30/07/9930th International Physics OlympiadPadua, ItalyExperimental competitionTuesday, July 20th, 1999Before attempting to assemble your equipment, read the problem textPlease read this first:1.The time available is 5 hours for one experiment only.2.Use only the pen provided.3.Use only the front side of the provided sheets.4. In addition to "blank" sheets where you may write freely, there is a set of Answer sheetswhere you summarize the results you have obtained. Num eri cal results must bewr it ten wi th as many di git s as appropri ate; don�t forget the units. Try — whenever possibl e —to esti mat e the experim ent al uncer taint ies.5.Please write on the "blank" sheets the results of all your measurements and whatever elseyou deem important for the solution of the problem, that you wish to be evaluated duringthe marking process. However, you should use mainly equations, numbers, symbols,graphs, figures, and use as little text as possible.6.It ’s ab sol ut ely im perat ive that you wri te on top of each sheet that you’ll use: your name(�NAME�) , your countr y ( �TEAM�) , your student code ( as shown on your identif icati on tag,�CO DE�) , and addi tional ly on the "bl ank" sheets: the pr ogressive num ber of each sheet ( fr om1 to N, �Page n. �) and the total num ber (N) of "blank" sheet s that you use and wi sh to beeval uat ed (�Page total �) ; leave the �Prob lem � fi eld bl ank. It is also usef ul to wr ite thenumber of the sect ion you ar e answer ing at the beginning of each such sect ion. If you usesome sheet s for notes t hat you don�t wi sh to be eval uated by the m arking t eam, just put a largecr oss t hrough t he whole sheet, and don� t num ber it .7.When you’ve finished, turn in all sheets in proper order (answer sheets first, then usedsheets in order, unused sheets and problem text at the bottom) and put them all inside the

30/07/99envelope where you found them; then leave everything on your desk. You are not allowedto take anything out of the room.This problem consists of 11 pages (including this one and the answer sheets).This problem has been prepared by the Scientific Committee of the 30th IPhO, including professors at the Universitiesof Bologna, Naples, Turin and Trieste.

Experimental problemPage 130/07/99Torsion pendulumIn this experiment we want to study a relatively complex mechanical system — a torsionpendulum — and investigate its main parameters. When its rotation axis is horizontal itdisplays a simple example of bifurcation.Available equipment1. A torsion pendulum, consisting of an outer body (not longitudinally uniform) and an inner threaded rod, witha stand as shown in figure 12. A steel wire with handle3. A long hexagonal nut that can be screwed onto the pendulum threaded rod (needed only for the last exercise)4. A ruler and a right triangle template5. A timer6. Hexagonal wrenches7. A3 Millimeter paper sheets.8. An adjustable clamp9. Adhesive tape10. A piece of T-shaped rodThe experimental apparatus is shown in figure 1; it is a torsion pendulum that can oscillateeither around a horizontal rotation axis or around a vertical rotation axis. The rotation axis isdefined by a short steel wire kept in tension. The pendulum has an inner part that is a threadedrod that may be screwed in and out, and can be fixed in place by means of a small hexagonallock nut. This threaded rod can not be extracted from the pendulum body.When assembling the apparatus in step 5 the steel wire must pass through the brassblocks and through the hole in the pendulum, then must be locked in place by keeping itstretched: lock it first at one end, then use the handle to put it in tension and lock it at theother end.Warning: The wire must be put in tension only to guarantee the pendulum stability. It’snot necessary to strain it with a force larger than about 30 N. While straining it,don’t bend the wire against the stand, because it might break.

Experimental problemPage 230/07/99

handlesteel wire Figure 1: Sketch of the experimental apparatus when its rotation axis is horizontal.The variables characterizing the pendulum oscillations are: the pendulum position defined by the angle of deviation from the directionperpendicular to the plane of the stand frame, which is shown horizontal in figure 1. the distance between the free end of the inner threaded rod and the pendulum rotationaxis• the period T of the pendulum oscillations.The parameters characterizing the system are:• the torsional elastic constant k (torque = k � angle) of the steel wire;

Experimental problemPage 330/07/99• the masses M1 and M2 of the two parts of the pendulum (1: outer cylinder1 and 2: threadedrod); the distances R1 and R2 of the center of mass of each pendulum part (1: outer cylinder and2: threaded rod) from the rotation axis. In this case the inner mobile part (the threadedrod) is sufficiently uniform for computing R2 on the basis of its mass, its length l and thedistance x. R2 is therefore a simple function of the other parameters; the moments of inertia I1 and I2 of the two pendulum parts (1: outer cylinder and 2:threaded rod). In this case also we assume that the mobile part (the threaded rod) issufficiently uniform for computing I2 on the basis of its mass, its length l and thedistance x. I2 is therefore also a simple function of the other parameters; the angular position q0 (measured between the pendulum and the perpendicular to theplane of the stand frame) where the elastic recall torque is zero. The pendulum is lockedto the rotation axis by means of a hex screw, opposite to the threaded rod; therefore q0varies with each installation of the apparatus.Summing up, the system is described by 7 parameters: , M1, M2, R1, I1,l , 0, but 0changes each time the apparatus is assembled, so that only 6 of them are really constants andthe purpose of the experiment is that of determining them, namely , M1, M2, R1, I1,l ,. Please note that the inner threaded rod can�t be drawn out of the pendulumbody, and initially only the total mass M1 + M2 is given (it is printed on each pendulum).In this experiment several quantities are linear functions of one variable, and youmust estimate the parameters of these linear functions. You can use a linear fit, but alternativeapproaches are also acceptable. The experimental uncertainties of the parameters can beestimated from the procedure of the linear fit or from the spread of experimental data aboutthe fit.The analysis also requires a simple formula for the moment of inertia of the innerpart (we assume that its transverse dimensions are negligible with respect to its length, seefigure 2):

Ixsdsxxxxxx2 2 3 3 2233 3 3 3( ) ( )= =--( ) =-+( )-� l l ll l l ll

(1)where /2M = l is the linear mass density, and therefore

2222223 )

( l l M x M x M x I + - =(2) 1 Including the small hex locking nut.

Experimental problemPage 430/07/99

0x-lxrotationaxisFigure 2: In the analysis of the experiment we can use an equation (eq. 2) for the moment of inertia ofa bar whose transverse dimensions are much less than its length. The moment of inertia must becomputed about the rotation axis that in this figure crosses the s axis at s=0.Now follow these steps to find the 6 parameters M1, M2,

, R1, l , I1:1.The value of the total mass M1+M2 is given (it is printed on the pendulum), and you canfind M1 and M2 by measuring the distance between the rotation axis and the centerof mass of the pendulum. To accomplish this write first an equation for the position

of the center of mass as a function of a n d o f t h e p a r a m e t e r s M1, M2, R

2. Now measure f o r s e v e r a l v a l u e s o f x (at least 3) 2. Clearly such measurement mustbe carried out when the pendulum is not attached to the steel wire. Use thesemeasurements and the previous result to find M1 and M2. [3 points] 2 The small hex nut must be locked in place every time you move the threaded rod. Its mass is included in 1

Experimental problemPage 530/07/99

xlq0Figure 3: The variables q and x and the parameters q0 and l are shown here.3.Find an equation for the pendulum total moment of inertia I as a function of and of theparameters M2, I1 and l . [0.5 points]4.Write the pendulum equation of motion in the case of a horizontal rotation axis, as afunction of the angle ( s e e f i g u r e 3 ) a n d o f , , q0, M1, M2, the total moment ofinertia I and the position R(x) of the center of mass. [1 point]5.In order to determine , a s s e m b l e n o w t h e p e n d u l u m a n d s e t i t w i t h i t s r o t a t i o n a x i s h o r i z o n t a l . T h e t h r e a d e d r o d m u s t i n i t i a l l y b e a s f a r a s p o s s i b l e i n s i d e t h e p e n d u l u m . L o c k t h e p e n d u l u m t o t h e s t e e l w i r e , w i t h t h e h e x s c r e w , a t a b o u t h a l f w a y b e t w e e n t h e w i r e c l a m p s a n d i n s u c h a w a y t h a t i t s e q u i l i b r i u m a n g l e ( u n d e r t h e c o m b i n e d a c t i o n o f w e i g h t a n d e l a s t i c r e c a l l ) d e v i a t e s s i z e a b l y f r o m t h e v e r t i c a l ( s e e f i g u r e 4 ) . M e a s u r e t h e equilibrium angle qe for several values of x (at least 5). [4 points]

Experimental problemPage 630/07/99

qeFigure 4: In this measurement set the pendulum so that its equilibrium position deviates from thevertical.6.Using the last measurements, find k. [4.5 points]7.Now place the pendulum with its rotation axis vertical3, and measure its oscillationperiod for several values of (at least 5). With these measurements, find I1 and l . points]At this stage, after having found the system parameters, set the experimentalapparatus as follows:• pendulum rotation axis horizontal• threaded rod as far as possible inside the pendulum• pendulum as vertical as possible near equilibrium finally add the long hexagonal nut at the end of the threaded rod by screwing it a fewturns (it can�t go further than that)In this way the pendulum may have two equilibrium positions, and the situationvaries according to the position of the threaded rod, as you can also see from the genericgraph shown in figure 5, of the potential energy as a function of the angle q.The doubling of the potential energy minimum in figure 5 illustrates a phenomenonknown in mathematics as ; i t i s a l s o r e l a t e d t o t h e v a r i o u s k i n d s o f s y m m e t r y breaking that are studied in particle physics and statistical mechanics. 3 In order to stabilize it in this position, you may reposition the stand brackets.

Experimental problemPage 730/07/991.8 0.2 [barFigure 5: Graph of the function

qqqq)( 2

) ( 2 0 + - = a U (which is proportional to thepotential energy of this problem) as a function of

„ 0. The various curvescorrespond to different

values as labeled in the figure; smaller values of a (a < 1)correspond to the appearence of the bifurcation. In our case the parameter a is associatedwith the position x of the threaded rod.We can now study this bifurcation by measuring the period of the small oscillationsabout the equilibrium position:8.Plot the period4 T as a function of

[2.5 points]