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Part-1 3-1
(9:00 am — 12:00 pm, 02-09-2006)

Q1 (8 points) B 1 (8 1)

A meson is composed of two quarks with rather complicated interaction between them. To learn the
physics inside the meson high energy electrons are usually employed to collide inelastically with
the mesons. The process is very difficult to interpret, and to grasp the essential elements of it the
Parton model was developed. The model assumes that the incoming electron collides elastically
with only part of the meson, 1. e., with only one quark. The quark then passes its energy to its parent
meson. The essence of the model can be illustrated with the following drastically simplified model.
The electron of mass m; and kinetic energy E collides elastically with a quark of mass m, in a
meson. The other quark has mass m;. The two quarks are connected by a weightless spring. Before
the collision the two quarks are at rest and the spring is at its natural length. All motions are along
one dimension only, and ignore all relativistic effects. Find the internal energy of the meson as
represented by the vibration energy of the spring, and the kinetic energy of the meson as a whole
after the collision.

Electron &% ;
O- .............................. .;()/\/\/\O

Meson %
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Q2 (8 points) i 2 (8 1)

A uniform iron pulley of total mass M, and radius R is fixed above the ground. It can spin freely
about its center. Additional weights in the form of many small magnets with total mass M, can be
attached to the pulley. A long thread is winding around its edge, and at its end hangs a weight of
mass M; at height H from the ground that can be released suddenly. Assume that there is no slip
between the thread and the pulley. (a) How should the magnets be placed with circular symmetry on
the pulley such that the final speed of M; is minimum when it reaches the ground? (b) Find the
minimum speed.
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Q3 (10 points) &3 (10 1)
A cylindrical vessel of radius R is filled with water (density o) up to height H.

(a) Calculate the force of water exerting on a narrow vertical strip of width d (<< R < H) of the
cylinder wall. (3 points)

(b) The vessel is then placed on a platform spinning at angular speed w (<+/g#/R). The rotation axis
coincides with the central axis of the vessel. The water spins at the same angular speed as the
platform. Find the shape of the water surface, and the extra force of water exerting on the strip due
to spinning. (g is the gravity acceleration.) (7 points)
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(2) RAHBBEL—BEBJ (<<R < H) WEEANEBH. G2

(b) BEBREURBEE o (<Vell /R) BHHEE SHMESSHOMES, ANEDNEE X, KK
ERRAAHEEEASB TSRO MED, (o BENMEE. )(72)

Q4 (12 points) 4 (12 &)
A cylinder of fixed volume V is partitioned into left and right compartments separated by a movable
piston of negligible mass. The left and right compartments are filled with »n, and n, moles of the

same ideal gas, respectively, at initial temperatures 7, and 7.

a) What are the volumes of the left and right compartments ¥»; and V, initially when the
system is at equilibrium? (2 points)
b) Suppose heat can be exchanged between the two compartments but there is no heat exchange

. : o A
between the cylinder and outside world. The amount of heat flow per unit time % from
left to right compartment is proportional to the temperature difference between the two
. A . .
compartments, i.e. %=k(T . —T,). Find the temperature difference, 7, -7, as a

function of time. (8 points)
¢) Find outhow ¥V, and ¥V, changes with time. (2 points)

—EEREA VN AETRHE-—AEARERBDNBEESR.E . ERAEDRREEL (1 ERAKBESD
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b) BRE. HEEESEALMERARSE  BHENREHBLGE  BHURBHABHTER QﬁRﬁmémm§
REL , Bp——=% Q“R =k(T, -T,), RT, — T, EARSRIHIBIR. (8 9)
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Q5 (12 points) &5 (12 )
A planar boundary at y = 0 separates two non-magnetic media with refractive indices n, (real) and n,

i(kyy-wt)

(can be complex). An electromagnetic wave E, = £ x,e is incident onto the boundary, and

its reflected wave and transmitted wave are given by E, = E x,e' """ and E, = E,x,e'*>~*",

respectively.

(a) Use the boundary conditions of electric and magnetic fields to find7=E,/E, and tr=E,/E,
in terms of #, and n,. (8 points)
(b) Forn, =1, n,=2.0i, wherei =+/~1, find the reflection R=|7|*. (1 points)

(¢) Form =1, n,=1.0+2.0i, find the phase shift of the reflected wave relative to the incidence
wave. (3 points)

Boundary
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—Ry =0 WPENE. BLRIRFHRE, (BE). n (THEESEBNWIEUENE, —BHE
E, = Exx, ™" simNE , ERSPEB E, = E x,e' TV @mgws E, = E x,e' ",

() NASHBNBRGYE BHr=E/E tr=E/E  {RNERERE n M m. 845)

b EBm=1,nm=20i8EPi=J-1, RREFR=r’, 1%)
() Em=1,m=1.0+2.0i & RRFEEEAASFEHNUMEE, 39)
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Part-2 -2
(2:00 pm — 5:00 pm, 02-09-2006)

Q6 & 6 Casmir Effect KB M
(13 points 13 &)

Part-A  What is the pressure of ideal gases when the temperature goes to absolute zero? (2 points)

Part-B  Casmir proposed in the 1950°s that vacuum is actually filled with virtual electromagnetic
waves, and the energies stored in the vacuum produces an observable force between two parallel
metallic plates separated by distance d. The electromagnetic energy stored between the plates is
given in Quantum Mechanics by £ = > Y E, , where E, =#ck, ¢ is the velocity of light and 7 is a
n<p

fundamental constant called Planck’s constant, p (>> 1) is a large number that depends on the
material properties of the plates. &, =27/4,, whered, is the wavelength of a standing
electromagnetic wave that fits into the space between the plates.

(a) Assume that the waves take the form ofsink, x| what are the possible values ofk, such that
at the plate surfaces x = 0 and x = d the standing waves vanish? (2 points)

(b) Show that the vacuum electromagnetic force is of the formg/4?. What is the constant a? (5
points)

(c) What is the force due to the vacuum electromagnetic waves outside the two plates? (2 point)

(d) Find the amplitude of the force when d = 1.0 mm. (Hint: If you cannot get a in (b), use
dimensional analysis to estimate its order of magnitude.) (2 points)

(A =1.05%x107>* (Joulessecond); » =2000 ;¢ =3.0x10% m/s.)

<7>
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K.

(a) REBFAEBAFRASSNL X EZENTN EMRE x=0Mx=dERSEBE KL THRHNE.

)

(b) BREETBHAHEH/ I EENER , YREBa. 52)

(c) WIMNBHEZ=ZE#HAEZL229D)

(d REJ=1.0mmEINEE, BT ORREEE (D) BoRBa, RTAEESMRMAEFT IR K
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(A=1.05x10"* (EE.®), p=2000 ; ¢ =3.0x10° m/s )
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Q7 f® 7 Electric Current Driven Magnetic Domain Movement 57 5& B #y i B iE B
(15 points 15 43)

Electrons and some atoms have permanent angular momentum called spins (s) that are fixed in
amplitude while their directions can be changed by an external torque. Associated with the spins are

the magnetic moments that make them as individual magnetic dipolesm = u,S, where u, is a

constant called magneton. For simplicity, we assume that the electrons and the atoms here have the
same spin amplitude S and magneton.

(a)
(b)
(c)

Refer to Figure-A below. Dipole-A is at » =0 and alongz,, and Dipole-B is atr = ax, and
along y,. Find the torque of Dipole-A on Dipole-B. (3 points)

Find the direction of Dipole-B after a short time Af, assuming that the direction of Dipole-A
remains unchanged. (5 points)

Figure-B is a schematic of a magnetic domain in (x, xo + 2b) that contains many atoms
(Dipole-B’s). The directions of the dipoles are pointed in an ordered fashion, as shown.
Dipole-B’s are at the fixed sites of equal distance along the x-axis (within the space of 2b
there are 10* dipole-B’s). An electron (Dipole-A) flies by and its action on the Dipole-B is the
same as your answer in (b). Figure-C shows the initial angular profile of the dipoles. The
dipoles at x, + b are along y,, the dipoles at x= x, are along — x,, and that at x x, + 2b are
alongx,. Dipoles along —x, can no longer rotate. Dipoles along x, cannot rotate either,
except for the ones close to the domain edge which can rotate freely as the ones pointing in
other directions. Given the electric current carried by the electrons as /, find the speed of the
movement of the domain center when the current is just turned on. (Take the electron charge e
as known) (5 points)

(d) Find the time it takes for the whole domain to pass the x, + 2b point. (2 points)
(Hint: Magnetic field B(») at positionr due to a magnetic dipolem at coordinate origin is given by
C = 3(m-r)yr
B(r)= 4”03 ( 5 ) _ m} . Torque N of magnetic field pon a dipolemis N = mx B.)
T r
Angle AE
z
180°| —
) \
el 0° :
| - * . ' > X
Figure-A Figure-B X xy+2b
Figure-C

EFNRLERFRAAUMARNEEASBES AXPRTEN EFATHMOERE. HEREENEESR
BB m=u,S Hp 4, HEH. AEEER , EAARKREFNRFHEENRBE T EHI KN,

() BREE-AHBBEF-AEr=0F BH@E2Z MEBEF-BE" =a% HHE Yo, REMBET-A B

(b)

BB F-BWHE, 32)
BREBBF-ANFEOEE , RBT7T —EHBAr%  MBEBFBHAE, 59)

(c) EE-BHMHR—EEX0, xo +20)EZBENEERS R FBMBEBT-BWEHE, BEBFBESWT x-

BENEESEME  eMNSEAU-ENREHS, E20 REATEHR 10" E#HBEF-B). —EF
(BB F-ARE CHEE#RBET-BNERMOISNERAE. LE-C ZFRKEEBET 5@
fiio 7 xo + b BB T Vo BE FEx X0+ 20 WHEMBERF X FME £ x< xo WEBRFE - X7
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Q8 Force between a conductor sphere and a conductor plane B8 IREZF AR 2 FEHY b
(22 points 22 43)

The uniqueness theorem of the theory of electric field ensures that virtual charges could be placed
outside the closed space where the electric field is to be determined to mimic the real boundary
conditions. For example, in Figure-A below, to find the electric field when a point charge g is
placed in front of a large planar conductor at zero potential, a virtual, or ‘image’ charge -¢ is placed
at the mirror-image position so that the combined contribution of the two charges is to make the
potential everywhere on the plane zero. The force on ¢ by the plane is then the same as the force by
the image charge.

Part-A

Consider the force of a conductor sphere of radius R held at zero potential on a point charge ¢ at a
distance d (> R) from the sphere center. The image charge ¢ 'should be inside the sphere (outside the
space outside the sphere) and on the line joining the sphere center and ¢, as shown in Figure-B. The
combined contribution of ¢ and ¢’ is to make the potential everywhere on the sphere surface zero.
Find the position and the value of ¢ . (4 points)

Part-B

As shown in Figure-C, a problem often encountered in atomic force microscopy is to determine the
force of the sample on the probe tip, which is a conductor sphere of radius R held at electric
potential V" at distance 4, from a large conducting sample surface at zero potential. In the following
we will apply the ‘image charge’ method step by step to find the force.

(a) We start by putting a point charge g, inside the sphere such that the sphere surface is an equal-
potential one with voltage V, while ignoring the effect of the conductor plate. Determine ¢, in
terms of V and R. (1 point)

(b) Determine the value and position (/4,) of the image charge of ¢, and call it ¢, such that the
combined contribution of them is to make the sample surface a zero-potential plane. (2 points)

(¢) The presence of g, now makes the conductor sphere surface no longer equal-potential. Put
another point charge ¢, inside the sphere such that the combined effect of ¢, g; and ¢, is to
make the potential on the sphere surface equal to 7 again. Determine ¢, and its position /,. (2
points)

(d) Repeat (b) to determine the image charge g; of ¢», and repeat (c) to find the image charge ¢, of
¢s. Derive the general expression between A, and Aami1), gon and Gamir), and Gganer and gaminyen, 7
=0, 1, 2... (3 points)

(e) Derive the total force of the sample on the sphere in_the form of a summation over an
infinite series. (2 points)

(f) Suppose the force in (¢) is 1.1 X 10> N when V=V, R=1.0 X 10®* m, and 4, =5.0 X 10® m,
find the force when V'=2V;, R = 1.0 m, and 4, = 5.0 m. (4 points)

(g) Given R/hy = 1/51, to determine the force in (e) up to ~1% accuracy, what are the terms that
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should be kept? (2 points)
(h) Estimate the order of magnitude of the relative error caused by the terms neglected in (g). (2
points)

@<

Ny

(A)

ho

©)

NAESERNE-—MEE RATE-MESZBMIA - ERER D HMRELENFREERNEL B FIRME SUE
REMAEZHANER/ES. NE-A R, —HEHRETEZNAEETHN ARES IUEFHESR
B—REEH ¢, MERNESELETENE %{E?)‘%go FHEH g HER-¢Hq BN,

(A)

BRAER—¥RARNEEZERMERERROERASJI(C R) WHER g WHWREE, BB TR g W
BWERER ¢ EREE( RAUANZEWIHINE ) ROEgNERLE. Mo NEBE2FERELEREZAS. R¢'W
BENNE, (49)

(B)
WE-CHR, REF I ENEKERINEERERERRERRREN . FRRBRA—¥BAREZAIVH
@R, REERRREERER . BEREZAT. TEARMANARRERTA EZ-—SSHLHBERRER,

(a) B% K BEERAE , H—HEBR g ERO. REREANEZA VK q NE. 19)

(b) g MENRBRER ¢ XACKRNRAREERZAT. RqWENLE L. 22)

(c) g MERFEERREATEREZH, EREMLEHER ¢, ,F q0, ¢ M ¢ NEBRESHEREEER Vo
R WENNVE h. 29)

(d) EE(b)R@NEBRER g3, ER( ¢ )R ¢; WEBRER gao B /1205 Mooy, @20 B Gourty AR Goner BR
Qi 2B —REHERX, n=0,1,2...39)

(e) REMHERN D, ERTUEBEFMEAMFEARE. 25)

(H BHEV=V,R=1.0X10°m, 7,=5.0X 10°m & BRYUHRHAHE 1.1 X 102N, R& V=27,
R=1.0m,and 4 =5.0 m BN H, 42)

(g) BEARh=1/51, MERBEMNERRFIEDRFAZIAY 1%ERE , FEREWLE?229)

(h) st PEZMEREMSHENHEHRENBER. 29)
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