size. Solid lines give the
corresponding best straight-line fit. This result is in excellent agreement with Eg).
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zero. This is shown in Fig.(6), where the fitted straight line

_ dElectronic mail: santi@usal.es
has a slope 05/_1'4% 0.01. YAlso at: Universidad de Salamanca, Departamento d&aAplicada,

m summary, we have designed a simple apparatus with gscela politenica Superior de Zamora, 49022 Zamora, Spain.
which one may |_||US_trate the temperature depen_dence of thesee, for example, P. J. Nolan and R. E. Biglidgkperiments in Physics
speed of sound in air. Excellent results are obtained for both (Brown, Dubuque, 1A, 1995 p. 218.
cs and y. The resonance tube that is used is inexpensivezgee, for St%()li/zling;‘lole. MH\_?I/. ﬁema\t(nslliy fgg7R-7*:1- E:jittmﬂﬂilitzini ZTgermO-
. . : ynamics(McGraw—Hill, New York, , th ed., pp. —126.
(mdLidm? JEH? Ioudspgaketr and lt)he mICf(I)[)th)()jqad %asyg E]_Oh SP. J. Ouseph and J. J. Link, “Variation of speed of sound in air with
construct. € experiment can be compileted In abou , atemperature,” Am. J. Phys&2 (7), 661 (1984.

reasonable interval for a lab experiment or even for a class4y. Bretz, M. L. Shapiro, and M. R. Moldover, “Spherical acoustic reso-

room demonstration. nators in the undergraduate laboratory,” Am. J. Phy&.(2), 129-132
(1989.
SMany shareware spectrum analyzers can be found on the world
ACKNOWLEDGMENTS wide web. An excellent shareware program is provided by Spec-
. . o . trogram of Visualization Software LLC (http://
We are thankful for financial support from the Ministerio www.visualizationsoftware.com/gram.html )

de Ciencia y Tecnologi of Spain under Grant No. BFM 5We used the TC-08 temperature logger produced by Pico Technology Ltd.
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The visibility of fringes in a thin-film interference pattern mirrors are cleaned before placing their silvered surfaces to-
depends on the reflectance of the film interfaces. The fringgether, and a similar arrangement is used for the pieces of
visibility, a measure of the contrast between adjacenplate glass. The spectra presented here are measured with an

maxima and minima, is given by Ocean Optics USB2000 Fiber Optic Spectrometerich
L serves as the detect). The aperturg¢A) is 2 cm from the
y= & M (1)  source; the mirror surfaces are 32 cm from the aperture.
I'maxt I min The fact that higher reflectance leads to greater fringe vis-

ibility can be seen by comparing transmission spectra for

- ! S glass plates and one-way mirrors. Spectra of light transmitted
minima, respectively. For light incident along the normal,thethrough thin air films are shown in Fig. 2. Spectrum A is

visibility of the transmitted fringesy,, can be expressedas from clear glass plates, whereas spectrum B is from one-way

2R mirrors on tinted glass. The fringe visibility of the light
Vi=1 g2 (2)  transmitted through the thin film of air between glass plates
is 0.10 while the visibility with the mirrors is 0.36. These
whereR is the reflectance of the film surfaces. Because the
reflectance of a thin film surface must be less than one, this
equation shows that increasing the reflectance of the inter-
faces will increase the visibility of the fringes in transmitted
light. )
This can be demonstrated with the following simple ex-
periment. First we trap air between two plates of glass, and S D

then between two one-way mirrors. In each case a spectrom- B\/

wherel ,.xandl i, represent the intensity of the maxima and

eter is used to record the transmitted light under white light A
illumination. A comparison is then made of the visibility of
the resulting fringes for each experiment. It will be shown

Spec

that using one-way mirrors dramatically increases the fringe M| M,

visibility with respect to using glass plates. |I
Our apparatus is shown in Fig. 1. The light source S is a

60-W incandescent lamp with a clear glass tubular envelope —{ {_‘d

and a linear filamertt. Mirrors My and M, which we pur- Fig. 1. Schematic diagram of apparatus: S—60-W incandescent tubular

_Chase fro_m a local SL_JPP“er of plate glas_s and m'”‘?r& ar%ulb, A—9-mm aperture in aluminum sheet metal, Mnd M,—glass
Inexpensive anc_i semi-transparépartially silvered. Office  pates/front surface half-silvered mirrors, d—air film thickness, D—fiber
supply binder clips are used to clamp them face-to-face. Theptic detector leading to CCD spectromet8peg.
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