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W ORAE SR 1 AN ORI, J5 S LED £T AR ) 4.
WA HIL &, B A4S GE R LT S84,
FEE 14
HAR 1A4(H##AE 30 cm, 4B 0.1 cm).
2 I ABFR4E (20 cm X 25 cm) , VB AL
REKE I HBHE 1 8K 1 5.
. RS TR S 1 4 (CASIO, fz-82ES &),
.
1. /NEDEHE 86 (0 K RS
ﬁj‘ﬁm$—ﬁﬁm&ﬁ{ﬁﬁﬂai&:iﬁ&ﬁt%(ﬁﬂwﬁﬁﬁﬁ
8, R M B 40 BroR. 3 ad 3h R He 5 o As S s 8 65 06 A Ik
KR EME—/IERERN1 nm,ER‘_]:_Eﬁ@—-j;(/]\)ﬁﬁﬁiﬂi 100(50) nm, Y45 R # 51 5)]
ERZAEOLR, AMAAIIHHOBER I BRHLE. G2 & TRIBP.IRNB
AEMH 350~750 nm EL)
2. WA
B B W M A (63t 28 JTY B, BB 17, 41 REMEHE.

2-4 2 5 -1 52 3 3-3 3-4 3-5

B 40 BiCRBS N

LR \[= kA D)) 1) s)n

41 WAM(SRT)SERTER

L ZRERE,

2. FATHE: -1 KPP AEW T, 2-2 AWM TRET, 23 RETH RS HEFOXRADEEBRA
307 1" HY A A A R 1 R AR 2-4 BB £ B T SR4T.

3. BmBE: 3-1 AP REWRET, 3-2 BAFNRET, 3-3 TR EWET, 34 MBITH, 3-5 B SN EM
TFR, 3-6 BRBRMEME, 3-7 BimEE 50 AP ST, 3-8 BLEG LW U TR E).

4. BRBER. 4-1 AEHR. 42 PAREBONMRET, 43 Wind L3R4

5. BRYYE.: 1 RPEGETRITG ), 52 RY S Z WL,
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3. B/MRE A 0. B E

EEGWM AN I =g B e £ A
LED FRZE G 5 66 (M A ST e 4k, e sh i bn R (U bn L 5 1%
WY Z B AT A L ZRXTALE), HRELEWME 42 Fis
BAL B, B sl hR A, IS A A 4, ORI R R
T 8 YR 2 19 J [0 B Bl [ 3 3 B R B O AR BB
RGN E R ¥ shat, R KA B E B A
HERFEBHRIE. B RR T OB &AL ERE
B BN % G R 0 B/ 1) A L

M, LEER

TEX) B VAW A AL (A3 6 3) B 2L RE b, & 25, ¥ 6 i 2
A ST R AL W E A S XA, Bl B4 BARNBHREE
AR LED 5, BB S AW REN i B URIERR
H 4756, 2% B I A 40 (43 63 i BRI B T IR R B 1 S ke s T BT A B D 1.

W, B 2524 /N EDEM A6 S LED fA PL4 & AE R — D FITL kIR, ¥3)
et AR GEE . WERSR PR ZINE — 7 i), B8 8 i E b B S e
B ESEAAEMAA Tt S TR LRI B, UK 100 55, R L B A (U
JE BT S B 3 4R A9 B K QO BE CAAL: nm). BB E R XA A IR #5530 AT 2L S8 3R
ASERRG: RERITE NAAEHTHACEESEK 2 WXARMKNNE.

1. ZWMBEHLI KN 579. 0 nm B E/MR E A (BR: B RECARDTF 3 %0 BB
Xt L B4 R, BUE AT E R AR B SR,

(1) 7E3R 1 S4B A Pl 49 A9 52 50 $ 3.

TR =B TIM AL AA=60700"+2".

£1 BAREMAO. MARCZHEARS: )
“ZE MR “HWEHR IR

WRKH ) CHE 6 | 8 CA B 36D | 8 =00 — 8 | 07 CHETIE) | 62 (AT | 8 =6 — 12 ta= (Bt 80/2
BEHE - - - - - —
(2) SEWBAEAALE . (ETFTRE LHERNITESRMER)
PAMLOPID BBRAKAFIREN Ay =1~ rad.
B/DREABEREHEARAEATEE .
Dby = A8, = ~ = rad.
A=/ (A0g )+ (MO E/3= rad.,

AA=2"=~ rad.
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BB AITHE N
sin o= +60°00’
2 _ L
n= 500 = GHES#)
2
= (REtZHREILEEBREFED
WERE AR EERN:
—[(2ny m\* A
A”_\/(ﬁ) L 67+ (55) oA
.
o) ‘
EZTX A = GHELE)

2
= (REZREILUEHREFD

cn(F A )in( &) (A )en(4) , sn(-5)

on_ 1 2 2 2 2/_1

24 2 8 sin‘(fg-) zx sinz(%)

= GtEEB

= (REZHEHILAEREFED
An= GtEL#)

= (REZREILNAREFED

(3) MiEFER:
An=
Y65 B B A A3 T R

2. PSR PLHARL Y BB L.

(1) T REHEA, AR ERRB K 2 T (EIFE 400 nm B 700 nm 2Z [6], E 7 E W
B 20 IR RO B9 B/ A F H BSB89 9T SR Hr W E /Y A XA » EHF K
ERM. X2 NERLBEERETEEERLR.

®£2

(2) AP A B R, P 5 3 n W YVALAR, B nA AKX ARMEK.

(3) BB A, F A THE 28 40 214 (N ED DhRE 4 BIoR 1 F 3 1 B RS EE X 3 G, A
C. H . FAHBUESHHXRAR(XE ATELHEAREE.

C =

Cz=
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UEHHEXERE r=

3. MAACAE LENERIBTECEKBHLREEE, LN RAEREMBEAE
BRSSP K A X RAR.

(1) FERT WG B A 6 AR A B BB I 2R GRREL A K 20 A2=10 nm) fE Dy — 41
BEM (KEPELHE 10 AL, AR OB K GERERI - F B RO ENBOLES
S0 B 3B L. 0 B T 38 O R X B AR 2 N I /)M 1) A B R A5 B B2 1 X /)M ) A A 2
{6 A8, 3T AT ISR & OB A8/ 8. 20 E B .0 B A X RLE Ad/ AR T AR
BFmEHE AR I NERERBBORETEEEHRLR.

%3

(2) PO B 2 B AR, A B AS/A I ARER, Bl (A8/A0) -2 XRAHMAK.

B WANSTIBGCL2BYIF,F. ©Q Sa8RETAF L, TREBF T
WAEE:Q FIrtBENEMSNEREMNELN QO En@N M S EEMEL AEWR
HRP . RRARFRTEM.

KBRS EME

S — . FUE NTC A0k B3 3t 6l 9% th 3 3t

L. (1) Se R0 R A BRI 240 30 28 e B BELE - 33 "C Y, R. =6. ¢ kQ.
LREEEEINE 43 FiR

K

Bl R, =5000 Q,e=1.5V,
(2) WERMT HPH/icERE 4.
LR &M, R,=5000 Q,e=2.25V,
* 4

T/C T-'/'C? Us/V U./v R./Q

35.8 0. 0279 1. 000 1,257 6285

36.6 0.0273 1. 020 1,237 6064

37.3 0. 0268 1. 041 1.214 5831
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&%
T/C T'/C™! U, /v U./v R./Q
38.4 0.0260 1.072 1,184 5522
39.1 0.0256 1. 087 1. 169 5377
40,2 0.0249 1.112 1,143 5139
40.9 0.0244 1.129 1.127 4991
42.0 0,0238 1. 142 1.114 4877
2.
%® 5
T-Y/C! R./0Q
0.0279 6285
0.0273 6064
0.0268 5831
0. 0260 5522
0. 0256 5377
0.0249 5139
0.0244 4591
0.0238 4877
MRS, ARG RERR:

R, =—3622 Q0+

T

3. (1) B BT HIR T A B AN B 44 TR

(2) A R,=—3622 Q+

BB R BT, V=

3.53X10°Q-C

3.53X10° Q - C

[

R.+R,+R;

T
R,

=T

_3.53X10°Q - C

WMAE: e R =3.53X10°mV *» Q;R,+R,=13622 (1.
YeBH PREEE 2.00 V, Il R, =176 Q,R, =3446 Q.

4, (D) AERER, BFRBE A S EREINE 6 frn, ML K 45 FrR.
LA BIERE 1,960V, R,=180.0 Q,R,=3442.0 Q.

R,.+3622 Q)
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£ 6
T/C | U/mV
35. 6 35.5
36.9 36.8
38. 1 37.9
39.6 39, 4
40.9 40. 6
2.0 11.5
42 4
41 1
40
39 A
>
E
5 38
37 |
36 /
35 . . . . —
35 36 37 38 39 40 4 42
Tr'C
w45

(2) MEBESKEREG . ERN. U=0.94mV - C' » T+1. 96 mV,
R YRR/ S KL A BB 1. 96 mV. B, 76 B A8 L U e FE A RT3 T L Ry B3
K 5%, B0k 190. 6 Q3 R, W/ 3431, 4 QCEAASE B 7E 5 B, i 38. 0 Cat, #4758
BB 45, 6 B R R R B 38. 0 mV).

R AAMABGEREN TR R

L (D) WANTREHEWNER T Bix.
®7 BMMERfA . HNR(ZBHEERS.

43

—— “ bR “AEEAR R 8 = (&3 /2
7. IR [ AR [0 =010, [ Gtigbb) [ A [n=di =62 | = " "

1 155°16' 104°19' | 50°57' 335717 284°20' 50°57' 50°57

2 155%" 104°10' [ 50°56' 335°7" 284°11' 50°56" 50°56"

3 154°57' 104°00' ( 50°57" 334°59’ 284°1" 50°58" 50°57. 5

4 155°5' 104°8" 50°57" 335°6" 284°8’ 50°58’ 50°57. 5

5 [ 155°15" 104°18' 50°57" ’ 335°16" 284°19" 50°57" 50°57'

/ l / / / ! / ! /
pwsE | - - - - - - 50°57"
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(2) WD B A RIFIRE N Ay =120, 00029 rad.
/MR A EREEENRERTEE
AG! =Abn

2X (50°57.5"—5057)%]
[5(5—1)]

=\/[2>< (5057’ —50'57")2 4+ (50'56"—50"57")2 +
~17"=0. 000082 rad.

AG=\/(AOg )t + (ABg )7 /3=0. 00019 rad.
AA =220, 00058 rad.

BB RN E R,
. 8,1+ 60700 . 50°'57" 4+ 6000’
511142— sm—_—z-_-——
" sin ———60»00’ B sin ———60‘ 00’
2 2
= 1,647 757 938.
WHE WA REERN:
— [(2eny an\
a‘”—\ma&n) 'M“r(aA) - BA%
K.
COS(a—m—ﬁ)
on _ 1. 2/ _ 0.566 765775
w2 . A 2X0.5
s51n —
2
= 0. 566 765 775.
g’i:lxcos( 2 )s:n(z) sm( ) )cos(z)zixsm( 2)
oA 2 sint (4 2 (B
s : ;

= (—0.4301172287) /(2 X 0. 25)

=—0, 860234457,
An=+/0. 566765775% X0, 00019% + (—0. 860234457)% X0, 00058* =0. 000512.
(3) n=1. 647757938, An=0. 000512,
Je BB AR 4T 5T R n=1. 64780, 0005.

2. (1 iEFMXRBIFEMZE 8 Pim.
£8 XBRKEBMIAMRTNE

e /nm FH?/107° nm™? MR/ C) Hr % n
405.0 6.0960 54.483 1.6819
410.0 5. 9488 54.308 1. 6803
420.0 5. 6689 53. 950 1.6769
430.0 5. 4083 53. 658 1. 6741
440.0 5.1653 53.375 1. 6714

450.0 4, 9383 53. 167 1. 6694
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- £ 3
< /nm B /107" nm? BAMRESE/ (O Pt -
460.0 4.7259 52. 883 1. 6666
470,0 4.5269 52, 667 1. 6646
480.0 4.3403 52, 442 1.6624
490.0 4.1643 52,258 1. 6606
500. 0 4, 0000 52,075 1,6588
510, 0 3, 8447 51,917 1.6573
520. 0 3. 6982 51.783 1. 6560
530.0 3. 5600 51. 650 1. 6547
540. 0 3.4294 51. 508 1.6533
550. 0 3. 3058 51. 400 1. 6522
560. 0 3.1888 51. 267 1.6509
570.0 3.0779 51,142 1, 6497
580. 0 2.9727 51. 033 1. 6486
590, 0 2.8727 50. 933 1. 6476
600, 0 2,7778 50. 858 1. 6469
610.0 2.6874 50, 767 1. 6459
620. 0 2. 6015 50. 675 1. 6450
630.0 2.5195 50. 592 1. 6442
640.0 2. 4414 50. 508 1.6434
650. 0 2. 3669 50. 433 1.6426
660, 0 2. 2957 50. 375 1. 6420
670.0 2.2277 50. 308 1. 6414
680.0 2.1626 50, 242 1.6407
690. 0 2.1004 50. 158 1.6399
700. 0 2. 0408 50. 100 1.6393

(2) WER S PHAMENR/Mrm ATHE NI ERE. 2WEEHXEMK A
46 FITR).

i

1.64 ....... _ ] -

L 1 i i i i i I i i

450 500 550 600 650 700

400

Bd6 XFWMZIFI HEBHBAKMXR S
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(3) %A AW (ERFEFHREFDBHERGTR R W EIEIIEE R, 2518 A 1/2°
I on B ARG 5 8 T3 A% A G 8 L S BB L 45 B A BT T AR BE A AL, 7 BV 08 B A1 8 AR AE
HWEC MC H, URBERHEERE 7.

C,=1.6181,C,=10322 nm® , L& HHH X B ¥y=0.9997.

3. (1) A Lk 8 PR, W RIBRIR 9 by BARRUE , 2R 45 Bl A R,

R PLEKEBMEOAEMRAHE

LK /nm /MR 1 2R a8/ () £ 8 % (AS/ ALY/ (rad/nm)
415.0 21.5 —6.254X107*
425.0 17,5 —5.091Xx107*
435, 0 17.0 —4, 945X 107*
445.0 15.5 —4,509X107"
455, 0 14.0 —4.072X107*
465.0 13.0 —3.782X107"
475, 0 13.5 —3.927X107*
485.0 11.0 —3.200X107*
495.0 11.0 —3.199Xx107*
505.0 9.5 —2.763X107*
515.0 8.0 —2.327X10°*
525.0 8.0 —2.327X107*
535.0 8.5 —2.473X107*
545.0 6.5 —1.891x 107
555. 0 8.0 —2.327X 107
565. 0 7.5 —2,182X107*
575.0 6.5 —1.891X 107"
585.0 6.0 —1.745%X107*
595.0 4,5 —1.309%10°*
605. 0 5.5 —1.600X10"*
615.0 5.5 —1.600X107*
625.0 5.0 —1.454X107*
635.0 5.0 —1.454 X107
645, 0 4.5 —1.309Xx107*
655.0 3.5 —1.018Xx107*
665.0 4.0 —1.164% 107
675.0 4.0 —1,164Xx10°*
685.0 5.0 —1.454 X107
695. 0 3.5 —1.018%10*
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(2) MR 9 P AIAHR B, 7T AL 6 0 B 47 BN B SURADOR 69 R K R il
£ A

P -

250 500 550 600
#HH/nm

B47 XE¥FHABMNARERLRHGLER




B 1~25 BLETFEYBERNEAHRLILE A1

FAl B1-25FELEAFEENERRNBEIMA

() DA 3 A o 25 9 B R 5 0y
V5 B Lk G 55 2526 A 1 00

) m o B OB
s i) ] E2-FN i S 1 A SRAM
1 1984 411 H 18 © 43 079 19854 2 26 HE3 A 2 H dbx 76
2 198541 A 26 H 52 925 1986 4F4 H1 HESH it 104
3 1986 411 H 16 A 58 766 198742 A 22 HE 25 H Ft 105
4 |19874E10H 25 H 57 523 1988461 H6 HE10H 2 101
5 1988 4£ 10 A 23 H 55 855 198941 A6 HE 10 H M 106
6 1989 410 A 8 H 53 096 1989412 H10 HZE 14 A ¥ 127
7 | 1990410 H 21 H 54 393 19904 12 A 23 HZE 27 H BN 105
8 |19914:6H30H | 73806 |19914E9 H8HEI13H BT 104
9 | 199249 H 6 H 60 617 1992410 H12 HE 15 H =y 101
10 |199349H5H 46 843 19934E 10 H8 HE 11 H ¥ 105
11 199449 H 4 H 65 146 19944 10 H9HE 12 H (g 109
12 (199549 K 3 H 55 867 19954 10 A8 HE 11 H po 112
13 1996 429 A 8 H 86 173 1996 4E 10 H 19 HE 22 H LM 114
|12 | 19974 9A8H 90 067 | 1997410 § 18 HE 22 H HE 118
15 199849 A 6 H 134 599 19984 10 H21 HE 25 H KEE 121
16 19994 9 A 5 H 169 282 1999410 A 16 HE 21 A B 126
17 200049 A 3 H 225 683 20004E 10 H21 HE 25 B R 143
18 (2001469 H9H 267 363 20014E 10 H20HE 24 H g 145
19 | 20024E 9 H 8 H 322 043 2002410 H19 HZE 23 H M 146
20 |20034E9HTH 359 835 20034E 10 H 18 HE 22 H s 170
21 (200449 H 5 H 328 134 2004 4E 10 H 16 HE 20 H K 173
22 | 200549 H4H 363 139 20054£10 H I5SHE 19 H whH 167
23 20064E9 H 2 H 426 673 2006411 H4 HE 9 H &l 173
24 (2007469 H 2 H 411 350 2007411 H3HZESH T 177
25 |20084£9H7TH 452 967 20084 10 H 18 HZE 23 H ik 210
26 | 200949 H 6 H 437 840 20094610 H 31 HE11 A5 H i 280
Rit 4 753 064 3518
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19864 7 H. REH KRSy EXELEETHWE 17 i EH IR 3 2RI 53 %
(International Physics Olympiad, IPhO). ZEIEM G EEIFYERARKE R E . REFHFE
IS BEESE.ZEAHHEN 103 A.TESHENLAFHNE A-2.

A2 RESNE 17~ FERYERACERENGELMNA

£ 26

BY| B A oA EREEHS PP PP Py ST Dy
17 | 1986 4F | X EHRH HRVDE R 1 1 1 3
18 | 1987 4F | MEEK Bt BRARRE BB R R B RMT 2] 3 5
19 | 1988 4F | BUMFIHMIZR | BRAEW RSB .BRE . TZK Bhg 1| 2| 1 1 5
20 | 1989 4 | P24 YW MHE.EEB BRE . BT HREER 4 1 T 5
21 |19904F | KPP TR | RUH AN GE REKBED 2| 1] 2 J 5
22 11991 4¢ | & B RLAR EFRALCTFH.ERE.EE. AR 5 5
23 [19924F | FFLM/REE | KE. =B OKFEKREFIER 5 5
24 | 1993 4F | R E R HTE MR ML S AR 2| 2 1 5
25 | 1994 4¢ | FEILHE AR ToNE RSN 41 1 5
26 | 1995 4F | BORH W HERE | BIEH B GO AR VRE GBS 5 5
27 | 1996 4F | KB BT Bl XU K3 GO R TFEBRICRVRIE | 5 5
28 1997 4F | MEKFHAE | BFH . ERE GEF . EH TR 3| 2 5
29 | 1998 4F | kM BRMART | WPEHE . EFH N8GO BRE FH 5 5
30 1999 % | BAMMER | HR.EH B¥k 0. KEE 2| 3 5
31 | 2000 4 | % EHIENF B2 BREETT R k. & 5 | 5
32 2001 4 | +HHEHAT | MK R N E HE Rk 411 5
33 | 2002 4F | EREE R VG W | B i B BRI R R 4|1 5
34 |20034F | FEEGHS -

35 | 2004 4 | FHEWW FH . BT (EFES R T 5 5
36 | 2005 4F | BHEF PR 8- | MU . RILE. . Z0R0 . FE HAK 5 5
37 | 2006 4F | HFin B . ERR. RS KA RRE 5 5
38 | 2007 4F | PRAPNRIET | BEH OINP RS TEM . EETE | 4 1 5
39 | 2008 48 | AT EREE RS IR R R 5 5
40 | 2009 4F | BEEHEE | HEE ME TH BER.EEF 5 5
it 81 [21] 9 2 113
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THEORETICAL PROBLEMS

1. Evolution of the Earth-Moon System

Scientists can determine the distance Earth-
Moon with great precision, They achieve this by
bouncing a laser beam on special mirrors deposited
on the Moon’s surface by astronauts in 1969, and
measuring the round travel time of the light (see
Figure 1).

With these observations, they have directly
measured that the Moon is slowly receding from the
Earth, That is, the Earth-Moon distance is
increasing with time. This is happening because due
to tidal torques the Earth is transferring angular

momentum to the Moon, see Figure 2, In this

problem you will derive the basic parameters of the
Figare 1 A laser beam sent from an observatory

kmed'tommmatelytbedmmwehemn
the Earth and the Moon,

phenomenon.

> T\dj\_ Y -
A~ utge o

Moon

Figure 2 The Moon's gravity produces tidal deformations or “bulges” in the Earth. Because of the Earth’s
rotation, the line that goes through the bulges is not aligned with the line between the Earth and the Moon. This
misalignment produces a torque that transfers angular momentum from the Earth’s rotation to the Moon's translation,
The drawing is not to scale.

O BOEERRALEYHEERET 200047 L~ HEBATEEREF. KEESER S LT Y.
http; //ipho2009. smf, mx/home,
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1. Conservation of Angular Momentum,

Let L, be the present total angular momentum of the Earth-Moon system. Now, make the
following assumptions; i) L, is the sum of the rotation of the Earth around its axis and the translation
of the Moon in its orbit around the Earth only. i) The Moon’s orbit is circular and the Moon can be
taken as a point, iii) The Earth’s axis of rotation and the Moon’s axis of revolution are parallel. iv)
To simplify the calculations, we take the motion to be around the center of the Earth and not the
center of mass, Throughout the problem, all moments of inertia, torques and angular momenta are
defined around the axis of the Earth, v) Ignore the influence of the Sun.

la Write down the equation for the present total angular momentum of the Earth-Moon
system. Set this equation in terms of Iz, the moment of inertia of the Earth; wg , the present
angular frequency of the Earth’s rotation; Iy, » the present moment of inertia of the Moon with
respect to the Earth’s axis; and ww, » the present angular frequency of the Moon’s orbit,

This process of transfer of angular momentum will end when the period of rotation of
the Earth and the period of revolution of the Moon around the Earth have the same duration.
At this point the tidal bulges produced by the Moon on the Earth will be aligned with the line
between the Moon and the Earth and the torque will disappear.

1b  Write down the equation for the final total angular momentum L, of the Earth-
Moon system. Make the same assumptions as in Question 1a. Set this equation in terms of
Iz, the moment of inertia of the Earth; w,, the final angular frequency of the Earth’s
rotation and Moon’s translation; and Iz, the final moment of inertia of the Moon.

lec  Neglecting the contribution of the Earth’ s rotation to the final total angular
momentum, write down the equation that expresses the angular momentum conservation for
this problem.

2. Final Separation and Final Angular Frequency of the Earth-Moon System,

Assume that the gravitational equation for a circular orbit (of the Moon around the
Earth) is always valid. Neglect the contribution of the Earth’s rotation to the final total
angular momentum,

2a Write down the gravitational equation for the circular orbit of the Moon around the
Earth, at the final state, in terms of Mg, w;. G and the final separation D; between the
Earth and the Moon, Mg is the mass of the Earth and G is the gravitational constant.

2b  Write down the equation for the final separation D, between the Earth and the
Moon in terms of the known parameters, L), the total angular momentum of the system, Mg
and My, the masses of the Earth and Moon, respectively, and G.

2¢ Write down the equation for the final angular frequency w, of the Earth-Moon
system in terms of the known parameters L, , Mg, My and G.

Below you will be asked to find the numerical values of D, and w,. For this you need to
know the moment of inertia of the Earth.

2d Write down the equation for the moment of inertia of the Earth Iz assuming it is a

sphere with inner density p from the center to a radius r;, and with outer density p, from the
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radius r; to the surface at a radius r,(see Figure 3).

Figure 3 The Earth as a sphere with two densities, p and ..

Determine the numerical values requested in this problem always to two signi ficant digits.

2e Evaluate the moment of inertia of the Earth Ig, using pp=1.3X10* kg * m™, ;=
3.5X10° m, p,=4.0X 10 kg * m™®, and r,=6.4X10° m.

The masses of the Earth and Moon are Mg =6. 0 X 10* kg and My =7. 3 X 10* kg,
respectively. The present separation between the Earth and the Moon is D, =3. 8 X 10° m,
The present angular frequency of the Earth’s rotation is wpy =7.3X107° s, The present
angular frequency of the Moon’s translation around the Earth is wwm =2.7X107* s™', and
the gravitational constant is G=6.7X107" m® + kg™' + s7%, '

2f Evaluate the numerical value of the total angular momentum of the system, L.

2g Find the final separation D, in meters and in units of the present separation D;.

2h Find the final angular frequency w; in s~ , as well as the final duration of the day in
units of present days.

Verify that the assumption of neglecting the contribution of the Earth’s rotation to the
final total angular momentum is justified by finding the ratio of the final angular momentum
of the Earth to that of the Moon. This should be a small quantity,

2i Find the ratio of the final angular momentum of the Earth to that of the Moon.

3. How much is the Moon receding per year?

Now, you will find how much the Moon is receding from the Earth each year. For this,
you will need to know the equation for the torque acting at present on the Moon. Assume
that the tidal bulges can be approximated by two point masses, each of mass m, located on
the surface of the Earth, see Figure 4. Let # be the angle between the line that goes through
the bulges and the line that joins the centers of the Earth and the Moon.

- "Earth's
Rotation

Figure 4 Schematic diagram to estimate the torque produced on the
Moon by the bulges on the Earth, The drawing is not to scale,
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3a Find F., the magnitude of the force produced on the Moon by the closest point
mass,

3b Find F;, the magnitude of the force produced on the Moon by the farthest point
mass,

You may now evaluate the torques produced by the point masses,

3¢ Find the magnitude of z., the torque produced by the closest point mass,

3d Find the magnitude of z, the torque produced by the farthest point mass.

3e Find the magnitude of the total torque r produced by the two masses. Since r,<<D,
you should approximate your expression to lowest significant order in ,/D,. You may use
that (1+x)*~1+ax, if z<1.

3f Calculate the numerical value of the total torque r, taking into account that §=3°
and that m=3.6X 10" kg (note that this mass is of the order of 10~* times the mass of the
Earth),

Since the torque is the rate of change of angular momentum with time, find the increase
in the distance Earth-Moon at present.. per year. For this step, express the angular
momentum of the Moon in terms of My, Mg, D, and G only.

3g Find the increase in the distance Earth-Moon at present, per year,

Finally, estimate how much the length of the day is increasing each year.

3h Find the decrease of wg, per year and how much is the length of the day at present
increasing each year,

4. Where is the energy going?

In contrast to the angular momentum, that is conserved, the total (rotational plus
gravitational) energy of the system is not. We will look into this in this last section.

4a Write down an equation for the total (rotational plus gravitational) energy of the
Earth-Moon system at present, E. Put this equation in terms of Ix, wg » Mys Mg, D, and G
only.

4b Write down an equation for the change in E, AE, as a function of the changes in D,
and in wg . Evaluate the numerical value of AE for a year, using the values of changes in D,
and in wg, found in questions 3g and 3h.

Verify that this loss of energy is consistent with an estimate for the energy dissipated as
heat in the tides produced by the Moon on the Earth. Assume that the tides rise, on the
average by 0.5 m, a layer of water h=0. 5 m deep that covers the surface of the Earth (for
simplicity assume that all the surface of the Earth is covered with water). This happens
twice a day. Further assume that 10% of this gravitational energy is dissipated as heat due to
viscosity when the water descends. Take the density of water to be Pwaer =10 kg * m™*, and
the gravitational acceleration on the surface of the Earth to be g=9.8m-s"%,

4c  What is the mass of this surface layer of water?

4d Calculate how much energy is dissipated in a year? How does this compare with the

energy lost per year by the Earth-Moon system at present?
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2. Doppler Laser Cooling and Optical Molasses

The purpose of this problem is to develop a simple theory to understand the so-called
“laser cooling” and “optical molasses” phenomena. This refers to the cooling of a beam of
neutral atoms, typically alkaline, by counterpropagating laser beams with the same
frequency. This is part of the Physics Nobel Prize awarded to S. Chu, P. Phillips and C.
Cohen-Tannoudji in 1997.

The image above shows sodium atoms (the bright spot in the center) trapped at the
intersection of three orthogonal pairs of opposing laser beams. The trapping region is called
“optical molasses” because the dissipative optical force resembles the viscous drag on a body
moving through molasses.

In this problem you will analyze the basic phenomenon of the interaction between a

photon incident on an atom and the basis of the dissipative mechanism in one dimension.

Part | : Basics of Laser Cooling

Consider an atom of mass m moving in the +x direction with velocity ». For simplicity,
we shall consider the problem to be one-dimensional, namely, we shall ignore the y and =
directions (see Figure 1). The atom has two internal energy levels. The energy of the lowest
state is considered to be zero and the energy of the excited state to be kwy» where A=h/2x.
The atom is initially in the lowest state, A laser beam with frequency w, in the laboratory is
directed in the —x direction and it is incident on the atom. Quantum mechanically the laser is
composed of a large number of photons, each with energy #w;. and momentum — fq. A
photon can be absorbed by the atom and later spontaneously emitted; this emission can occur
with equal probabilities along the + x and — z directions. Since the atom moves at non-
relativistic speeds, v/c<X1 (with ¢ the speed of light), keep terms up to first order in this
guantity only. Consider also fg/mv<<1, namely, that the momentum of the atom is much
larger than the momentum of a single photon. In writing your answers, keep only

corrections linear in either of the above quantities.
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—— exeited state

Fiwy

—Y _ ground state
internal energy levels of the atom

v hay, —hg
m
® /\/\/\
atom of mass photon
+x direction

Figure 1 Sketch of an atom of mass m with velocity v in the + x direction, colliding with a photon
with energy hw:. and momentum — #q. The atom has two internal states with energy difference fws.

Assume that the laser frequency wy is tuned such that, as seen by the moving atom, it is
in resonance with the internal transition of the atom. Answer the following questions:

1. Absorption.

la Write down the resonance condition for the absorption of the photon.

1b  Write down the momentum p, of the atom after absorption, as seen in the
laboratory.

l¢ Write down the total energy e, of the atom after absorption, as seen in the
laboratory.

2. Spontaneous emission of a photon in the —x direction,

At some time after the absorption of the incident photon, the atom may emit a photon in
the —x direction.

2a Write down the energy of the emitted photon, ey, after the emission process in the
—x direction, as seen in the laboratory.

2b Write down the momentum of the emitted photon p,,, after the emission process in
the —x direction, as seen in the laboratory.

2¢  Write down the momentum of the atom p,., after the emission process in the —x
direction, as seen in the laboratory.

2d Write down the total energy of the atom g, , after the emission process in the —=x
direction, as seen in the laboratory.

3. Spontaneous emission of a photon in the +z direciinn.

At some time after the absorption of the incident photon, the atom may instead emit a
photon in the +z direction.

3a Write down the energy of the emitted photon, e, , after the emission process in the
+ x direction, as seen in the laboratory.

3b Write down the momentum of the emitted photon p,,, after the emission process in
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the +x direction, as seen in the laboratory.

3¢ Write down the momentum of the atom p,, , after the emission process in the +=x
direction, as seen in the laboratory.

3d Write down the total energy of the atom e, , after the emission process in the +ux
direction, as seen in the laboratory.

4, Average emission after the absorption.

The spontaneous emission of a photon in the —z or in the +x directions occurs with the
same probability. Taking this into account, answer the following questions.

4a Write down the average energy of an emitted photon, e, , after the emission
process.

4b Write down the average momentum of an emitted photon p,,, after the emission
process,

4c  Write down the average total energy of the atom e,,, after the emission process.

4d Write down the average momentum of the atom p,,, after the emission process.

5. Energy and momentum transfer,

Assuming a complete one-photon absorption-emission process only, as described above,
there is a net average momentum and energy transfer between the laser radiation and the
atom.

5a Write down the average energy change Ae of the atom after a complete one-photon
absorption-emission process.

5b Write down the average momentum change Ap of the atom after a complete one-
photon absorption-emission process.

6. Energy and momentum transfer by a laser beam along the +x direction.

Consider now that a laser beam of frequency w' is incident on the atom along the + z
direction, while the atom moves also in the + z direction with velocity v. Assuming a
resonance condition between the internal transition of the atom and the laser beam, as seen
by the atom, answer the following questions:

6a Write down the average energy change Ae of the atom after a complete one-photon
absorption-emission process.

6b Write down the average momentum change Ap of the atom after a complete one-

photon absorption-emission process.

Part [[ : Dissipation and the Fundamentals of Optical Molasses

Nature, however, imposes an inherent uncertainty in quantum processes. Thus, the
fact that the atom can spontaneously emit a photon in a finite time after absorption, gives as
a result that the resonance condition does not have to be obeyed exactly as in the discussion
above, That is, the frequency of the laser beams w; and ', may have any value and the
absorption-emission process can still occur. These will happen with different (quantum)

probabilities and, as one should expect, the maximum probability is found at the exact
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resonance condition. On the average, the time elapsed between a single process of absorption
and emission is called the lifetime of the excited energy level of the atom and it is denoted by
rt.

Consider a collection of N atoms at rest in the laboratory frame of reference, and a laser
beam of frequency w; incident on them. The atoms absorb and emit continuously such that
there is, on average, N,. atoms in the excited state (and therefore, N— N, atoms in the
ground state). A quantum mechanical calculation yields the following result:

o}
(wo - (UL)Z +

Nee = N T ,
T2k
where w, is the resonance frequency of the atomic transition and 2z is the so-called Rabi
frequency; (2% is proportional to the intensity of the laser beam. As mentioned above, you
can see that this number is different from zero even if the resonance frequency w, is different
from the frequency of the laser beam w;,. An alternative way of expressing the previous result
is that the number of absorption-emission processes per unit of time is N, I".

Consider the physical situation depicted in Figure 2, in which two counter propagating
laser beams with the same but arbitrary frequency w, are incident on a gas of N atoms that

move in the +x direction with velocity v.

@
0%%e
> "0 @ v — <O
LL X
laser beam @ laser beam @
gas of atoms

Figure 2 - Two counter propagating laser beams with the same but arbitrary frequency w.
are incident on a gas of N atoms that move in the +x direction with velocity v.

7. Force on the atomic beam by the lasers,

7a With the information found so far, find the force that the lasers exert on the atomic
beam. You should assume that mv>#q.

8. Low velocity limit.

Assume now that the velocity of the atoms is small enough, such that you can expand
the force up to first order in .

8a Find an expression for the force found in Question 7a, in this limit.

Using this result, you can find the conditions for speeding up, slowing down, or no
effect at all on the atoms by the laser radiation.

8b Write down the condition to obtain a positive force (speeding up the atoms).

8¢ Write down the condition to obtain a zero force

8d Write down the condition to obtain a negative force (slowing down the atoms).

8¢ Consider now that the atoms are moving with a velocity —w» (in the —zx direction).

Write down the condition to obtain a slowing down force on the atoms.
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9. Optical molasses.

In the case of a negative force, one obtains a frictional dissipative force. Assume that
initially, at t=0, the gas of atoms has velocity ;.

9a In the limit of low velocities, find the velocity of the atoms after the laser beams
have been on for a time r.

9b Assume now that the gas of atoms is in thermal equilibrium at a temperature T,.
Find the temperature T after the laser beams have been on for a time r.

This model does not allow you to go to arbitrarily low temperatures.
3. Why are Stars so Large?

The stars are spheres of hot gas. Most of them shine because they are fusing hydrogen
into helium in their central parts. In this problem we use concepts of both classical and
quantum mechanics, as well as of electrostatics and thermodynamics, to understand why
stars have to be big enough to achieve this fusion process and also derive what would be the

mass and radius of the smallest star that can fuse hydrogen.

USEFUL CONSTANTS

Gravitational constant

=G=6.7X107" m* « kg™' » &,
Boltzmann’s constant=k=1,4X10"# J« K™,
Planck’s constant=h=6, 6 X107* m’ » kg * 7',
Mass of the proton=m,=1.7X 1077 kg.
Mass of the electron=m,.=9.1X107* kg,
Unit of electric charge=g=1.6X107"* C,

Electric constant (vacuum permittivity) Figure 1 Our Sun, as most stars, shines
=g, =8.9X107* C*« N '+ m2, as a result of thermonuclear fusion of
Radius of the Sun=Rs=7. 0X10* m. hydrogen into helium in its central parts,

Mass of the Sun=Ms=2, 0 X 10" kg.

1. A classical estimate of the temperature at the center of the stars.

Assume that the gas that forms the star is pure ionized hydrogen (electrons and protons
in equal amounts), and that it behaves like an ideal gas. From the classical point of view, to
fuse two protons, they need to get as close as 107'° m for the short range strong nuclear
force, which is attractive, to become dominant. However, to bring them together they have
to overcome first the repulsive action of Coulomb’s force. Assume classically that the two
protons (taken to be point sources) are moving in an antiparallel way, each with velocity
Ums+ the root-mean-square (rms) velocity of the protons, in a onedimensional frontal

collision.
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1a What has to be the temperature of the gas, T., so that the distance of closest

* m? Give this and all numerical values in this

approach of the protons, d., equals 107!
problem up to two significant figures.

2. Finding that the previous temperature estimate is wrong.

To check if the previous temperature estimate is reasonable, one needs an independent
way of estimating the central temperature of a star. The structure of the stars is very
complicated, but we can gain significant understanding making some assumptions, Stars are
in equilibrium, that is, they do not expand or contract because the inward force of gravity is
balanced by the outward force of pressure (see Figure 2). For a slab of gas the equation of
hydrostatic equilibrium at a given distance r from the center of the star, is given by

AP __ GMyp,

Ar r

where P is the pressure of the gas, G the

gravitational constant, M, the mass of the star
within a sphere of radius r, and p, is the density
of the gas in the slab.

An order of magnitude estimate of the
central temperature of the star can be obtained
with values of the parameters at the center and

at the surface of the star, making the following

approximations:
AP = P,— P,,
where P, and P, are the pressures at the center Figure 2 The stars are in hydrostatic equilibrium,

and surface of the star, respectively. with the pressure difference balancing gravity.

Since P.>»P,, we can assume that

AP =~ P..
Within the same approximation, we can write
Ar=R,

where R is the total radius of the star, and
M, =~ M = M,

with M the total mass of the star.

The density may be approximated by its value at the center,

Pr =2 Oc.

You can assume that the pressure is that of an ideal gas.

2a Find an equation for the temperature at the center of the star, T., in terms of the
radius and mass of the star and of physical constants only.

We can use now the following prediction of this model as a criterion for its validity:

2b Using the equation found in 2a write down the ratio M/R expected for a star in

terms of physical constants and T, only.
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2¢  Use the value of T, derived in section 1a and find the numerical value of the ratio
M/R expected for a star.

2d Now, calculate the ratio M(Sun)/R (Sun), and verify that this value is much
smaller than the one found in 2c.

3. A guantum mechanical estimate of the temperature at the center of the stars.

The large discrepancy found in 2d suggests that the classical estimate for T. obtained in
la is not correct. The solution to this discrepancy is found when we consider quantum
mechanical effects, that tell us that the protons behave as waves and that a single proton is
smeared on a size of the order of A,, the de Broglie wavelength. This implies that if d., the
distance of closest approach of the protons is of the order of A,, the protons in a quantum

mechanical sense overlap and can fuse,
. Ap . o . .
3a Assuming that d. = 2,—’}32 is the condition that allows fusion, for a proton with

velocity ¥Um.» find an equation for T, in terms of physical constants only.

3b Evaluate numerically the value of T, obtained in 3a.

3¢ Use the value of T. derived in 3b to find the numerical value of the ratio M/R
expected for a star, using the formula derived in 2b. Verify that this value is quite similar to
the ratio M(Sun) /R(Sun) observed.

Indeed, stars in the so-called main sequence (fusing hydrogen) approximately do follow
this ratio for a large range of masses.

4. The mass/radius ratio of the stars,

The previous agreement suggests that the quantum. mechanical approach for estimating
the temperature at the center of the Sun is correct,

4a Use the previous results to demonstrate that for any star fusing hydrogen, the ratio
of mass M to radius R is the same and depends only on physical constants. Find the equation
for the ratio M/R for stars fusing hydrogen.

5. The mass and radius of the smallest star,

The result found in 4a suggests that there could be stars of any mass as long as such a
relationship is fulfilled; however, this is not true,

The gas inside normal stars fusing hydrogen is known to behave approximately as an
ideal gas. This means that d., the typical separation between electrons is on the average
larger that A., their typical de Broglie wavelength. If closer, the electrons would be in a so-
called degenerate state and the stars would behave differently. Note the distinction in the
ways we treat protons and electrons inside the star, For protons, their de Broglie waves
should overlap closely as they collide in order to fuse, whereas for electrons their de Broglie
waves should not overlap in order to remain as an ideal gas.

The density in the stars increases with decreasing radius, Nevertheless, for this order-

of-magnitude estimate assume they are of uniform density. You may further use that m,
>m,.
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5a Find an equation for n,, the average electron number density inside the star.

5b Find an equation for d., the typical separation between electrons inside the star.
Ae . . . .
Sc¢ Use the d,},w condition to write down an equation for the radius of the smallest

normal star possible. Take the temperature at the center of the star as typical for all the
stellar interior.

5d Find the numerical value of the radius of the smallest normal star possible, both in
meters and in units of solar radius.

Se Find the numerical value of the mass of the smallest normal star possible, both in
kg and in units of solar masses.

6. Fusing helium nuclei in older stars,

As stars get older they will have fused most of the hydrogen in their cores into helium
(He), so they are forced to start fusing helium into heavier elements in order to continue

shining. A helium nucleus has two protons and two neutrons, so it has twice the charge and
. . As - .
approximately four times the mass of a proton. We saw before that dc};z,—?z is the condition

for the protons to fuse.
6a Set the equivalent condition for helium nuclei and {ind v.(He), the rms velocity of

the helium nuclei and T (He), the temperature needed for helium fusion.

EXPERIMENTAL PROBLEMS

The experimental part of this Olympiad consists of two problems. In Problem 1 the aim
is to measure the wavelength of a diode laser, and in Problem 2 the goal is to measure the

birefringence of a material called mica.
Diode Laser Equipment and Movable Mirror

In both experimental setups you should need a diode laser, with its holder and power
supply, and a mirror on a mechanical movable mount,

Before you decide on which problem to work first, we suggest that you mount the laser
and the mirror, as indicated in Figure 0. Use the following material;

1) Wooden optical table.

2) Diode laser equipment. Includes the diode laser, support post, “S” clamp and power
supply box (LABEL A). See photograph for mounting instructions. DO NOT LOOK
DIRECTLY INTO THE LASER BEAM.

3) A mirror on a movable mount with two adjusting knobs and support post (LABEL
B). See photograph for mounting instructions, CAUTION: mount the support post to the
optical table without touching the mirror. Take off the paper cover after you have mounted the

mirror,
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Mount the above devices as indicated in Figure 0. The alignment of the laser beam will
be done later on, NOTE: Although we have provided you with optional Allen wrenches,
everything can be left fingertight.

Laser beam

N
oL

Figure 0 Mounting the laser and the mirror,
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Diode laser, support post, “S” clamp and power supply box { LABEL A).

Mirror on a movable mount with two adjusting
knobs and support post (LABEL B),

1. Determination of the Wavelength of a Diode Laser

Material

In addition to items 1), 2) and 3), you should use:;

4) A lens mounted on a square post (LABEL C).

5) A razor blade in a slide holder to be placed in acrylic support (LABEL D1), and
mounted on sliding rail (LABEL D2). Use the screwdriver to tighten the support if
necessary. See photograph for mounting instructions.
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6) An observation screen with a caliper scale (1/20 mm) (LABEL E).

7) A magnifying glass (LABEL F).

8) 30 cm ruler (LABEL G).

9) Caliper (LABEL H).

10) Measuring tape (LABEL I).

11) Calculator,

12) White index cards, masking tape, stickers, scissors, triangle squares set.

13) Pencils, paper, graph paper.

Razor blade in a slide holder to be placed in acrylic support (LABEL D1) and
mounted on sliding rail (LABEL D2).

Experiment Description

You are asked to determine a diode laser wavelength, The particular feature of this
measurement is that no exact micrometer scales (such as prefabricated diffraction gratings)
are used. The smallest lengths measured are in the millimetric range. The wavelength is
determined using light diffraction on a sharp edge of a razor blade,

Once the laser beam (A) is reflected on the mirror (B), it must be made to pass through
a lens (C), which has a focal length of a few centimeters. It can now be assumed that the
focus is a light point source from which a spherical wave is emitted. After the lens, and
along its path, the laser beam hits a sharp razor blade edge as an obstacle. This can be
considered to be a light source from which a cylindrical wave is emitted. These two waves
interfere with each other, in the forward direction, creating a diffractive pattern that can be
observed on a screen. See Figure 1. 1 with a photograph of a typical pattern.

There are two important cases, see Figures 1. 2 and 1. 3.
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Figure 1,1 Typical interference fringe pattern.
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Figure 1.2 Case I. The razor blade is before the focus of the lens. Figure is not
at scale. B in this diagram is the edge of the blade and F is the focal point.

razor blade

LI

, - F ILL(H)
==

focus \
razor blade

Figure 1.3 Case I[. The razor blade is after the focus of the lens. Figure is not
at scale. B in this diagram is the edge of the blade and F is the focal point.

Experimental Setup

Task 1.1  Experimental setup. Design an experimental setup to obtain the above
described interference patterns. The distance L, from the focus to the screen should be much
larger than the focal length.

® Make a sketch of your experimental setup in the drawing of the optical table
provided. Do this by writing the LABELS of the different devices on the drawing of the
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optical table. You can make additional simple drawings to help clarify your design.

® You may align the laser beam by using one of the white index cards to follow the
path.

® Make a sketch of the laser beam path on the drawing of the optical table and write
down the height A of the beam as measured from the optical table,

WARNING ; Ignore the larger circular pattern that may appear. This is an effect due to the
laser diode itself,

Spend some time familiarizing yourself with the setup. You should be able to see of the
order of 10 or more vertical linear fringes on the screen, The readings are made using the
positions of the dark fringes. You may use the magnifying glass to see more clearly the
position of the fringes. The best way to observe the fringes is to look at the back side of the
illuminated screen (E). Thus, the scale of the screen should face out of the optical table. If
the alignment of the optical devices is correct, you should see both patterns (of Cases [ and

1) by simply sliding the blade (D1) through the rail (D2).
Theoretical Considerations

Refer to Figure 1.2 and 1. 3 above. There are five basic lengths:

L, : distance from the focus to the screen.

Ly : distance from the razor blade to the screen, Case |.

L, : distance from the razor blade to the screen, Case II.

Ly (n) : position of the n-th dark fringe for Case [ .

L, (n): position of the n-th dark fringe for Case [I.

The first dark fringe, for both Cases I and I, is the widest one and corresponds to n=0.

Your experimental setup must be such that Le(n)<<Ly,s Ly for Case I and L (n)<<L,,
L, for Case [I.

The phenomenon of wave interference is due to the difference in optical paths of a wave
starting at the same point. Depending on their phase difference, the waves may cancel each
other (destructive interference) giving rise to dark fringes; or the waves may add
(constructive interference) yielding bright fringes.

A detailed analysis of the interference of these waves gives rise to the following

condition to obtain a dark fringe, for Case | :
Act) = (ntg)a with n=0,1,2, -, (.1
and for Case [I :
7 .
Ap(n) = (n+§)a with n=0, 1, 2, *-. (1.2)

where A is the wavelength of the laser beam, and A; and A} are the optical path differences

for each case.
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The difference in optical paths for Case [ is

A, (n) = (BF +FP)—BP foreach n=0,1, 2, =, (1.3)
while for Case 1[I is,
Ay(n) = (FB+BP)—FP foreach n=0,1, 2, . (1. 4)

Task 1.2 Expressions for optical paths differences. Assuming Lg (n)<<L,, L, for Case ] and
Li(n)<<L,, L, for Case Il in equations (1. 3) and (1. 4) (make sure your setup satisfies
these conditions), find approximated expressions for A; (n) and Ay (n) in terms of Lo, Ly,
L.. Lx(n) and L, (n). You may find useful the approximation (1+z)"=1+rz if z<K1.

The experimental difficulty with the above equations is that Ly, Lg (n) and L, (n)
cannot be accurately measured. The first one because it is not easy to find the position of the
focus of the lens, and the two last ones because the origin from which they are defined may
be very hard to find due to misalignments of your optical devices.

To solve the difficulties with Lx(n) and L (n), first choose the zero (0) of the scale of
the screen (LABEL E) as the origin for all your measurements of the fringes. Let I, and
be the (unknown) positions from which Lg(n) and L, (n) are defined. Let [y(n) and [, (n)
be the positions of the fringes as measured from the origin (0) you chose, Therefore

Lg(ﬂ) = JR(?‘I) - lon and L]_(ﬂ) = !!L(_H) - IQL (1. 5)
Performing the Experiment. Data Analysis

Task 1.3 Measuring the dark fringe positions and locations of the blade.

e For both Case | and Case [[ , measure the positions of the dark fringes Iz (n) and
[.(n) as a function of the number fringe n. Write down your measurements in Table I ; you
should report no less than 8 measurements for each case,

® Report also the positions of the blade L, and L,, and indicate with its LABEL the
intrument you used,

o IMPORTANT SUGGESTION: For purposes of both simplification of analysis and
better accuracy, measure directly the distance d=L,—L, with a better accuracy than that of
L, and L,; that is, do not calculate it from the measurements of L, and L,. Indicate with its
LLABEL the instrument you used.

Make sure that you include the uncertainty of your measurements.

Task 1.4 Data analysis, With all the previous information you should be able to find
out the values of l;x and .+ and, of course, of the wavelength A.

® Devise a procedure to obtain those values. Write down the expressions and/or
equations needed.

® Include the analysis of the errors. You may use Table ] or you can use another one
to report your findings; make sure that you label clearly the contents of the columns of your

tables.
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® Plot the variables analyzed. Use the graph paper provided.

® Write down the values for I,z and I, » with uncertainties.

Task 1.5 Calculating . Write down the calculated value for A. Include its uncertainty
and the analysis to obtain it. SUGGESTION: In your formula for A, wherever you find (L, —

L,) replace it by 4 and use its measured value,
2. Birefringence of Mica

In this experiment you will measure the birefringence of mica (a crystal widely used in

polarizing optical components).
Material

In addition to items 1), 2) and 3), you should use,

14) Two polarizing films mounted in slide holders, each with an additional acrylic
support (LABEL J). See photograph for mounting instructions.

15) A thin mica plate mounted in a plastic cylinder with a scale with no numbers; acrylic
support for the cylinder (LABEL K). See photograph for mounting instructions.

16) Photodetector equipment. A photodetector in a plastic box, connectors and foam
support. A multimeter to measure the voltage of the photodetector (LABEL L). See
photograph for mounting and connecting instructions,

17) Calculator,

18) White index cards, masking tape, stickers, scissors, triangle squares set.

19) Pencils, paper, graph paper.

Polarizer mounted in slide holder with acrylic Thin mica plate mounted in cylinder with a
support (LABEL J). scale with no numbers, and acrylic support
(LABEL K).
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A photodetector in a plastic box, connectors and foam support, A multimeter to measure
the voltage of the photodetector (LABEL L). Set the connections as indicated,

Description of the Phenomenon

Light is a transverse electromagnetic wave, with its electric field lying on a plane
perpendicular to the propagation direction and oscillating in time as the light wave travels.

If the direction of the electric field remains in time oscillating along a single line, the
wave is said to be linearly polarized, or simply, polarized. See Figure 2. 1,

..l

Figure 2,1 A wave travelling in the y-direction and polarized in the z-direction,

X

A polarizing film (or simply, a polarizer) is a material with a privileged axis parallel to
its surface, such that, transmitted light emerges polarized along the axis of the polarizer.
Call (+) the privileged axis and (—) the perpendicular one.

unpolarized light

Figure 2, 2 Unpolarized light normally incident on a polarizer,
Transmitted light is polarized in the (+) direction of the polarizer,
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Common transparent materials (such as window glass), Axisl
transmit light with the same polarization as the incident one,
because its index of refraction does not depend on the direction

and/or polarization of the incident wave. Many crystals,

including mica, however, are sensitive to the direction of the

electric field of the wave. For propagation perpendicular to its o2
surface, the mica sheet has two characteristic orthogonal axes,

which we will call Axis 1 and Axis 2. This leads to the

phenomenon called birefringence. Figure 2. 3 Thin slab of mica

Let us analyze two simple cases to exemplify the birefringence. with its two axes, Axis 1 (red)
Assume that a wave polarized in the vertical direction is and Axis 2 {green).
normally incident on one of the surfaces of the thin slab of mica.

Case 1) Axis 1 or Axis 2 is parallel to the polarization of the incident wave. The trasmitted
wave passes without changing its polarization state, but the propagation is characterized as if

the material had either an index of refraction n, or n,. See Figs. 2.4 and 2.5.

Axis 1

AN
R'AY

Figure 2.4 Axis 1 is parallel to polarization of incident wave, Index of refraction is n, .

Figure 2,5 Axis 2 is parallel to polarization of incident wave. Index of refraction is n,.
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Case 2) Axis 1 makes an angle § with the direction of polarization of the incident wave.
The transmitted light has a more complicated polarization state. This wave, however, can be
seen as the superposition of two waves with different phases, one that has polarization
parallel to the polarization of the incident wave (i. e. “vertical”) and another that has

polarization perpendicular to the polarization of the incident wave (i. e. “horizontal”).

angle #

Figure 2.6 Axis 1 makes an angle § with polarization of incident wave

Call Iy the intensity of the wave transmitted parallel to the polarization of the incident
wave, and Io the intensity of the wave transmitted perpendicular to polarization of the
incident wave. These intensities depend on the angle #, on the wavelength A of the light
source, on the thickness L of the thin plate, and on the absclute value of the difference of the
refractive indices, |7, —n;|. This last quantity is called the birefringence of the material.
The measurement of this quantity is the goal of this problem. Together with polarizers,
birefringent materials are useful for the control of light polarization states.

We point out here that the photodetector measures the intensity of the light incident on
it, independent of its polarization.

The dependence of Iz (§) and I5(8) on the angle ¢ is complicated due to other effects not
considered, such as the absorption of the incident radiation by the mica. One can obtain,
however, approximated but very simple expressions for the normalized intensities Tp(8) and

T5(8) 5 defined as

7 _ I:(8)
O = 1%+, o
and
= - Io (&)
@ =1®+ L@ 8242
It can be shown that the normalized intensities are (approximately) given by
T:(6) = 1— (1 — cosa)sin’ (20) 2.3)

and

To(O) = %(1 — cosA®)sin? (20) 5 (2. 4)
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where A¢ is the difference of phases of the parallel and perpendicular transmitted waves.
This quantity is given by

ﬁ¢=2j{_L ﬂl_ﬂz|s (2.5)

where L is the thickness of the thin plate of mica, A the wavelength of the incident radiation

and |n; —n; | the birefringence.

Experimental Setup

Task 2.1 Experimental setup for measuring intensities. Design an experimental setup for
measuring the intensities Iy and I, of the transmitted wave, as a function of the angle @ of
any of the optical axes, as shown in Figure 2. 6. Do this by writing the LABELS of the
dif ferent devices on the drawing of the optical table. Use the convention (+) and (—) for
the direction of the polarizers, You can make additional simple drawings to help clarify your
design.

Task 2.1 a) Setup for Ip.

Task 2.1 b) Setup for Io.

Laser beam alignment. Align the laser beam in such a way that it is parallel to the table
and is incident on the center of the cylinder holding the mica. You may align by using one the
white index cards to follow the path., Small adjustments can be made with the movable
mirror,

Photodetector and the multimeter. The photodetector produces a voltage as light
impinges on it. Measure this voltage with the multimeter proﬁided. The voltage produced is
linearly proportional to the intensity of the light. Thus, report the intensities as the voltage
produced by the photodetector. Without any laser beam incident on the photodetector, you
can measure the background light intensity of the detector, This should be less than 1 mV,
Do not correct for this background when you perform the intensity measurements,

WARNING: The laser beam is partially polarized but it is not known in which direction.
Thus, to obtain polarized light with good intensity readings, place a polarizer with either its
(+) or (—) axes vertically in such a way that you obtain the maximum transmitted intensity

in the absence of any other optical device,
Measuring Intensities

Task 2. 2 The scale for angle settings. The cylinder holding the mica has a regular
graduation for settings of the angles. Write down the value in degrees of the smallest interval
(i. e. between two black consecutive lines),

Finding (approximately) the zero of § and/or the location of the mica axes, To facilitate
the analysis, it is very important that you find the appropriate zero of the angles. We suggest
that, first, you identify the location of one of the mica axes, and call it Axis 1. It is almost
sure that this position will not coincide with a graduation line on the cylinder. Thus,

consider the nearest graduation line in the mica cylinder as the provisional origin for the
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angles. Call g the angles measured from such an origin. Below you will be asked to provide a
more accurate location of the zero of 6.

Task 2.3 Measuring I; and I,. Measure the intensities Iy and Ip for as many angles 7]
as you consider necessary. Report your measurements in Table . Try to make the
measurements for Ip and I, for the same setting of the cylinder with the mica, that is, for a
fixed angle 4.

Task 2.4 Finding an appropriate zero for §. The location of Axis 1 defines the zero of
the angle §. As mentioned above, it is mostly sure that the location of Axis 1 does not
coincide with a graduation line on the mica cylinder. To find the zero of the angles, you may
proceed either graphically or numerically. Recognize that the relationship near a maximum or
a minimum may be approximated by a parabola where:

1(0) = ab* + b0 +c,
and the minimum or maximum of the parabola is given by
= b
Bm = %

Either of the above choices gives rise to a shift 36 of all your values of § given in Table
1 of Task 2. 3, such that they can now be written as angles 4 from the appropriate zero, =
8+86. Write down the value of the shift 58 in degrees.

Data Analysis

Task 2.5 Choosing the appropriate variables, Choose I;(8) or Io(f) to make an analysis
to find the difference of phases A¢. Identify the variables that you will use,

Task 2.6 Data analysis and the phase difference,

® Use Table [[ to write down the values of the variables needed for their analysis.
Make sure that you use the corrected values for the angles f. Include uncertainties. Use
graph paper to plot your variables.

® Perform an analysis of the data needed to obtain the phase difference A¢. Report your
results including uncertainties. Write down any equations or formulas used in the analysis,
Plot your results.

® Calculate the value of the phase difference A¢ in radians, including its uncertainty.
Find the value of the phase difference in the interval [0, =].

Task 2.7 Calculating the birefringence |7, —n;|. You may note that if you add 2Nx to
the phase difference A¢, with N any integer, or if you change the sign of the phase, the
values of the intensities are unchanged. However, the value of the birefringence |n, —n; |
would change. Thus, to use the value A¢ found in Task 2. 6 to correctly calculate the
birefringence, you must consider the following:

mﬁ:%‘% m—m | if L<82X107m,

2 — AP =

2‘:{'_L|ﬂ1_?32| if L>82X10"°m,



102 LRV FEHBEEEHK - 2010

where the value L of the thickness of the slab of mica you used is written on the cylinder
holding it. This number is given in micrometers (1 micrometer=10"° m). Assign 1X107®* m
as the uncertainty for L. For the laser wavelength, you may use the value you found in
Problem 1 or the average value between 620X 107° m and 750 X107° m, the reported range
for red in the visible spectrum. Write down the values of L. and A as well as the birefringence
| 7, ~ n, | with its uncertainty. Incluae the formulas that you used to calculate the

uncertainties,

SOLUTIONS TO THEORECIAL PROBLEMS

1. Evolution of the Earth-Moon System

la L1=IEwE]+1M1wM1. lb LZZIsz—i"IMZmz lc IEwE1+IleM1=IM2w]=L].

L3 2 _ G MMy,
G_ ME WM . C wp™ L3 .

2d The moment of inertia of the Earth will be the addition of the moment of inertia of

2a oiDi=GM;. 2b D,=

a sphere with radius r, and density p, and of a sphere with radius r; and density O por
Iz = 2 4x[r.,p., +rio—pa) .

2e Iﬁ%%“[ri,oﬁr? (pi—po) 1=8.0X10¥ kg + m’.

2f Li=lrwp T Twmwm =3.4X10% kg » m? « 577,

2g D,;=5.4X10% m, that is D,=1.4D,.

2h w;=1.6X107% s7!, that is, a period of 46 days.

2i Since Ipw, =1.3X10% kg * m* » 5! and Iypw, = 3. 4 X 10* kg » m® « s~', the
approximation is justified since the final angular momentum of the Earth is 1/260 of that of
the Moon.

3a  Using the law of cosines, the magnitude of the force produced by the mass m
closest to the Moon will be;

GmM
D% +7i — 2D, r,cos§’
3b Using the law of cosines, the magnitude of the force produced by the mass m
farthest to the Moon will be;

F.=

GmM
D} + i + 2D, r,cosf’
3¢ Using the law of sines, the torque will be
smBr D, _ GmM ysindr, D,
P IO 47 — 2D.r.cosd]” — (DY + 7% — 2Dirycosd ™"
3d Using the law of sines, the torque will be
sinfr,D, GmM ysinfr, D,

[DZ + 72 +2Dyr,cos6]'"®  [D? + 2 + 2D, r,cosf)?

F{=

Te
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3} + 3r,cosf

- 3rt | 3r.cosd
— p— . 2 ] o
3e 1. ri=GmMysingdr,D; (1 PToY D, 1+2D§+ 5 )
_ 6GmM,,r}sinfcosf
D} .
I o= GGmMMr.Zsmﬁcosﬁ____‘L 1X10% N * m.
Dy
3g Since win D} =GMg, we have that the angular momentum of the Moon is

GI\JE
Di

1z
Imeom = MMD%IZ :’ = MM[Dl(ME]”z .

The torque will be:

_ MM[WE]”ZA(D{”) _ MM[GAJEJWADI
’ At 2[D, ]2 At ’

So, we have that

AD] =

erz[ D, J”Z
My LGM:]

That for At=3.1X10" s=1 year, gives AD, =0. 034 m.
This is the yearly increase in the Earth-Moon distance.,
3h We now use that

r=— IEACDEl
At

from where we get

Awp =— rI.Q.t’

E
that for At=3.1X107 s=1 year gives
Awp =— 1.6 X 107" 571,

If Pg is the period of time considered, we have that

aPe _  Awe

PE WE !

since Pg=1 day=38. 64X 10" s, we get
AP =1.9X107° s,
This is the amount of time that the day lengthens in a year.

4a  The present total (rotational plus gravitational) energy of the system is

GMgM,
E= %‘IEW‘%ZI +%IM&J§{] - #
Using that winy D} =GMg, we get
1 GMgM,
E = %Ingm - E %
4b AE=Ilcws Awr +%Q-A%&D; » that gives
1

AE=—9,0X10" ].
4c MWBI!T=4“ri thp‘“‘u kgzz. 6 >< 10” kg.
4d AE.ue= " gM e X0.5 mX 2 day ' X 365 daysX0.1=—9.3X10" J. Then, the
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two energy estimates are comparable,
2. Doppler Laser Cooling and Optical Molasses

The key to this problem is the Doppler effect (to be precise, the longitudinal Doppler
effect) : The frequency of a monochromatic beam of light detected by an observer depends on

its state of motion relative to the emitter, i. e. the observed frequency is

w =m~/ﬂ%m(lﬂ:%).

where v is the relative speed of emitter and observer and w the frequency of the emitter. The

upper-lower signs correspond, respectively, when source and observer move towards or away
from each other. The second equality holds in the limit of low velocities (non-relativistic
limit),

The frequency of the laser in the lab is w.; w, is the transition frequency of the atom;
the atom moves with speed v towards the incident direction of the laser,

It is important to point out that the results must be given to first significant order in v/¢

or kg/mv.
PART ]

L

1a wome(lnLci). 1b p.t=p—hq%mv—ﬁ-‘f~. e en=

2
2 b~

2. First, one calculates the energy of the emitted photon, as seen in the lab reference
frame. One must be careful to keep the correct order; this is because the velocity of the atom
changes after the absorption, however, this is second order correction for the emitted

frequency:
I
o .
wWeh =2 wy 1—— with 'U’%U_H's
® c m

thuS ]

e (1 24 12 (- 28 1 ) 1+ (28) 2

¢ muv
2a gp=~hw.. 2b pphﬁ_hwl,/c.
Use conservation of momentum (see 1b): p, + pu=p—hq.

~p— ~ 2 _mv
2¢c pu~p=mv. 2d g, om 2
3. The same as in the previous questions, keeping the right order.

3 e,hmﬁwo(wf)mm(wf)(1+61)mm(1+zCl).

"

3b p,,,,-vf‘%’k(wz ci)

3c p,‘=p—hq—pph%p—hq—&;&(l+2 cﬂ)%mv—Z *‘%

3 eo~Baamt (g 59,

m 2
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4. The spontaneous emission processes occur with equal probabilities in both directions.
1 1 _ v
4a ¢ =EE§. +?Eﬂl%§m[, (1"‘? ).

ii(u], v ':m‘b'( hq'
[4

4b pn= ; Pt é P — p mo T )ﬁ—O, second order.

de en=teb i ‘wm—"z(l—i‘l)

2 Eat 5 €y =% 2 mo "
1 1 _ 3
4d P =‘2_P::— +?Pn %P__%

ter 1 1
5a Ac=cl —sff"’“""-—?kqﬂ————-—z—kmj_ %.

Sb AP puhcr befmm_kq ﬁ_:f_l_'.

6a Ag=gtl— sl‘f*“"“+%hqv= +%hw’1_cl

I
Gb &p pahtr b:fm %‘i_ hq= _f_ﬁ%.

PART 1[I

Two counterpropagating laser beams with the same but arbitrary frequency w. are
incident on a beam of N atoms that move in the +x direction with (average) velocity v.

7. On the average, the fraction of atoms found in the excited state is given by

N (mufa:L)z-l-‘%E—{—Zﬂi

Pe“ —_ NGM — O?R

where w, is the resonance frequency of the atoms and (2 is the so-called Rabi frequency; 0% is
proportional to the intensity of the laser beam. The lifetime of the excited energy level of the
atom is I .

The force is calculated as the number of absorption-emission cycles, times the
momentum exchange in each event, divided by the time of each event. CAREFUL! One
must take into account the Doppler shift of each laser, as seen by the atoms,

7a F =NAp P..I'+Nap*PLI

Ok &
= - NThq.
2 2
(n—arta ) +‘;+2a§ (w0~ —an ) +§+znﬁ
2 e
8a F~— 4Nhq “:fir o — ).
((cun w )= +2-QR)

8b wo<<w.. 8¢ w=wr.
8d w;>w., this is the famous rule “tune below resonance for cooling down”.

8¢ w)>w., i.e. independent of the direction motion of the atom.
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9a F=—fv=> m%ﬂr——ﬁv
= v=v,e #™, B can be read from 8a,
9b Recalling that %m-uz =%kT in 1 dimension, and using v as the average thermal
velocity in the equation of 9a, we can write down
T = Toetim,
3. Why are Stars so Large?

la We equate the initial kinetic energy of the two protons to the electric potential

energy at the distance of closest approach:

1 5 2
2(gmetim )=
and since %k T.= —é—mpvfm , we obtain
= _qﬁ— =5.5%x10"K
‘ 12ne.d % : :
2a Since we have that AA—‘:":—G—%&, making the assumptions given above, we obtain

M . .
that PC=G—R&. Now., the pressure of an ideal gas is

p. — 20k

my

L

where % is Boltzmann’s constant, T, is the central temperature of the star, and m, is the
proton mass. The factor of 2 in the previous equation appears because we have two particles
(one proton and one electron) per proton mass and that both contribute equally to the

pressure. Equating the two previous equations, we finally obtain that

GMm

T. = ZkRp'
2b From section 2a we have that:

M _ 2kT.

R Gm, "
2¢ From section 2b we have that, for T.=5,5X10° K.

%I= 2:: =1.4X10" kg« m".

2d For the Sun we have that;
M(Sun)

m=2. 910" kg » m™!, that is, three orders of magnitude smaller.

3a We have that
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2
and since kT m,,vms and T.=-5-1——, we obtain:

12’|.'End:k

T, — 9™
: 245l kh®’

4
— q mg — )Y &
b To=gah=9.TX10° K.

3¢ From section 2b we have that, for T.=9.7X10° K;

1\_4 — szc — 21 . =1,
R G, 2,4 X10" kg+ m™;
. M(Sun) _ 2 R
while for the Sun we have that. R(Sum) 2,9X10" kg = m™'.
4a Taking into account that
M 2kT, __gm,
R~ Cm,’ and that T, yEyTE
we obtain:
M___ ¢
R 127% A Gh*'
- M a3 = M o
58 = DR m, P %7 ((4/3)11R3m,,)
5¢ We assume that d;}%. Since
- h 3 -1 - _gm M _ _,L_
Ao = o electron) ' g ¥ e = gevm (electron)s T = 75505 R = owidiGht”
M —1/3
and d,= (m) » we get that
lfﬂhz
R=> W
E”th
5d R}W‘—_ﬁ. 910" m=0.10 R (Sun).
5¢ The mass to radius ratio is:
4
RM:E.Z_-«E%C?:& 4X10" kg » m™?, from where we derive that
M>=1.7 X 10* kg = 0. 09 M(Sun),
6a For helium we have that
4q* h
Areomue Vs (He) 27 iy vy (He) '
from where we get v, (He) ——L 2.0X10°m -« 57",

uh

We now use:

2
T(He) =%=6.5x105 K.

This value is of the order of magnitude of the estimates of stellar models.
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SOLUTIONS TO EXPERIMENTAL PROBLEMS

Task 1.1

screen

Experimental setup for measurement of diode laser wavelength (Task 1.1)



ME(Z) FOEEFAACLWEERAMEAERE

109

> A, (n)~_Lf (n)(

Task 1.2 The path differences are

Case ] :
Ay (m)= (BF + FP) — BP = (L, — Ly) +IZ + L&) —/I% + Li(n)
2 2
= (Ly— L) 4 Lo J1 420 fy 4 Lelw)
L Lt
. S 1 Li(n) 1 L)
using vI+ 21+ 522 (Ly— La)+L°(1+2 3 ) (1+— o )

1
L L)
Case [I :
Ay(n) = (FB+BP) —FP= (L, —L,) +/L? +L{(n)

AR

(Lc—L)—}-L\/l LL‘“)—L\/HLL(”).
using VTF 21+ §a~(Lo—Lo) +L, (1+ 4 L}‘(E")) Ln(1+%”{:’”)
> A (n>—~~——L2 (n)( 1 )
L L
Task 1.3
TABLE ]
n (Ug(m)£0.1)X10° m (U (n)£0.1)X107%* m g xL
0 —7.5 1.1 0,791 0.935
1 —10.1 3.7 1. 275 1. 369
2 —12.4 6.4 1. 620 1. 696
3 —14,0 8.2 1.903 1. 968
4 —15.6 10. 0 2.151 2. 208
5 —17.2 11. 4 2,372 2.424
6 —18.4 12,2 2.574 2.622
7 —19,7 2.761
8 —20,7 2.937
9 —22,0 3.102
10 —23.0 3. 260
11 —24.1 3.410

Positions of the blade and their difference with higher precision:
L,+AL,=(653+£1)X10"* m, LABEL (I) (measuring tape),
L,=AL,=(628%+1)X10"* m, LABEL (I) (measuring tape).
d=L,—L,=(24.6£0.1)X107* m, LABEL (H) (caliper).
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Task 1.4 A procedure;

From the condition of dark fringes and Task 1.2, we have

%Lﬁ(n) (LL0 — L_lf,): (n—i— %)A

and

%Lﬂm(ﬁ—ik (n+—g~)a.

Using (1.5), Lg(n) =Ig(n) — I and L, (n) =1, (n) — ;. we can rewrite

L — ot (E-E)= (20 = wow = fE2 s o S i

and

L -1t (E-E)= () = wow =/l L.

These can be cast as equations of a straight line, y=mz+5.

Case 1 : yww=1I R—.}n-l—% mg = ZLbLﬂ bg=log.
Case [[ : yo=I. = .,‘n+—7— m= ,‘ZLL A b=

Perform least squares analysis of above equations. In Table I, we write down the

values xg and x..
One finds:
mg + Amg = (—6.39+0.07) X107 m,
my, £ Am; = (6.83+0.19) X107 m,
and (values of /o and Io.)
lr £ Algg = bg £ Abg = (—2.064+0.17) X 107 m,
b = Alo, = by £+ Ab, = (—5.331+0.36) X107 m.
The equations used in the least squares analysis;

NZN}:c.y,. Ex,Zy, i}xﬁi}y.'—ixagxayu

n'=1

m = n=1 ,bznl n=1 n=1 n =1 .

A A
N N
where A = NZI,Z. — lzx.
n=1 n=1

2
The uncertainty is calculated as

» with N the number of data points,

2
(am)* = NZ%, (ap)? =% E:c.. with o = ZE(y., b—mz,)?.

REFERENCE: P.R. Bevington, Data Reduction and Error Analysis for the Physical
Sciences , McGraw-Hill, 1969,
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031

Cosezoqdxrim

Plot( I ) for Task 1.4

Plot( I ) for Task 1.4
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Task 1.5 From any slope and the value of L, one finds

L,—L, mimi
2L.L, mk+mt’

Using the suggestion to replace d=L,—L,, we can write

A=

d mgmL

ZL Lh mR +m
The uncertainty may range from 15 to 30 nanometers.

A precise measurement of the wavelength is A=A A=(655+£1) X107’ m

A= 3,1+M—(663:|:25)X10 m.

The formula for the uncertainty

wa = (G) o+ () s+ (o) AL+ (o) ami+ () o
one finds
A _A A _ A A g & _2Zmi A
ad d’aL, L, oL, L, omz  mg mi+mk’

and analogously for the other slope.
One can calculate directly these quantities. However, one may note that the errors due
to L., L, and d are negligible. Moreover, mg=m} and L,~L,. This implies

oA %L _OA_
omg mg aml,

Thus, Mmﬁn%ﬁml_%(%)(l(}_“) m.
L
Task 2.1 a)

b)

f.ll.f.l

l l|
- polarizer -
polanzcr + } po
mirror mica detector
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Experimental setup for measurement of mica birefringence

Task 2.2 The angle between two consecutive black lines is 8, = 3. 6 degrees because
there are 100 lines.

Tasks 2.3
TABLE [
G(degrees) (L+1)X107* V (Ip£1) X102 V

—3.6 46. 4 1.1

0 18.1 0.2
3.6 47,0 0.6
7.2 46.0 2.0
10.8 42,3 4.9
14.4 38,2 9.0
18.0 33.9 12.5
21.6 27.7 17,9
25.2 23.4 22,0
28.8 17.8 27.0
32.4 12.5 3.7
36.0 8.8 34.8
39.6 5.2 38,0
43,2 3.6 39.4
46.8 3.2 39,6
50. 4 4,5 38.7
54.0 6.9 36.6
57.6 ' 10.3 33,6
61.2 . 14,7 29.4
64.8 20. 1 24.7
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£
B(degrees) (Ip£1)X107° V (JTox 1 X107V
68, 4 25. 4 19.7
72,0 30.5 14,7
75.6 36. 6 10.2
79.2 40,7 6.1
82.8 44.3 3.2
86.4 46.9 : 1.0
90,0 47,8 ' 0.2
93.6 47,0 0.4
97.2 45,7 2.0

Task 2.4 a) Graphical analysis. The value for the shift is 3= —1. 0 degrees.
b) Numerical analysis. From Table I choose the first three points of § and I, (8) -
(intensities in millivolts)
(zy, ) =(—3.6,1.1), C(z, y:) =(0,0.2), (x5, y;3) = (3.6, 0.6),
We want to fit y= az®+bz+c. This gives three equations:
1.1=a(3.6)*—b(3.6)+c,
0.2=c¢,
0.6=a(3.6)*+5(3.6)t+c.

—0.94a(3. 6)?
3.6 ’

in third = 0.6=a((3.6)*+(3.6)*)—0.9+0. 2,
= a=0.050, b&=—0.069.

second in first = b=

I'mV
ﬂ‘ °° lp °°°.°
o
401 / ...' ®
. °
° . .
30} . .« ©
. .o
:
20 . o °s
o - /'{D
L -] 3
10 - o ° .
° .
. .'. L Too" L el
20 40 60 80
ﬁfdegrees

Parallel I; and perpendicular [, intensities vs angle §( This Graph is not Required)
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The minimum of the parabola is at

Oin = — i"‘-—ao. 7 degrees.

2a
Therefore, 86=—0. 7 degrees.

Graphical analysis for Task 2. 4

Task 2.5 Equation (2. 4) for the perpendicular intensity is
To(®) = (1 — cosA)sin (26).
This can be cast as a straight line y=mz+5, with
y=To(8, z = sin’(26) and m — %(1 — cosA®) »

from which the phase may be obtained.
NOTE: This is not the only way to obtain the phase difference. One may, for instance,
analyze the 4 maxima of either Tp(8) or Io(8) .
Task 2.6 To perform the statistical analysis, we shall then use
y = Io(@ and z = sin®(26).
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Since for 4: 0—-—%, x: 0—=1, we use only 12 pairs of data points to cover this range, as given

in Table II.

z may be left without uncertainty since it is a setting. The uncertainty in y may be

AT, —\/ al" (a'r")m

calculated as

and one gets

AT(;:%AIQWO. 018, approximately the same for all values.
TABLE 1
f(degrees) x=sin’ (26) y=To+0.018
2.9 0.010 0,013
6.5 0.051 0.042
10.1 0.119 0.104
13.7 0,212 0.191
17.3 0. 322 0. 269
20.9 0,444 0,392
24,5 0. 569 0.484
28.1 0. 690 0.603
31.7 0.799 0.717
35.3 0. 890 0.798
38.9 0.955 0, 880
42.5 0.992 0.916

We now perform a least square analysis for the variables y vs = in Table [I. The slope

and y-intercept are

m+Am = 0,913+0.012, 5+ Ab =—0.010 4 0. 008.
The formulas for this analysis are

N N N N N N N
Nzx,y,—zx,zy,; EIEEyu’"—EInEIH'yn’

=1 1 ‘=1 =1 '=1 =1 f=1
m= n n= n , b n n n n

A A ’

where A = NEI,. [Zz,] » with N the number of data points,

The uncertainty is calculated as

(am)* = N%, (ap)' = & Ex,

n=1

N
with ¢ = ﬁz (y, —b—mz,)?, with N=12 in this example.
=1
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Plot for Task 2. 6

Calculate the value of the phase A¢ in radians in the interval [0, n]. From the slope m=
%(I_COSA¢) ,» one finds

Ap+ ACAS) = 2.54 £ 0, 04.
Write down the formulas for the calculation of the uncertainty. We see that
_ |om N
Am = |aA¢| ACAP) = 2 sin(A) ACAS) ,

24m
sin(A$)”
Task 2.7 The width of the slab of mica you used,
L+ AL = (1004+1) X107 m.

therefore, A(A$) =

The wavelength you use,
A+ Al = (663 +25) X 10~° m (from Problem 1).
The birefringence
[m —ny | Alm —n | = (3.944+0.16) X 107%.
The birefringence is between 0. 003 and 0. 005. Nominal value 0. 004.
The formulas you used for the calculation of the uncertainty of the birefringence:

Since the width L> 82 micrometers, we use
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2L

1“1_712'!

2t — AP =
The error is

Aln —ny | =\/(ﬂ’”a:7”*l)zmz + (%@)ZQLZ + (alﬂé;;“z )za(mﬁ)” ,

Alm —n | = (—m:—m)ZMz—i—(L?”-)ZAL’—F(EQ—L)ZA(A@*.

Since the data may appear somewhat disperse and/or the errors in the intensities may be
large, a graphical analysis may be performed.

In the accompanying plot, it is exemplified a simple graphical analysis; first the main
slope is found, then, using the largest deviations one can find two extreme slopes.

The final result is

m=0,914+0.08 and &=—0.0110.04.

The calculation of the birefringence and its uncertainty follows as before.

One now finds,

|ny —my |+ A0y —n | = (3.94£0.45) X 107°,

A larger (more realistic) error.

Ty Stwdentesde | PagsNo | Totsl Mo ofpages
Ll
B.¥
&6
a4
s
i /. ] |
B R il ilo Ak e
b B cet(zey
éra,‘pf-f‘yq;f & lysis ; :
m= 0912008 | bevoitoos

Plot for Task 2.7
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7
oM
I

0.8f
0.6f
0.4

Io
0.2}

. . . A,
20 40 60 80 B/degrees
Comparison of experimental data (normalized intensities T, and I,) with fitting (equations (2, 3)
and (2.4)) vsing the calculated value of the phase difference Ag. (This Graph is not Required)
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THEORETICAL PROBLEMS

1. Rolling Cylinders

A thin-walled cylinder of mass M and rough inner surface of radius R can rotate about its
fixed central horizontal axis OZ. The Z-axis is perpendicular to and out of the page. Another
smaller uniform solid cylinder of mass m and radius r rolls without slipping (except for

question 1. 8) on the inner surface of M about its own central axis which is parallel to OZ.

Y

g = acceleration due to
gravity

R X

1.1) The rotation of M is to be started from rest at the instant =0 when m is resting at
the lowest point. At a later time ¢ the angular position of the centre of mass of m is § and by
then M has turned through an angle ¢ radians, How many radians (designated ¥) would
have mass m turned through about its central axis relative to a fixed line (for example, the
negative Y-axis)? Give your answer in terms of §, ¢, R and r.

. . d? . . .
1. 2) What is the angular acceleration of m, @T' about its own axis through its centre
of mass? Give your answer in terms of R, r, and derivatives of § and ¢.

2
1. 3) Derive an equation for the angular acceleration of the centre of mass of m, -:1%3. in
dz
terms of m, g, R, r, 6, d—tgé, and the moment of inertia Icm of m about its central axis.

1.4) What is the period of small amplitude oscillation of m when M is constrained to

rotate at a constant angular velocity? Give your answer only in terms of R, r, and g.

O BIOEEMHYERRLEZEET2009F 4 H2U B~ AEZESEHXT. AEEASERELE AR
http://mpec. sc. mahidol. ac. th/aphol0/.
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1.5) What is the value of # for the equilibrium position of m in question 1. 4?7

1.6) What is the equilibrium position of m when M is rotating with a constant angular
acceleration ¢? Give your answer in terms of R, g, and q.

1.7) Now M is allowed to rotate (oscillate) freely, without constraint, about its central
axis OZ while m is executing a small-amplitude oscillation by pure rolling on the inner surface
of M. Find the period of this oscillation.

1. 8) Consider the situation in which M is rotating steadily at an angular velocity £ and
m is rotating (rolling) about its stationary centre of mass, at the equilibrium position found
in question 1. 5. M is then brought abruptly to a halt. What must be the lowest value of
such that m will roll up and reach the highest point of the cylindrical surface of M? The
coefficient of friction between m and M is assumed to be sufficiently high that m begins to

roll without slipping soon after a short skidding right after M is stopped.
2. A Self-excited Magnetic Dynamo

A metallic disc of radius @ mounted on a slender axle is rotating with a constant angular
velocity w inside a long solenoid of inductance L. whose two ends are connected to the rotating
disc by two brush contacts as shown. The total resistance of the whole circuit is R, A small
magnetic disturbance can initiate the growth of an induced electromotive force across the

terminals P, Q.

Qw

P

~——____ long uniform solenoid
of N turns, length /

. brush

2.1) Write down the differential equation for i (¢), the current through the circuit,
Express your answer in terms of L., R, and the induced e. m. f. (¢) across the terminals P

and Q.
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2.2) What is the value of the magnetic flux density (B) in terms of i, N, /, and the
permeability of free space pu,? Ignore the magnetic field generated by the disc and the axle.

2.3) What is the expression for the induced e. m, f. (¢) in terms of uos N, a, £, i, and
the angular velocity w?

2.4) Solve the equation in question 2, 1 for current at any time ¢ in terms of the initial
current ¢(0), and other parameters.

2.5) What is the minimum value of the angular velocity that will permit the current to
grow? Give your answers in terms of R, po» N, a, and L.

2.6) In order to maintain a certain steady angular velocity w, what must be the value of

torque applied to the axle at the instant z?
3. The Leidenfrost Phenomenon

The purpose is to estimate the lifetime of a (hemispherical) drop of a liquid sitting on
top of a very thin layer of vapour which is thermally insulating the drop from the very hot

plate below.

drop

very hot surface )
thin layer of vapour

Figure 1

It will be assumed here that the flow of vapour underneath the drop is streamline and
behaves as a Newtonian fluid of viscosity coefficient 4 and of thermal conductivity . The
specific latent heat of vaporization of the liquid is {, And for a Newtonian fluid we have the

shear stress AE = 7 X the rate of shear % where v is the flow velocity and z is the

perpendicular distance to the direction of flow, and the direction of F is tangential to the
surface area A.
Z hemispherical drop of

g radius R at distance b
above the hot surface

_______ R mid-plane of
A "70 —— / vapour layer

rooer hot surface
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v is the velocity of vapour in the radial direction at the height z above the mid-plane.
The pressure P inside the vapour must be higher towards the centre O. This will result in
the out-flowing of vapour and in force that holds the drop against the pull of gravity. The
thickness of vapour layer under thermal and mechanical equilibria is b,

For a Newtonian flow of vapour we can approximate that

d,-=4d
dz 7 dr °
2Zd,

3. 1) Show that v(z)==——P+C,
Zpdr

where C is an arbitrary constant of integration.
3. 2) Refer to Figure 2, find the value of C in terms of 5, ad;P , and b using the boundary
condition
v=0for z =% -3-

3. 3) Calculate the volume rate of flow of vapour through the cylindrical surface defined
by . (Hint; the cylinder is of radius » and of height & underneath the drop).

3.4) By assuming that the rate of production of vapour of density py is due to heat
flow from the hot surface to the drop. find the expression for the pressure P(r). Use P,
to represent the atmospheric pressure, and use AT for the temperature difference between
those of the hot surface and of the drop. Assume that the system has reached the steady
state.

3.5) Calculate the value of & by equating the weight of the drop to the net force due to
pressure difference between the bottom and the top of the drop. The density of the drop
is gy.

3.6) Now, what is the total rate of vaporization?

3.7) Assume that the drop maintains a hemispherical shape, what is the lifetime of the

drop?
EXPERIMENTAL PROBLEMS

1. The Earth’s Horizontal Magnetic Field

This is to determine the horizontal component of the Earth’s magnetic field By using
small-amplitude oscillation of a cylindrical bar magnet. The magnet is to oscillate in the

combined static fields of the Earth and that due to a square coil.
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L

supporting string

v >

Soea
X P
a _ O%l X
* siquaving ool 6 magnet of length L
7 sides @ and N turns and radius r
} a
;
i
Figure 1

The experiment is to be done in three sections. Section | is a derivation of formulae to

be used in Section [I.

Apparatus

Each student is provided with apparatus as shown in Figure 2;

1. a square coil of resistance 5. 240. 2 Q and 130 turns

2. a small cylindrical magnet of mass 15. 0+0, 2 g with nylon strings

3. a voltmeter (for measuring the potential difference across the coil only)

4. a power supply (placed under the table to avoid the interference of its magnetic

5. a wooden stand

6. a stop watch

7. a ruler

8. a protractor

9. white label (you can write on it)
10. color clay

11. graph papers

12. an electrical cord
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not used

DO NOT change
these connections.

Figure 2

Warning: Use the multi-meter to measure only the voltage difference of the coils. Using
the multi-meter in other modes can destroy the power supply!!!

Section [

It is given here that the magnetic flux density Bp at a

. . . . P
perpendicular distance ! from the middle of a straight current [}

I
element ia is !

By =i (/D () ——=_h
H a a
r+(%)
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where g, =4nX 107" henry per metre, the permeability of free space.
Use this expression to show that the expression for the magnitude of the magnetic flux
density from the square coil at point P in Figure 1 is given by

_ #uﬂziN 1

T () W)

1t is also given here that the period of a small-amplitude oscillation of the magnet in the net

g [T
T=2 B’ (i)

where m is the magnetic moment of magnet with mass M, and I is its moment of inertia

BPz

(ii)

magnetic field B is

about the axis through its centre of mass

. L | 7 )
Section [

For the experiments in Section [l you have to align the magnet in the position as shown
in Figure 1. If the length of the string is too small, the torsion of the string cannot be
neglected in the oscillation of the magnet. Perform appropriate measurements (say,
oscillation of magnet in Earth’s magnetic field alone) to justify that we can ignore the torsion

of the string. You are not required to plot a graph.

Section [l

For the following experiments (in a), b), and ¢)), you have to align the magnet in the
position as shown in Figure 1, Measure and write down the value of the distance between the
centre of the magnet and the top surface of the platform.

a) Coil’s magnetic field and Earth’s horizontal magnetic field in the same direction

Warning; Please connect the coil to the power supply and leave it on for at least 5
minutes.

Measure periods of oscillation for different values of the combined field strength when
the coil’ s magnetic field and Earth’ s magnetic field are in the same direction. Draw a
straight line graph and compute the values of By and the magnetic moment m from this graph
and estimate their errors.

b) Earth’s magnetic field only

Use the value of m from a) and the period of oscillation of the magnet bar in the absence

of the Coil’s magnetic field from Section I to calculate again the value for By and estimate

its error,
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¢) Coil’s magnetic field and Earth’s horizontal magnetic field in opposite directions
By reversing the connection at the power supply. find the equilibrium position xz, along
the X-direction between Earth’ s magnetic field and the opposing magnetic field from the

coil. Use the value of x, to calculate again the value for By and estimate its error.

2. Oscillation of Water-Filled Vessel

The student is required to perform non-destructive measurements in order to determine
the thickness ¢ of an aluminium vessel whose cavity is completely filled with water. The
aluminium vessel is composed of a cylinder and two end plates. The cylinder is of length L
and outer radius R. The total length of the vessel is . The thickness of both end plates is
0.60 cm (see Figure 1). You can neglect the error of this thickness. Inthis problem, please

use gramme and centimetre as units for mass and length , respectively.

i g
]
I
4 -
Y . I
0.60 cm {Z - TRNTNTINSSSSS .
i P
1om 1
Figure 1 Figure 2

Figure 2 shows the so-called bifilar suspension of mass M, The two strings are each of

equal length /. The period T of a small-amplitude oscillation of M is

T = 2n /gi.l\%’ (i)

where I is the effective moment of inertia about the vertical axis through the centre of mass
of M and g is the acceleration due to gravity ai Bangkok (g=978 cm = s7%),
This experiment consists of two parts. Section I concerns a derivation of formulae and

Section [I concerns the actual experimentation.

Apparatus
Each student is provided with:
1. a water-filled vessel 2. a stand 3. a stop watch
4, a ruler 5. a nylon string 6. a protractor

7. masking tapes 8. a knife (not shown in the figure below)
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Section [

The student is to derive expressions in terms of R,L,¢ and the density p of aluminium of
the following quantities [ see Figure 1],

i) mass (m;) of the cylindrical body of the vessel,

ii) mass (m;) of each end plate,

iii) mass (m;) of water in the whole cavity,

iv) the total mass (M) of the water-filled vessel, and

v) the effective moment of inertia, I,, about the Y-axis, of this water-filled vessel (see
Figure 1), assuming that the water is ideal fluid.

Then perform measurements of R, k, L, By substituting the values, derive expressions
in terms of t for the quantities i)-v) above. The aluminium density p=2. 70 g/cm® and the

water density is 1. 00 g/em®.

Hint .
Y
> h
Rz )',.=5m [Rz"“R%}'
L Ry 0 X
' ” .= 4m (Ri+ R)
m
Ll
I=m=
"2
Thin rod length L Thin cylinder of inner radius R,and outer radius R,

Figure 3
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Section [[

a) Angular oscillation about the axis of symmetry

For one fixed value of /, perform precise measurements of the period T, for a small-
amplitude oscillation as in Figure 4. Then compute the value of the thickness (z) of the
cylindrical wall. Estimate the experimental error At for the thickness.

Compute also the values of m,, m,, m;, and M using this value of ¢,

b) Angular oscillation about the central axis perpendicular to the length

Change the bifilar suspension of the vessel to that of Figure 5 and make similar
measurements as in a).

Then use the value of the period of oscillation just found together with the values of z,
myy» my» M found in a) to compute the value of the effective moment of inertia I®™ of the
vessel about the X-axis (see Figure 2 and Figure 5).

Compute also the theoretical estimate of the value of I™ based on the value of ¢ found in
a) assuming that the whole of the computed mass of water found in a) is now constrained to

take part in the oscillatory motion of the vessel,

Figure 4 Figure 5
¢) Comparing experimental and theoretical values of the moment of inertia
What is the difference (AI,) between the values of I™ and I&*9
Do you consider this difference statistically significant?
Estimate the percentage of the mass of water that takes part in the oscillatory motion in

b), assuming this water to be circular discs adhering to the end plates.

Hint ;
[T zm][%+R3—I—(f—i)z}'_zmz[(O.ﬁlgm)z_'_%z__'_(%+0.62cm)2:]

+m3[%+(R15)“1
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SOLUTIONS TO THEORETICAL PROBLEMS

1. Rolling Cylinders

Y
M
e
R X
ONF~
_— = P
N

1. 1) The point P which is fixed on the surface of M was at the position directly below O

radians relative to surface

at time t=0. Hence m must have rolled through an angle ¢

of M in time ¢ during which the line OC has also turned anti-clockwise through an angle 6.
Therefore the total angular displacement of m about its centre of mass relative to any fixed

reference line in time ¢ is

v=WR-R,, Ry (Br) )
r r r
1. 2) By differentiating the equation (i) twice with respect to time, we get
&y _R &, (R—r\& ;
=T (= )dfg' b

1.3)

R\ x
O

) )

: S

J\‘r

mg
The equations of motion of centre of mass of m are
2
m(R—r) £50 = f — mgsind, GiD)
d 2

m(aﬂ) (R—7) = N — mgcosd. Giv)

The equation for the rotation of m about its centre of mass is
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4o Rd, (R—r\d 7_
Ien EW_ Icm[? Eé ( - )dtzﬂ}—— fr, (v)

1
where Ioy=-=mr’.

2
Equations (iii) and (v) yield.
IR &

I d? . .
(1) R > 0 = mgsing + 124K s

2
1.4) Here, %¢=0, sinf==0 and also ICM=%mrz , the equation (vi) is reduced to

Lo 2
de? 3(R—n)

This gives a period T=2x, ,‘&R;? (viii)

1.5) The equilibrium position of m in question 1. 4 is §=0.

é. (vii)

1.6) But the equilibrium position for the case where M is rotating with a constant

angular acceleration g is by considering the equation (vi), namely,
3 d? . R .
E(R—r) a?a = g51n9+ —z—a. (Ix)
Let f,, be the equilibrium position; this implies that m remains stationary at this position if it

2
does not oscillate. Hence d—26m=0. and

dt
O = arcsin(%). (x)
1.7)

e

R X
2

o)

'
s

mg

showing forces acting on m

From the equation (i) we get, after changing the directions of ¥ and ¢,

d,, R d R—ryd b
Y= T ( r )Eﬂ S
The equations of motion of m and M are:
1, d .
5 mr FW =—fr, (xii)
dz
MR? ¢ =+ fR. (xiii)
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Method 1 (Angular Momentum)

The effect of gravity on the system as a whole is to change its angular momentum:

d 2 d 2 d _ 2 Cl _ . . .
aiMRH?+ L —m®R r>—ﬂ—+myR r)sind, (xiv.
&, m@R—n) &
Hence = " eMFmRA” (x.
and (MR—!—%mr) i z#-m(R—’r) (R—— );26 mg(R—r)sinf. (xvi.
Combining the last two equations:
d, g @CM+m) .
T ®—p GM+m " G
For a small-amplitude oscillation' we put sinf~=f and equation (xvii) is reduced to
&, g @MAm) N
W T T ® oD GM+m)” Cxvili
The period of this oscillation is, therefore,
_ Z’J 3M—|'" m)
2M+ m
Method 2 (Newton’s law)
From Newton’s law; mgsinf— f=ma,
2
mgsin— f =—m(R—7r) 3—;. (xiv.
. _ d*¢
From equation (xiii) : f=MR P’
By substituting this into equation (xiv. 2) we have
mg sinf = (cji ? m(R—r) —. (xv.
From equations (xi) (xii) and (xiii), we then have
#6__ m (R—r\dg -
et 2Lﬁ+m( R )mr Cxevi
Then (xv. 2) becomes mgsind= — 5377 — Mm (R—r) m(R-r)
: IM+m m“
&g _ g 2MAm_ .
- (R=p3IM+tm sind. (xvil.
For a small-amplitude oscillation we put sinf~f and equation (xvii) is reduced to
&, g eM+m), :
TR GMm Lo

The period of this oscillation is, therefore,

_ 27!,\/ — r 3M+ m)
2M+ m/’
Method 3 (Conservation of Energy)

The total mechanical energy of the system is given by

1)

|9)

D

1)

LD

2)

2

2)

2)

ii. 2)
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E= -—J\»’Hi‘z(if) _}_%(%WZ)(Q)Z + 1m(d6) (R—r)*+mg(R—r)(1— cosf).

dr 2
(xiv. 3)
We now use conservation of mechanical energy,
dE 2 (d¢ * b 1 d*w dgy /d*@ Y
E=mr () (G (5 () (F ) (5) (&) ==
+mg(R—r>(d—f)sine=0. (xv. 3)
By applying the equations (xi), (xii). and (xiii), we have
d¢ __R—r m &g an v _R—r_2M d¢ (xvi. 3)
d#? R 2M+m d de? r 2M4m d#” )

Without loss of generality, we can integrate both equations and obtain

o __R—r m df d¢ _ R—r 2M éﬁ .
dz R 2M-+mde and dr oM+ mdt’ (xvil, 3)

by imposing the condition that all bodies have zero linear and angular velocities at the same

particular instant. And by substituting these relations into the equation above from

conservation of energy, we have

e et ](20) (59) = s (s, o

This equation must hold at all time, so we can divide do on both sides, After some

de
simplifications, we have
Cl2 g 2M+m) . .
@’ =T ®R= GMAm (xix. 3)
For a small-amplitude oscillatlon we put sinf==@, and the above expression is reduced to:
R (ZM+m)
dt 9 R (3M+m)5' (xx.3)
The period of this oscillation is, therefore,
3M+ m)
2M+ m

Note that, although it seems like we have more than one degree of freedom, there exists
only one mode of oscillations because the coupling to the potential energy is only through the
angle 6.

. . dw
However, we have a freedom to impose any constant angular velocity if and —— (and

dz
the condition for rolling without slipping), and this will not alter the period of the
oscillations. This corresponds to a freedom in choosing different initial conditions of the
motion of the system.
1. 8) When M is made to rotate steadily at an angular velocity £2 the equation

(vi) becomes

SR-» i—a —— gsind, (xix)
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which implies that m remains at #=0 if m does not oscillate,

Hence the equation (i) is reduced to

v=1F
r
and £¢=£@=Eﬂ- (xx)
de rdt r

. . . . R . :
This means that m is rotating at a constant angular velocity 7.(2 prior to the instant when M

is stopped.
After that instant m will accelerate itself by way of frictional impulse. This acceleration
process lasts for only a short time due to the high value of frictional coefficient (). To

simplify the calculation we will take to lower surface of M to be flat.

gl v m  m is skidding forwards
o fm=.|umg
P Y e 7
d .
m Y= + fms (xxi)
d 1 .
Icm ¢ = furs Icm = Emrz. (xxii)

By solving these last two equations for v(¢) and @(z) with initial conditions »(0) =0 and
w(0) =§.{2 ,» and imposing the condition v’ (t) =w' ()7 for the onset of pure rolling we get

1R
30

From now on, the cylinder m will roll up the side of the cylindrical wall. And since frictional

v o= %Rﬂ‘ W = (xxiii)

force does not do work in pure rolling we can use the principle of conservation of energy:

- + l[mwz +2mg(R—r) = L + lIcMau'z. (xxiv)
2 2 2 2
2
We have also N=m %—mg, (xxv)
- _(_m \(Ray_ 1l -
: = (25) () s
m will reach the top if N=0. Hence
o 33g(RR_z”). (xxvii)
2. A Self-excited Magnetic Dynamo
2.1 L 4i+Ri=. (i

2.2) 1 the length / of solenoid is much greater than its diameter, then the magnetic flux
density in the inside mid-section of the solenoid is given by



MREZ) FI0OREAHPAKRE L ERXAALALRE 155

B =l Gii)

2.3)

disc
brush

B is directed out of plane of paper

The electric field intensity (E) at distance r from the centre of the axle is
E = &u?‘y

pointing towards the rim of the disc. The induced e. m. f. (e) between terminals P and Q is

given by
“ o,
e = J. Buwrdr = —;-Bwaz = é“’—‘r\;‘;"—“ Giii)
re=i

2. 4) By combining the results in 2. 1) and 2. 3) we get
2
L i+ Ri = (Lot Na )i,

dt 21
d._ 1 EfoNazm___ S
=t (% R)i =+ 7,
i(t)=1(0)e", (iv)

where }’E% (%ﬁew‘— )

2.5) In order that the current i(z) will grow, the value of ¥ must be positive otherwise

the current will gradually decay.

s Na’w
=0,
21 =0
Whmin uzjil'Raz (V)

2.6) Method 1

sliding contact

B is directed out of plane of paper

At the instant 7 the current is given in 2. 4) as i(¢)=i(0)e”.
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The magnetic force 8f on the current element i3r is 8= Bidr.

The torque §r=rdf = Birdr opposes the rotation of the disc.

r=a

The total torque r = J Birdr = %Biat2 ,
=0
r = pg"\fazb_g _ ,.IQN(ZZ
21 21

In order to maintain the angular velocity of the disc at a steady value we must apply a

it (0)et™, (vi)

turning torque of equal magnitude and of opposite direction to that of (vi),
Method 2

w= iR+ %(magnetic energy in solenoid)

di,

:iBR‘i‘LE{I,

= L?;aziz = L”;aziz(o)e‘z”‘.

3. The Leidenfrost Phenomenon

3.1) As given in the problem

bom (24)e
Integrating (i) with respect to z, we get
o(z) = (Zlv ‘jlf)- 2 +C. (i)
3.2) v(—g—)=0=(%§§) . (%)Z—F-C, (iii)
:
L=—g—?%.

. . dP .. . .
Note that C is not a real constant; its value depends on =— which is a function of r.

dr
3.3) Let Q be the volume rate of flow of the vapour through the cylindrical surface
of 2xrb.

3Q=1v(z) * 2nrdz,

. _(1dPy | . b7 .
where from (ii) and (iii) ; v(z)-—(zq dr) [z L (iv)
5 I}
h 2mr dPY | b
J— - p— = = T2
Q=2 Lm) 2ardz = (227 97 f (= =5 Ja=
__ mb’ dP

Q= 6y 4 (v)
3.4) The total rate of heat flow from the area nr* of the hot surface to the drop is

2
r'eAT . . ..
“———;& . We assume that this heat goes into vaporizing the drop.
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Hence pQI= Ll R xAT and using (v) we get
dP _ (6 AT .
o = (o )7 i
This gives P(r)=—(3—’7'%) -2 +B,
vib

where B is an arbitrary constant whose value can be found by applying the boundary

condition P(R)=P,, the atmospheric pressure.

Hence B=P,+(3—7%‘T) « R?
and P(r)=P +(—’%T) . (RP—r1),

3.5) The net force due to pressure is in the upward direction and of magnitude

R

4
= j[Pm — P )2nrdr = STIKATRY
2pu£’b

re=0
The weight of the drop is %xR’pog. where gy is the density of liquid.
2 i 3nmeATR'
g R 2pv,£b* ’
( sz‘._\T)
dpopvlg

3peAT _ 4&
Note that vt 3R

3. 6) Use equations (xi) and (viii) to obtain

PG = P.+(%-‘%g)- (R* — ),

dpry = (S ef). ..

Then use (v) to calculate the total mass-rate of vaporization Qpy at r=R:

Qov= (beSR)(g p.,_g)va _ (4::@@.@;1{’)53

129 3 R 9y
- () ()
_ (411‘&39\5;?!%(&:")3)% . RY =m%

3.7) The lifetime (z) of the drop, is to be found from

(vii)

(wviii)

(ix)

(x)

(xi)

(xii)

(xiii)

(xiv)
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1
_ Bmpops _ 8 Omesll \T ps
= R = 5 (4x3pvg(AT)3) Rx.

SOLUTIONS TO EXPERIMENTAL PROBLEMS

1. The Earth’s Horizontal Magnetic Field

Section |
d
L
a >p X
X
i
Figure 1

At O, the centre of coil, the magnetic field for a single turn is

Hol (a/2) _ 242pi

NG

B()=4X

")
From Figure 1 we have d= 12_4_(_‘23.)2 and  cosp— (a/2) :
=45
Then, for a square coil of N turns
By, = (Z#ulN). a/2 . a/? '
ey ()
. 1
or sz=(%;N) (IZ+(%)2) $3+2(%)2}.

which becomes BU=2\/§ 0t N as =0,

a
Section ||

Measurements to justify that we can ignore the torsion of the string.
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length of string (cm) time for 10 oscillations (sec)
2 9. 38
4 9. 69
6 9. 90
8 10.13
10 10.13
12 10. 22
14 10.12
25 10,12

(Note that this data is from a different magnet used in Section II[.)

We can see that the period is constant for length of string =10 cm.
Section [[[

The distance between the center of the magnet and the top surface of the platform for
Part a), b) and ¢) is 14.0+£0. 5 cm.
a) Since the coil’s magnetic field (B) and Earth’s magnetic field (By) are in the same

direction, from

T=2mfm—§3 we have %={£B+,BBH

By plotting linear graph of % and B we can find By from its slope and

intercept.
Measurement of 20 oscillations at different distances from coil, we get the result as in
table,

z (em) time for 20 oscillation (sec) period T (sec) | B(X107*T) /T
10 7. 44 7.35 0.370 2.878 7.305
12 8.19 8.13 0. 408 2.259 5.998
14 8.87 8.91 0. 443 1.773 5.088
15 9.5 9. 62 0.478 1.573 4.377
17 9.91 9.97 0. 497 1. 245 4.048
18 10. 43 10. 35 0.518 1.111 3.734
19 11.47 11.31 0. 569 0. 994 3.085
20 11.78 11.81 0.591 0. 891 2. 866
21 12, 41 12. 34 0.619 0. 801 2.613
23 13. 41 13.4 0.671 0. 652 2.222
25 14. 22 14. 28 0.714 0.535 1.964
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UTHs ™)
8.0
7.0
6.0 1
5.0 |
4.0 1
3.0 1
2.0 1
1.0 |
0.0 ' - . . . .

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 B(x107T)

y=2281x+0.8856

From graph we have: slope B=1(2.28110.063)X10"' s7¢/T,
intercept 8By =0. 886+0. 076 s~ 2.
The value of Earth’s magnetic field is

By = 0. 8856

=z 281 x 10 39X 107 T = 0.39+0.04 G.

Lz

2
The magnetic moment of magnet is m=ﬁz4n2M(—-+r—) =1.68+0.09 A = m®.

12 4
b) Time for 30 oscillations. 36. 28, 36. 25, 36. 24 s,
Averaged period Tg=1, 20940, 001 s,

-1 _ 1
OTER 1.21°X2.281X10°*

¢) The equilibrium (neutral) position z, =31, 0%0. 2 cm.
2

. 1
By = (5) l:(xé + (%) )= +2(%)2}= 0.3140.01G.

By

= 0.30+0.01G.

2. Oscillation of Water-Filled Vessel

Section [

1) mzprt[Rz—(R—£)2:|L=p7t(2Rt—zz)L.
i) m, =pn(0. 6 cm)R?.
i) my=n(R—¢t)*L.

iv) M=m, +2m, +m,.

()
(i)
(iii)
(iv)

v) Water, as an ideal fluid, does not take part in the oscillatory motion of the water-

filled vessel. We therefore shall not include contribution of water in the expressions for the

moments of inertia.
I, = $mR + R— 0] +_2[%mzR1.

l=235.6cm, g=978cm+*»s?,a=R=2.5cm,
p=2T70g+cm™®, h=9.2cm, L=19.2—1,2=8.0cm,

(v)
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m; =339, 3:—67.86¢%g,

m,=31.8¢g,

m.=157.1—125.7 ¢t+25.13 t°g,
M=220.7+213,6 :—42.73 t’g,
I,=198.8+2121 t—1273 £*+339.3 ¢ —33.93 ¢*.

Section [l

/1 I .
a) T,=2=x z . 1\«_1’;?' (vi)

Time for 50 oscillations is 43. 3 s, hence
T, = 0.866 s = 0. 004 s.
Substituting these values into equation (vi), we get
#—107 +33.42 ¢ —41.97 ¢ +15.36 = 0. (vii)
The solution of (vii), by numerical iteration, is £=0. 62 cm=£0. 02 cm. (The error can be

estimated from a repeat of the procedure or a differential equation for dT and dt) Hence, we

get

m; =1844+5 g,

m;=31.840.2 g,

m3=89:l:zg!

M=337%6 g.

_ [ I,

b) T,—Z:r.?g Ma* (viii)

— —h_8.2_
[=33.6cm, a 5 5 4,6 cm

Time for 50 oscillations is 38. 0 s£0.2 s, hence
T, = 0,760 s+ 0, 004 s.

= i. I" == -—i—g'—z—- = . -2
And from T, Zn./g Va? where [ 33.6cm,a—2 5 4,6 cm, g=978 cm * s7°,

M=337 g, we get

IE» — 3036 g+ cm® =94 g » cm’,
Also I™°=3261 g » cm* 168 g » cm®,
c)
Al = [ — [E% = 225 g « cm®,
The experimental value I¥® is smaller than I™ by 225 g « cm®.
This difference is probably significant and it is due to low viscosity of water. The mass
of water in the middle section does not take part in the oscillatory motion of the vessel.
Al can be estimated to be due to a stationary cylindrical portion of water in the middle.

(R——:)z),

2
Al = n(R —z)ZLm,(I%'-jL 4
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Loyger == 5.7 cm.
This corresponds to the water mass of =263, 8 g. The percentage of the water that takes part

in the oscillation is =28, 5%.

M: BRSO
it
I ) P2

A— RN M OB, XA REERRE. B ARTREEN R BHE AT RIS
HHT K- J5 ] B Rl OZ #3h. M s R EER. Z s F mEE FHE@aS. EREA
W, AE—ANRER m RN r BB/ EAK. B0 BEEKRT DS SR F
e s OB M RN R T O 3h 3 3 (S — (R B R0 R 1. 8 S BRS1). SE.O B AR AR A b il
5 OZ # %43,

~

> lg= ) I

R X

]

L1 72 e=0 pyit 20, B8 M iy 8 DR FF R 543, T AT E A& m & TRAGME. £
¢ B} (6] U B R A e 0 B0 A S B 0, T A R — B () P LR M %630 T ¢ IIBE. ISR ZE ML R
e (6] P AR % — [ ELAR (B, y SR D , B ARG m SR B S PR S a0 M B  CRIILE
FR).HRA6,6,R fir 35,

1.2 SRR m SE3L F 280 A SO0 S NI S, 25 R Ror B0 06 ST G
KBRS,
1.3 %I‘ﬁ*ﬂ:[ﬂﬂz‘ﬁ: m ﬁ*ﬁ‘ﬁ‘]ﬁﬂﬂﬁ&%ﬁ mﬁﬂ. ﬁﬁfﬁ msg;R,r;S,dd—;ﬁ Fa Icu%

B HP T B m MK B SR R,

1.4) BoRZERE M UE &M R ER SRR T, BAEA m fE/RERSI . 2R
HAEA R,r #l g &Ik,

1.5) BORMEIE 1. 4 P B m V4500 B BT3B 6 .

© b RUR S Y B o A BRB AR



HFA(Z) FOATHHFLAEAREAZMAZALAT AL 163

1.6) BORFEE 8 M LA E 8 M B o ¥ RIEOL T, BAEE m 8 FH AL . 25 RA
R,g Mo FKik.

L7 REBBEME M A UARARMEEI i OZ A hF¥ 3 RAEZR3h, i F B m
Ve IRWEIR 3. fEdR ) AL AR L BRI m FEXT B M B P9 3R T #0338 30 O ol 28 30 00K (B A
& m =3 AR,

1. 8) FBLL TR 7 A o (B 8 M DL R f M BE Q %3l , AR Ak o ZE RV 1. 5 P BT8R
SERFEMLEAL, S8 B S W R s GR ). I B m /O AL B RFEAZE. RIGEH
M ZER P L3, B m SEEM AR EA RS ER RS EEEERm
B M EF IR shZ ), A8 A iR 3 B, AR5 JF fa 12 B ) M Py 3% T AR AR 3.
BB A m SRR PR M AR RS AL WA EE O BB /DNBUERN A E A7

2. AMX K L

WEFR, e o HERMEARLRE-TRBENL HRBRKENOHM L SREE
FE SR LUE & M BE o 530, T SRR A 90 3t U o T s B R B S s i 2 B [
b BB SR R B/ LARE P, Q Wil 2 6] &) 3 #5931 <.

Qw

HL Al
2.1) R L.RAMPQ MIMBERFI (O NS R, T H & BB P (B AL
3o T 2.
2.2) BA N, AR H po FRWEHE T HRBAGEE (B). &R E &8 ErdE
U= A2 B R T LA 28
2.3) A po s Noa, i MAEE o RIEBAEHRHH ().
2.4) RBME 2. D) PRBEWWED B, ARNHERR (OFSBRAIEENZ ¢ @ #P



164 2ETELHREREE - 2010

LR

2.5) B3R RE A v U0 7S 09T 9 4K A9 R B A /ML 45 R Ropeo s Ny 1 L 3K,

2.6) WRAEM EHM— N AEA BB AR o RIFE B WE. AR B HE
A fE.

. REBhFHHAR

—MEFRRPR L0 CERRIB) B 5 TR &8 — R R MRS LS VAR, A
R AE 55 R R BEAN TH R — A W0 0 5 .

Mhem

B 1

TELSE WO T 0 SRR R AR, SR T R A, B R BN 9 2 WU .
BRI B PACHERRY L. 3 AR SR 5 =y X RS s o Bt - B
Kl FERA 855157 .

2 TR 177, 5 AT A
lg Bib, 12K R LIRTE WK
_______ £ e . AR
Jl‘ ___________ o & Z{| [ A(EP&E
b I' - - T T - -
Y L g
roar b
m 2

vRPNE LT RN : WA BGARSFBRNEE. BXEFHNER P — 2 REE
TPl O BEK. XA S LRSI [ S0, 3 G078 W00 T 14 S5 AR T A 8 2. oy B 0 ) 2
BT BR S 1 74U B PR BE O b,

X ARSI LA -
z

d, _=d
dz y}dr'

.1 U9 o) =5 TP HCKELC B MERBBUI AL



WER(Z) FUAZHHERAATEAFFAEALERL 165

3.2) B 2, AR K 2= £ 50 v=0,% C il 7, SP fb Rk,

3.3) WHMAH - E XM E AR R T R EBIRE. GBR . MR ERHZ T, 1
FRH r B ER b

3. 4) R WL pv M2 7 A 0 R iy A0 02 A 0 140 008 00 00 00 5 140, 6 48 B4 U
B P(OHRIEX. AP, RAKKER, AT RRRAERE SBRREOEES. B9 MHEE R
Gk THRE RS,

3.5) WK LT REEBAR, @74 — M8 H. S FRMNERHE W b 004,
LI B BER oo

3.6) AERHE  BREERREL 7

3.7 BERMMMEREERER, FRLEME LK

A g ]

IR L RS 3b 0k

ARSI A B AR I — A B AR TR/ e 9 /1 W 0 3 0 Y0 S 3t R 7 70 O R B 4 7K - 4
B By FEALI R, /NERETE ph MR 0 T O T R T 7 B A I TR BB R 3 b R .

7
pixcd
>
2y,
&4

7 ¥ Halli BN 1 R LR AR R
09 1F J7 TR iy

H o1
FLEBREEFE=ING EHE - BIFBFRSUATE=BARAR,
xE

TREEME 2 R, K.

LMK 5.2+0.2Q, K 130 WIEFTHLE;

— A HREN 15,040, 2 g, H R B R M RALTE Rk bk ik ;
—MEER(UITFRHRR BN RS ;

— ROV R B EA SN, B ERREELR S TE);
—AREEER,;

cn-l:-wmn—t



166 SRPFLHEEEFH - 2010

6. —HREE;

7. —#AER;

8. — R

9. BEVE LMAFIEHTER LB H);
10. BEJRIR;

11, £E4K;

12, M.

A Bz
I

BE: THRUMENBERA T RLKEFIRGBAE B THRETRELERK T
it T 2O R A4 IR,



MRE(Z) FLOAREMHMREREAKE AT ERAMALEME 167

S .,

Bt — DR MG da 7E PR b B L 4 R !
HOBEIBRLAREE B 92355 .
27l a H a

32+(?) B 3

HP py=47xX10 "H/m, HH % # T &K.
FAERIESE L PIEFTBLBE P ™4 i RE S it 1 B N 38 BE R

B,, — (et N ! : Gii)
Pr ( 2n ) (12—{—(%)2) :.-:2—1—2(%)2 il

X R R A M R B AR RN SR O B BORE S AR /MR IR B 9 SR I Y R A

T=2n /n%, Gi)
Hoh o RSN RE BN EE N M, I IESEAN P RO EEIRE

I=M(%+§). (iv)

Aoy

EF=MAHERWE P, BRECENZE 1 AENTXASH. WRBLRKELE, N
B £ 110 . X e KR i 3 B R W S R 2 M A X A T IR R A, R (U b 1 3 R R
Pl , AT B 0 30 B 45 SRR UE W R AR O HL AR X Vi TR 5 58 9 B R R B 2 Mg B — R 4 R T i .

=

£ T H KRBT ) DAl o) P BB IR | A EH T ASH. WEIFCT#EK
BH.OEF S LR AR,

a) &EEIS S G K F S R 7T @A E IR

e LB EERELOHES M AEITHUE.

i 2% 18 7= A B R 3% 5 M B S O O 1) — B BN ROR Rl B SRk SR BE T Rk e s A . 1R —

FHLKH RB\HLERNSEOTHE H By MBE » ME AR EMNRRE.
b) %7 5 17 A 1§ 7

FAEBR a) 74 2 B0 /) AR 1 m VSR 380 2048 B £ R £ B R 37 /) ) 4% 30 S 59
FEUCH B M0 R 3 B R T 9 B K P-4 R By MOMEL IR RS IRE.

c) SEBIFSHAUFAKFELBREENRE

B L IR S LR AL B BE R AR I8 X B F R b B S R el R B R A X Bl 18] FIE T
E{J‘[ﬁﬂ Ty ﬁi‘ﬁﬂﬁﬁ e 'H'g: By E{J‘E-#ﬁﬁﬂﬁﬁ

2. AREEBHHKFD
A SCH i H B0 2 R A IR BN 77 2 000 B — A T 0 K 00 48 R A B8 0 N BE R BEE . SCHR kT



168 LB P EEHEERFH - 2010

e RARE - REE S AE RS R. BEE S OKESR L, AN R B
B B HE g b TS0 25 (4 JEE B 2k 0. 60 e (U0 BB 1), 34 3 JELJEE A 1R 25 T DL 8 g 342 Al cm
VR Y RE AT S Y e 4 k2o

0.60cm { =~ W‘ '
1 i

B 1 ® 2
B2 BRIE—-AFREN M AR BTE UL B WA R KES R L M 1R/ R A iR3h

B T HTFREH:
T= zn.}gi e O

Fot T R PR R I O B R B R SR g O FE B A M LS MEBE (g =978 cm + 57°).
AL RABAE NS H—RINARES B R TRBRAE.

%H
BELRRERSE.
1. —ANFewsk 68 BA 4% 2. — IR 3. —RBEK;
4, —LHER; 5. —REEEL; 6. — MR

7. — BB 8. —H/NTI(E AR E ).




MRCZ) %10 B M@ LT & KA AL ME 169

F—akar

HABRSHTISRMRER, SEHAR, L. MEHEEp RAULE D,

D B2 8 R On,)

i) 4840 25 B9 4 (m, ) 5

i) FEWE F 245 R A K 89 SR 8t () 5

iv) FRMAWAKE WS FERO,;

V) SEWKE R BAINT Y B LB 1) A S SRt 1, BB B R k.

RIGTUE R A LIRS B 4 2352 P, SETTB 8 A - &880 1L ¢ ABHHNYER
B EREREER p=2.70 g/cm® , KIHEH 1. 00 g/cm®.

‘R (E 3),
v
M“ji%\ §=%m%+ﬁ}

Ry &F Y
L LR ()H— X |
S I,= 4m (R + RY)

e m
m
LZ

I=m=
12
KA L BT PEFRAR,. ShA12 KR, R B 1
B 3
W4y

a) X TR BT

RATE 4 FRM BT N —FE R LK LSRR ANERS AR T,. RE
T ] e B SRR (o) BOEL.

3 2 B (o) B9 R 22 A

AR ¢ 8 m, sy my T M EY{E.



170 SRTFLHEREEXFH/ - 2010

b) #Ex FEEFROCAEETHRMHZHMO AR

BUBHE 5 iR BT %k TSR ) B MK R

P B0 A 0 4R 5 SR AR R 5 3R @) BR A8 ¢omy e o ML IR FERK M B ST X Rl LA
2 ME S WA B RE 7.

BEERTHKSBBSERFAL R RALE O PERAN H, HRESIREHER
B I

c) ¥R BHXRESBREMLLR

I I AL RED?

AR XA EEGE T EAHBEG?

R — R REE, BERESRE DB UUESRRESH - BEEE KEEEES,. B
BIHESERAL. BEESSRIKPERSERTKOERBE T H.

#R.

[t -——m][%+Rz+(fﬁt)E]+2mg[(0‘61;m)z+%+(%+O‘Gzcm)z]

+m3[{'—;+L:‘)2].




[ Gener al I nformati on]

= 2010
=170
| SBN=170
SS =12617495
dx Number =000006905116
=2010.05
2.00
=http://book.duxiu.com.auth.lib.bit.edu.cn/bookDetai
jsp?dxNumber =000006905116&d=B4FDF3627BEOEDCDE99D210006A599

EC&fenl ei =070518&sw=%C8 %AB%B9 %FA%D6 %D0 %D1 %A7 %C9 %F A%CE %EF %C
0 %E D %B E %B A %C8 %F C%D7 %A 8 %B C%AD
=http://nthd.5read. com/image/ ss2jpg.dll?did=b56&pi d=05
60130296037A6C93C1005830EDF8DC0B3D0515426D6C227FA179817F86
0421206F1363C71E70D6F8A68DE91D9E3B304B07676EDBE5S5CC76C16BDS8
B6462B16AD24B3127610D443DEC69C61EO0OA09816DF21930EE218DF0OBDD
513CCB5BE8554C6F5070F7BCB8671B12883EFDB8EA48076AB1A77&jid=/



	封面�
	书名�
	版权�
	目录�
	1�
	2�
	3�
	4�
	5�
	6�
	7�
	8�
	9�
	10�
	11�
	12�
	13�
	14�
	15�
	16�
	17�
	18�
	19�
	20�
	21�
	22�
	23�
	24�
	25�
	26�
	27�
	28�
	29�
	30�
	31�
	32�
	33�
	34�
	35�
	36�
	37�
	38�
	39�
	40�
	41�
	42�
	43�
	44�
	45�
	46�
	47�
	48�
	49�
	50�
	51�
	52�
	53�
	54�
	55�
	56�
	57�
	58�
	59�
	60�
	61�
	62�
	63�
	64�
	65�
	66�
	67�
	68�
	69�
	70�
	71�
	72�
	73�
	74�
	75�
	76�
	77�
	78�
	79�
	80�
	81�
	82�
	83�
	84�
	85�
	86�
	87�
	88�
	89�
	90�
	91�
	92�
	93�
	94�
	95�
	96�
	97�
	98�
	99�
	100�
	101�
	102�
	103�
	104�
	105�
	106�
	107�
	108�
	109�
	110�
	111�
	112�
	113�
	114�
	115�
	116�
	117�
	118�
	119�
	120�
	121�
	122�
	123�
	124�
	125�
	126�
	127�
	128�
	129�
	130�
	131�
	132�
	133�
	134�
	135�
	136�
	137�
	138�
	139�
	140�
	141�
	142�
	143�
	144�
	145�
	146�
	147�
	148�
	149�
	150�
	151�
	152�
	153�
	154�
	155�
	156�
	157�
	158�
	159�
	160�
	161�
	162�
	163�
	164�
	165�
	166�
	167�
	168�
	169�
	170�

