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This exam is formed of four obligatory exercises in four pages.
The use of non-programmable calculator is recommended.

Exercise 1 (7.5 pts) Energy and collision

Consider a simple pendulum and a block (Sy):

e The simple pendulum is formed of a sphere (S1), taken as a particle
of mass my = 200 g and suspended to the lower end B of a light
inextensible string of length £ = 1.6 m. The upper end of the string
is fixed, at A, to a support.

e The block (S2) is considered as a particle of mass mz > ms.

The pendulum can swing in a vertical plane around a horizontal axis

(A) passing through A. At an instant t, the position of the pendulum is

given by the angle 6 between the vertical through point A and the string

AB.

While keeping the string taut, the pendulum is displaced by an angle 6m from its equilibrium position (6 = 0),

and then released without initial velocity at to = 0. When (S1) reaches point O, it enters into collision with (Sy).

The aim of this exercise is to study the motion of (S>) after this collision.

The x-axis is a horizontal axis with unit vector i passing through the lower position of (S1) (Doc. 1).
Take:
e The horizontal plane containing the x-axis as the reference level for gravitational potential energy;

e g=10 m/s>.
1) Motion of the simple pendulum

The curves of document 2 represent the gravitational potential AEnergy (J)

energy, Kinetic energy and mechanical energy of the system 16 Mechanical energy

(Pendulum, Earth) as a function of 6 during the descending ' T~

motion of the pendulum between 6 = 8, and 6 = 0. 1o Y /

Using document 2: ' N |/

1.1) Justify that air resistance and friction at the axis (A) are \/
negligible. 0.8 /><\

1.2) Show that curve (a) corresponds to the gravitational /| I\

: o 0.4 \

potential energy and curve (b) to the kinetic energy. a), \

1.3) Determine the value of 6m. pd 6 (rad)

1.4) Show that the speed of (S1) when it reaches O, just before 0 Doc. 2 Om

the collision, is V1 =4 m/s.
2) Collision between (S1) and (S2)

(S1) reaches point O with a velocity V, =4 i (m/s). (S1) undergoes a head-on elastic collision with
(S2), initially at rest, on a horizontal surface (Doc. 1).
Just after the collision, the velocity of (S) is 72' =V, i and (S1) rebounds with a velocity

V/ =-V. i (Doc. 1).
2.1) Determine the algebraic value V; of the velocity Vl’

2.2) Deduce that mz = 3 my.
3) Motion of (S2) after the collision
After the collision, (S2) moves along the x-axis and stops at point C due to the existence of friction

force f =—f i of constant magnitude f.
Take the instant t,= 0 as the new initial time just after collision. The following table shows the
algebraic value V of the velocity of (S;) at different instants:
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t(s) to=10 t1=1 =2 t3=3 ta=4
V (m/s) 2 15 1 0.5

3.1) Calculate the algebraic values Po, P1, P2, P3 and P4 of the linear momentum P of (S) at the instants
to, t1, T2, t3 and t4 respectively.
3.2) Plot, on the graph paper, the curve of the linear momentum P as a function of time.
Take the scale:
e 0N the abscissa axis:1 cm <> 1s;
e on the ordinate axis:1 cm <> 0.2 kg.m/s.
3.3) Show that the equation corresponding to the curve can be written in the form:
P =at + b where a and b are constants to be determined.
3.4) Applying Newton's second law on (S.), determine f.
3.5) Determine the distance OC.

Exercise 2 (7 pts) Electromagnetic induction and charging a capacitor

The aim of this exercise is to study the charging of a capacitor in a circuit carrying an induced current.
For this aim, consider:

e Two parallel conducting rails, AD and HF, separated by a A T B N D
distance £ = 20 cm, which are placed in a horizontal plane.

e A rigid conducting rod MN, of length £ and perpendicular to the | 1
rails, moves without friction on the rails. The center of mass G e s s ———>)—(>
of the rod moves along a horizontal x-axis of unit vector i . a/” <
The ends A and H of the rails are connected to a resistor of Q_ M F
resistance R =10 Q and a capacitor, initially uncharged, of ) Doc. 3
capacitance C.

The rod and the two rails are assumed to have negligible 4 D (x107° Wh)

resistance. 0 05 1 15 >

The circuit formed by the two rails and the rod is placed in a t(s)

vertical uniform magnetic field B perpendicular to the plane of the -2

rails and of magnitude B = 0.04 T (Doc. 3).

At the instant to = 0, G coincides with the origin O of the x-axis, -4

and the rod moves at a constant velocity V=V T(m/s), along the

positive x-direction. -6

At an instant t, the abscissa of G is x = OG = Vxt. 8

1) During the motion of the rod, the magnetic flux crossing the Doc. 4

closed circuit ANMH varies with time.

1.1) Indicate the cause of change of this magnetic flux.

1.2) Determine, taking into consideration the positive direction shown in document 3, the expression of the
magnetic flux ¢ crossing this circuit in terms of B, £, V and t.

1.3) Document 4 represents ¢ as a function of time. The shape of this curve is
in agreement with the expression of ¢ in part (1.2). Justify.

1.4) Deduce the value of V.

1.5) Deduce the value of the electromotive force "e" induced in the rod.

2) During its motion, the rod is equivalent to an ideal battery of electromotive E
forceE=e=uun=4mV. O _
At an instant t, the plate H of the capacitor carries a charge g and an —
induced current i flows through the circuit ANMH (Doc. 5). q

2.1) Show that the differential equation that governs the variation of the &

due 4 ue. H pocs M

voltage uxo = uc across the capacitor is: E = RC
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—t
2.2) The solution of this differential equation is of the form: uc =a—ae = , where a and t are constants.
Determine the expressions of a and t in terms of E, R and C.

—t
2.3) Show that the expression of the voltage Uoa = Ur across the resistor, is ur = 4x10° e = (SI).
2.4) Knowing that uc = ur at t = 0.7 ms, determine the value of C.

3) An electromagnetic force (Laplace's force) Fis acting on the moving rod MN during an interval of
time [to; ta].
3.1) Indicate the direction of this force.

3.2) Knowing that the magnitude of FisF= itB, determine, in terms of t, the expression of F.
3.3) Deduce the instant t;, when Laplace's force becomes practically zero.

Exercise 3 (6.5 pts) Self-induction
The aim of this exercise is to determine the inductance L and the resistancerofa | p § K g
coil.

For this aim, we set-up the series circuit of document 6 that includes:
e an ideal battery of electromotive force E = 10 V;
a resistor of resistance R = 90 Q;
a coil of inductance L and resistance r;
an ammeter (A) of negligible resistance;
a switch K.
At to = 0, we close the switch K. At an instant t, the circuit carries a current i.

1) When switch K is closed, a self-induction phenomenon occurs in the circuit.
Define this phenomenon.
2) Establish the first order differential equation that describes the variation of the current i as a function of

time.
~t

3) Verifythati=In(1- e ) where t= RL and Im = Ri is a solution of the previous differential
+r +r

equation.
4) Once steady state is established in the circuit, the ammeter displays 100 mA.
Deduce the value of r.

5) Show that : En[l—Lj: - 1><t.

m T

6) The table below gives different values of i measured at different times t.

t (ms) 0 0.2 0.4 0.8 1.0 1.4 1.8 2.0
I (mA 0 18.2 33.0 55.1 63.3 75.4 83.5 86.5

o

6.1) Copy and complete this table.

6.2) Trace, on the graph paper, the curve that represents £n (1—%} as a function of time.

m

Take the scale:
e 0n the abscissa axis: 1 cm <« 0.2 ms;
e 0n the ordinate axis: 1 cm < 0.2.

6.3) Referring to the obtained curve, show that: £n (1—%} = —1000t (S.I).

m

7) Deduce the values of T and L.
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Exercise 4 (6.5 pts)

Photoelectric effect

For a pure metal with a work function Wy, photoelectric emission may occur under certain condition.
The emitted photoelectrons possess a kinetic energy KE. The electrons thus ejected form an electric

current I. The aim of this exercise is to determine | by illuminating a plate coated with sodium.

Given:
e speed of light in vacuum ¢ = 3x10° m/s;
e elementary charge e = 1.6x10™°C ;
e 1eV=16x10"];

¢ Visible spectrum: 400 nm < Avisible < 800 nm.
1) Choose the statement that correctly describes « photoelectric emission ».

Statement 1: It is the emission of photons from a metal when exposed to a beam of electrons.

Statement 2: It is the emission of electrons from a metal when exposed to electromagnetic radiation of

suitable frequency.

Statement 3: It is the emission of electrons from a metal when exposed to a beam of electrons.

2) Based on Einstein's equation for the photoelectric effect, show that the maximum kinetic energy of the

extracted electron as a function of the frequency v of the incident radiation, can be written as:

KEmax =a v + b; where a and b are constants to be determined in terms of Wo and Planck’s constant h.
3) The curves (1) and (I1) in document 7 show KEmax as a function of « v » for two different metals whose

threshold frequencies are denoted by «v, » and « v, ».

3.1) The curves obtained for each metal is
in agreement with the relation
obtained in part (2). Justify.

3.2) The two straight lines of document 7
are parallel. Justify this statement,
using the expression of KEmax in
part (2).

3.3) Using curve (1), determine h in SI.

3.4) Using document 7, determine the
values of the threshold wavelength
«\o »and « A, » corresponding to

curves (1) and (1) respectively.
4) The two studied metals are sodium and
zinc. Knowing that zinc wouldn't produce
photoelectric emission when exposed to a

visible radiation, indicate which one of the two curves (1) and (I1) corresponds to zinc. Justify.

4 KE nax(eV)
0
15 4 //
' (95101; 1.41)8 1)/
' /
0.5 /
Z Ty
/ / (x10" H2)
0 2 76 g 0% 12 14
Doc. 7 55 104

5) A sodium-coated plate receives a light of power P = 2x10~> W from a monochromatic source of

wavelength A = 400 nm in vacuum.

5.1) Determine the number N of photons received by the plate in one second.
5.2) Deduce the number n of emitted electrons per second, knowing that for this radiation the quantum

efficiency of the plate is r = % =0.02.

5.3) The emitted electrons form an electric current I. Calculate I using | = nxe.
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Exercise 1 (7.5 points) Collision
Part Answer grade
11 Aiir resistance and friction at the axis are negligible because: 0.95
' ME = constant=1.6 J '
Curve (a) : Gravitational potential energy.
First method: during the motion of the pendulum between 6 =6, and 6 = 0, it approaches the 0.5
reference level of GPE therefore GPE max for 6 = 6m and decreases to zero for 6 = 0.
Second method: At to = 0, we have 0 = 0y, the height of the pendulum is maximum, then GPE = ME.
1.2 | Curve (b): kinetic energy.
First method: during the motion of the pendulum between 6 = 6, and 6 = 0, the speed of the
pendulum increases; therefore, KE increases, for 6 = 0m, KE= 0 and increases to reach its
maximum value KE = ME for 6 = 0. 0.5
second method: At to= 0 we have 6 =0, and the speed of the pendulum is zero, then KE is zero.
At to= 0 we have 6 =0m : GPE =mgh and h =£( 1 —c0S Om )
1.3 | 1.6 =mg €( 1 —cos Om) = 0.1x10x0.4x(1 — cos Om), 0.5
then : cos Om = 0.5, then Om = 60°= 7t/3
ME = constant = 1.6 J
14 When the pendulum reaches its equilibrium position, and just before the collision 6 =0 05
and ME = KE :% m1V? ; therefore, 1.6 :% x 0.2xV} ,then Vi=4m/s
B before collision :|3 after collision
m: Vi=m; Vi +mzV'2  ; Collinear collision: m1 Vi=mi\V, + mz V]
Then: my(Vi— V) =m2V, ....eq(1)
The collision is elastic, so there is conservation of the kinetic energy of the system
[(S1) . (S2)]
2.1 1 1 1 1.25
KEpefore = KExafter ; Eml V12 = Eml Vl'2 + Emz VZ'2 ; M1 (V12 - V1'2) = mz VZ'2 ...eq(2)
€6.(2). Vi+V/'= V! (3) ; Since (S1) rebounds with a velocit Vi = i given
eq.(l). 1 \/]__V2 ...eq ] 1 y 1 __Vzlg
V/=-V, ; Therefore, V/=— —=-2m/s
5 We replace Vi =4 m/s ;V/=—-2m/sand V] =2 m/s inequation 1: 05
' mi(Vi— V) =mz2V, ;mi(4+2)=mz(2); 6mi=2m; then mz=3m '
31 Po=m2Vo=0.6 x2=1.2kg.m/s ;P1= 0.6 x1.5=0.9 kg.m/s 05
' P= 0.6x1=0.6Kkgm/s ; P3= 0.6 x0.5=0.3kg.m/s ; P4=0.6x 0= 0Kkg.m/s '
AP (ka.m/s)
1.2
3.2 \ 05
0.4 .
0.2 N
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The shape is a straight line having a negative slope, its equation is of the form: P=at+ b
33 At=0:P=1.2,thenb=1.2kg.m/s 0.75
' At=4s:P=0,then 0=4a+ 1.2, we obtain: a=—0.3 kg.m/s?, '
Therefore : P=-0.3t+ 1.2 with P in kg.m/s and t in second.
We apply Newton's second law on (S): Za = Z—T ,then m,g+ N+f = d—? ;
s But m,g + N = 6, and ?j—[:=—0.3 f 1
Then: —0.3i =—fi ;therefore, f=0.3N
The variation in the mechanical energy is equal to the work done by the friction force.
AME = W; , then AME = ME( - ME,=(KE + GPE() - (KE,+GPE,)= (KE¢) - (KE,)
35 | AME=3m; (v~ v8)=05 x 0.6 (0—2%)=-12] 0.75
AME = W3
—1.2=-0.3 xOC ; therefore, OC=4m
Exercise 2 (7 pts) Electromagnetic induction and charging a capacitor
Part Answer grade
11 The variation in magnetic flux passing through the closed ANMH surface is due to the 0.25
' increase in the area crossed by the magnetic field lines. '
1.2 | ¢ =B.S. cos (B, 7t) = B. (x). cos(n) = - BEVt 0.5
The curve is a straight line passing through the origin with a negative slope, so its equation
1.3 | isof the form: ¢ = K x t (K is negative constant) 0.5
Therefore, the curve is an agreement with the relation ¢ = -B£Vt (BLV = constant positive)
From document : slope = _6—_0_3 = —4x10°Wh/s
(1.5-0)x10 0.5
1.4 | Form the expression of flux in question 2: slope = - BV
—4x10° 0.5
therefore : V = 10 =0.5m/s
—0.04x0.2
15 [e=— T=BIV=4x10°V=4mV 0.5
Law of addition of voltages: umn = UmH + UHo + Uoat UaN 0.25
21 E=uc+Ri ,buti= il and g=Cu theni-Cdu—C ; therefore'E—RCdu—C +u
c : g 2nd a=Cuc et - a 0.5
o du, . Ue . . . .
Uc=a—ae* ; dtc =-e" ;wereplace uc and < in the differential equation:
-t -t -t R
E=RC-e*+a-ae’ ; aeT[—C—1]+a:E 0.5
T
2.2 This equality is verified at any time t, by identification:
t 0.5

= RC
ae*#0then a=E=4x103Vand - — +1=0s0 t=RC
T
t

uc =4x10° (1—e*) witht=RC
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-t -3 -t -t
i=c e —cuaxaodler= 0T o o guxaoter 0.25
2.3 dt T R
-t -t 0.5
Ur = Ri = 10x0.4x103 e = =4 x103% e~
-t -t -t
Ue = UR : 4x1073 (l—ef) =4x10% e~ ; 2e7=1
2.4 -t 1 0.75
In(] ; C= =1.009 x 10* F ~ 101 pF
T 2 RxIn2
3.1 | Direction : to the left 0.25
—t
3.2 _ -t 3 ) ) 0.5
F=iB2=04x10% e x0.04x0.2=32x10°% e1x10 ™ (FinNettins)
33 |For t=51=5x103%s;F=215x 108N ~ON 0.25
Exercise 3 (6.5 pts) Self-induction
Part Answer grade
1 | Self-induction is the appearance of an e.m.f in a circuit carrying a variable current. 0.5
Law of addition of voltages : upn = Upg + Usc + Ucn;
2 |E=ri+L%+Ri= (Ri+LY 0.5
t | t
i=Im(1- e7); d'——m et
T
We replace i and % in the differential equation
N |t L E
3 |E=R+NIn(l-¢€7) + LT e ;Wereplaceconstants1::R—Jrr and Im= . 1
t t
We obtain : E = (R+r) i(1— er) + Lm e
R+tr (R+r)L
t t
E=zE-Ee* +Ee'~
We obtain: E = E The solution therefore verifies the differential equation.
4 | Insteady state, i = In = RLH =01A ; R+r=—=100,thenr=10Q 0.75
. ot i ot i =
i=In(1- e7) ,then I—:l— et ,s0l-— =er-
5 ] i -1 1
We obtain: ¢n|1— — [= =xt
I, T
t (ms) 0 0.2 0.4 0.8 1.0 1.4 1.8 2.0
i (mA) 0 18.2 | 330 | 551 | 633 | 754 | 835 | 86.5
6.1 tn 1
(1_LJ 0 | —02 | -04|-08| -1 |-14|-18]| -2
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6.2 0.5
The shape of the curve is a”straight line passing through the origin, its equation is of the
i _ . —2-0 .
form: En(l— I—j = slope x t ; slope = o105 = —1000 s*
6.3 m 0.5
Then En(l— IL] =—1000t (S.I)
-1 4
. Slope =-1000= — then T=1ms=1x10"s 0.25
T
0.5
t=—— 50 L=1(Rtr)=1x10"x100=0.1H
Exercise 4 (6.5 pts) Photoelectric effect
Part Answer grade
1 Statement 2: It is the emission of electrons by a metal when exposed to electromagnetic 0.25
radiation of the appropriate frequency. '
According to Einstein's relation: Eppoton=W,+KEax 0.95
2 KE .x= Ephoton-Wo ;  KEp.x=hv-W, hasthe form KEmax= av+b O 5
Therefore a=hand b = -W, '
The curve for each metal is a straight line having a positive slope and does not pass
3.1 | through the origin, which is in agreement with the relation KE,,,=hv-W, ; 0.5
slope=h>0
39 The two straight lines have the same slope because the slope of the straight line depends on 05
: Planck's constant h, which is constant and identical for all metals. '
. _ _ (1.41-0)x1.6x1071°% _ 34
3.3 | Curve (I): h=slope= o sepiolt 6.44 x 1034 J.s 0.5
Intersection with x-axis corresponds to the threshold frequency of the metal. 0.25
Using curve (1) : vio = 5.5 x 10* Hz : Using curve () : vao = 10.4 x 104 Hz 0.25
_ . _ ¢ __ 3x10% _ 7 .
34 fe=hovo; do=—= 5r=545x 107 m =545 nm ; 05
_c _ 3x108  _ 7o
X2 = = Toanioh = 2.88 x 10" m =288 nm 0.25
The curve (1) corresponds to zinc.
4 Justification: Ais = 545 nm > 400 nm — visible range 0.5
So curve (1) cannot correspond to zinc. 0.5
-34 8
N x E
p= N *Eomoon oo = PXAL B o= 1o 84410 ngm = 4.83x10° ],
At Ephoton A 400x 10_
51 3 1
Therefore : N = % ~ 4.14x10° photons/s
4,83x10™
52 [r=2 :n=rxN=002x414x10"° =8.28 x10'3 electrons/s 0.25
N
53 [1=8.28x1013 x 1.6x1079=1.32 x 105 A 0.5
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