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Here we consider a model based on a linear symmetrical triatomic molecule!. In the
equilibrium configuration of the molecule two atoms of mass m are symmetrically located
on each side of an atom of mass M (see Fig. 1). All three atoms are on one straight line,
the equilibrium distances apart being denoted by b. For simplicity we shall consider only
motion along the line of the molecule and the actual complicated interatomic potential will
be approximated by two springs of force constant k joining the three atoms. There are
three obvious coordinates ¢,z and z3 marking the position of the three atoms on the
line as is shown in Fig. 1. Let us now introduce coordinates for each atom relative to the

equilibrium positions as 71,7, and 73. Here we only consider small oscillations.

m M m

X1 X2 X3
Fig. 1

(1) Find the potential energy, the kinetic energy and the Lagrangian of the system.
(2) Find the Lagrange equations of this system.

(3) Now we are led to try an oscillatory solution of the form n; = A;e™**. After substi-
tuting this solution into the equation of motion, find the equations for the amplitude

factors A;’s.
(4) Find three non-negative solutions for w.

(5) For each normal mode, obtain the relative amplitudes of the three atoms and sketch

their motions.

ltriatomic molecule: 3 JBF4%F



(6) This linear triatomic molecule system can be reduced to one of two degrees of freedom
by introducing ’internal’ coordinates y; = z2 — z1 and y» = 3 — z3, and eliminating
zs by requiring the center of mass remains at rest. Obtain the frequencies of the
normal modes and compare them with the results of (4). Note that it is convenient

to introduce coordinates relative to the equilibrium as (; = y; — b and {3 = yo — b.

(7) Let us take the initial condition (¢ = 0) that the center atom is at rest but displaced
by an amount ag from equilibrium, the other two being at their equilibrium points.
Give the time evolution of (; and (, defined in (6). Find the amplitudes of the small

oscillations of each atom about the center of mass.
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IRFfH D 72 D FERRITALER I3 CREGR S D MR M O BRZ R O EFRICHE > TEL,

(a) BT v YU HAOR Plz) = pefa! (u 13 = OFHIE) 20T, HOFLE
B N OEE . L DD RSHRISHRITEE L FTLIEF L 7t ¢ BRI b =
Y O dt BRI B MRS R 18 & LRI 5 R 2 5R0D X,



(b) (a) TROEZERRZANT, FRERBRILRICBNTEDOREE N & ERICAH
SN TREFKINDFHER M OBREZE T, NP RELRDEFMIUAM B
KELIRDN, 2D N OEND NBREL 2D LW MIT/NEL 25, FE
BB TIE—BRICHE SN0 E DD M OEICFAIREREOHEE N L LT
2 ODIENRXKIET D, ST, HKRKD M OfED 50,000s~ ThH o7z, ZOKRHR
DREREH r 2 BT L TRD K,

WESNBRESTFI
V Vv v VoV mm—
7] ‘ | ‘ RERRH R
*@ﬁ% — F_J:T__
e | || |
% e S
TR
s L | | L | | |

X 1: RICBWTAEHINBZREX 7 F LT 6 HTHHH . FREAMR TR TIZ 3 ERN
FLEKk S AL, FERRELAUR R CIT 4 EREsk S B,



ITI-4 (==—F YU /) (100 %)

=a2— ) JITHOZVWERFTH D, WERBZRAFX—IEIFTELND ot PHEFE—
LDRREE (ot = pt+v,) 20 (R2—) =a2a—F U/ (v,) OE—LZ{ES>TERZITV
W, ZDZ EIZOWTUTORMIEZL Lo (BEIZSOWTITAREF 1HTRY, ) 7221
ot Pl F L I 2—F v (pt) OFFIEEEIIZNEN M (0.14GeV/c?) & m (0.11GeV/c?)
EL, =a— M) VOHEEREITEr LE L,

(1) BIEL72 7t FREITHEELZE X =a— Y JOEBROKES P, 2 M & m
EROTEDL, ZOKEE S LDRS,

(2) HEE B(=v/c) D ot TRHFHBRET DL &, ot FRFOEATHMICKT 5 ERER
ThO==a—h ) ) OAELEHEL, ot OBRLRTOZOETH N T D=2 —
FU DRAEEA  ZfESoTRDLRIW (TREM), By =1/V/1-F V&,

\

R lab \%

" 0 Tt

- = - O

M Bk KBREZR

(3) ot HHIFILFEEFM 2.6 x 107%ec TIa—F v b=a—1t U JIZHRET D, WE
at FFE— LADOEENEN 7.0 GeV/c D & & | £ DEHFRATEEREIIAT m 2> 2

(4) 52D 7.0 GeV/c D ot THFE —LDRAE RS 200km S5, IEL L »t F1HF
E—ADHENCFDOFTLEHOETHERE20m D=a—F Y JRHBREZRELZET
5, (AL, 7t FEFE—LDIEMN VITEETEX D LE L, )

(a) 7* FEFE—LDRRAERICTZVWL TRIBERICAD =2 — 1 U J OFIEITN <
B2
(b) TD==2—h U ) OFEEBHRITEE LEVL B0 (GeV/e) ?

(5) AZD==—F U /i3 200km HiH1 % 8o THIF O HIRCEZET D,

(a) ZD==2—1 Y 7 LETLOERENTERZ 1.0x1078cm? LIRET D & | 200km
FSEDOBHICEET 2 TiC=a— M) /PP THE SN DRIV 5022
7212 L OB BEE T 3.0g/cm®, TARN K 2 6.0 x 102 /mol &H &,

(b) B 1 x 100 D 7+ PEIFBARETHL LT, ==2— I JRHEHBOEZHK
WmAHYDE X, ZOHFT=a—h Y ) EEFOBENBZ 2HEITN 52



(6) =2—F U JEBEI a—=a—F U JREF=a—h U )RS =a— kU O
DIRATHIZE LT 2B TH D, ZNEFARDLTDITIT=2— Y J OFEFEZFHRAIL
R TR bR, —RIC=2a— ) JBEFERETAE, Ia—=a2—F ) /D
BelElia—F U0, Ef=a— L) ) ORGITEFPERIND, TZT T GeV/e
DI a—Fr EEFEXNT AITIEE S THUX L V02 BB EE ZOFEEIZ SN
Tk &,



ITI-5 (LCR [BI#) (100 &)

KRB CREEOBVEIGEMNELTHLE, Ty "V EF N7 BRI NVERHNT
INVARESGERRAELFAT DI EDBZ, XX /XU E =N T OHBREE O, ZBhaA
NDAVE I B A% L, NEEIIZ RETH L, L, C, REIEOBERSO BB
D 1-5ThHbH, L, C., R, AA v F SIFEMAEA R LDOT, BBROBEHITIEHRTE S
&5, WMEBRROMITIZILT 77 A LM (MRS R) 2R AT 2 L ERITH 5,

(1) MDEFET, Fr v F—CIFBEV, RV MIEBESNTWD, KAt =0I1CAA v
FS%#MLK, L. C. R DEDUMNZ L~ T (1) BT 2%HE. (i) BB, (i)
RO AT TSN D,

(a) ENENDHED L, C. RICHTDRMGZRE,

(b) EMLIRE DHED (1) THETLDOT, UT (i) DHEICONVTDOARAEZZ D,
C DO EE V(). L 2N DEGR I(t) ZRD K, LREZEHEIZT 5720,
' = R/(2L), wj = 1/(LC), w* = wj — 7%, tan¢ = 1/(wr) L E X,

(2) F v Sv s it R R E RSB B, T, ERAOHINETHY |
ERSZENOT, EHRMF Y0 —2FHT 5 OB WETH B, EFHF ¥/t
¥ —(CRBE AT L . BRI < 225, BRI E 5 2 T,
SDEDIRT L BB BTt b BARSHCIT MER HKR B 120 < MR B 7014
A AR 7 VT 2 B[R RSN B IR R B,

(a) RIOEFE TS ZEL T I(t) BHKICAR DRAOBA t; L V(t) 2012725
BAOIDOEZ ty & DR E R,

(b)) R=0&,LTL., C. SbesmEEKc, A A4 —F D 1,27 Mz T
7 m—N—RIEE R LKA XL,

(c) (b) PREIEICIIT D V(t) & I(t) E&WZ ¢t Rl E L Tr T 7RRE L, ¥
H7at, V(). I(t) DIEZ R EIZRRAR X,

(d) BLEDEEETIZ, (2)(b) PDERIZ R =0 LR LRV\WOT, HERRE, REBE
DEIRD 2HRFEDFT Y N F =N XA F—REfFST, RNU—7 m—"\—



[B]#& & FEE N 5 (B 2 R L CRERT 5,

BERENC L CLD2ODX X RV E—=RNUIRHY, TNENV,, VITHK
BEINTWD, C;>C. Vu>Vi=V(t). wr > (1+C,/O)?THDHELT,
C. C, X A4 —FD 24, L, R, S ZffioTHIEKE TRLERRE L,

ok
o F(t) DFT T AL f(s) 12, LF(t) = f(s) :/:’ e tF(t)dt T B,

o f(s)=1/s& f(s) =1/(s*+a?) OHEHIL, L71(1/s) =1 & L7H(1/(s* + a?)) = sin(at)/a
Th D,

o L7Uf(s)=F() DL E, L71f(s—a) =e™F(t) TH D,



I11-6 (MEEF) (100 )

(1) Fourier Z#2% VT 1 IRt DEMRZE D HRER

K ——u(z,t) — %u(m,t) =0 (A)
& A u(z,0) = 8(z) O FITARE . (EEORZ (t > 0). DK TORIEN
u(z,t) 23RO X,

(2) “HERT p(r,t) BDFET 25E D Klein-Gordon HFEZ

(86—;+66—;+66—;—c%§—;—u2) Pp(r,t) = gp(r,t) (B)
[COWTLUTFORVWZEZ K,
(a) EBIE p. =HL¥— E % BTk BB
p(r,t) o P T/R=iE/R (C)

25, BZEH (p(r,t) = 0) ODFBRREZTE 2T ODRMEDND (v, t) BFEIRT DHHL
FOEEN M =hu/c TRINDZ L ERYE,

(b) JFRIZFFIE L 72 REBRDR B D (p(r,t) = 6O (r)) HEOIBERNEME | FERD
EDERIIRRT Vv ¥ L ERD X,



ITI-7 ({RIEEE) (100 4)

AU DA (He) 13HMEREE E THRIKOIRETHFET 20T, BZER 7 ZHAVT He D
KR BEIRNCHER THZ I L» T, BWIBEZE L Z EAHKD, K10k 5 73ERE
EIZOWNWTEXLTAL Y, WK HeZ ARLAKIERZT., BRNLOBDOMAZE 2
DIZ A DZEMITEZEIZRT2IV, 22O @ ORFERES A I TV 5D, KK He 1ZKIR
REED B DZEMICED N D, KIBERIRD LEDT T PN bR 7 T He DRRE
KT 5, 4. iEHe FICHBIZ OB HY, BEEILTHD, BAORPEHD U —FHR
(&8) NERE»OSREEICEAIND,

AERY) — R
'

——

X 1

(1) JE/ P[Pa] ® He [AAZHEZIEE VmB/sec] DR 7 THER L 72 HFIC | (/L /sec T
He NEPER SN 50> ? He Z BAHRMA L L CRHEY K, Z|iR%A Tp = 300K & L, #EH%E
IRAE (0.1MPa, 300K) DRARDE /LA 2.24 x 102m3 TH 5.

(2) He DFAFDOWERE L L L, [EAPB—HREL T, He DA ZRO L, 727201,
AT LT RIE D He [UAD FIRICZ2 2R OBS & (BAEY 1XTEHL TR,

(3) ZEED DIRIE He ~DEADWAIL, BBHFDOT 7 Vo OBEES LMEMD Y —F
BINODEDNREZbND, 77V OEMHEX 0.01m?) & LT, I 15 OREKE
XA He IR SN D ET5, RITICRT LY —RRIIZRNORTE S
OB 5 Z LR BEZER R @ o TREIEICAY | £ 2 THRIK He DIREEICEBE
fid~ %, IR DRI He IS A DREE Q 2 AP F 1 CaAT L, T 77
Vo R AREIL BT x 1078 [W/m?K?Y], 7 TV VORI EE 0.01 L T5, U—
RIROER% 0.1[mm], £ 1[m]. A 10 ARKEL LT, UV —FRIEbi-&E Dz
{RER g ITIRE T ITKFL . 25T[W/m-K] &£ 72,



(4) L =100[J/mol], V =1 x 1073 m3/sec DFHZ, EFRIEDTES P R &,

(5) B 21273 F K912, He DFAERIE P(T) 1XHRIK He IREICR KT T 5, EFRETD
AR He DIREZ AT 2T E TRD K,
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101 1.21416182022242612.8303.2
T [K]
X 2

(6) K1 DX SIZFETCHEREV OEHAZ D, E % DIZ=HIEIC, EI3XHEAE He HORE=
DEECBEfM S TR E, ZOMEZFRENERTEX MOV E T2, &, EET
D & E % 0.0lMPa ® He RULTHi7ZL ., D%, K He #EAL T LD LI
Ry 7T HOTHe ZHER L, EIZENOEARID He [AEDIRES TiF 7=, DIZ
WETRRSH Y, ZOEIDHKIBHOBEZHETE 5, He lTEHESIETH D &
LT, D& EDENEIRNET DL, EFIRIEIC > 72RO EARZD He K[AKD
JET) [Pa] Z3K X,
&P, |IETD & E % IMPa DRMAETH/-L72#%., EEFEU X OICHEIL 28BE1T
EORDBN?
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