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FMEFEE

RIS AR BHEE RRNGER, MABE S REZHM AT 5
AEY. —SEENHMRAT] —FEPRERIDL, XR—MRERE. B
DIEE=ME 15 4 EAANE, N¥BRABFRANAAGRELES 43, i
REBERMAESE 6 F (PO ME7E REGPRTFRES) 25, X8
B Fid ERBMABMRRER. FXRE I FH Coulomb BHFE, HFALT
% 13 25, XEFMBETH Born L I7 B F4 B HET HLAR.

EWHRARTTE, —HFEHETHEARRT IS REANTIAE. Xk
NAEEBESBERTTHRESRIA; 5—FE, ¥nTOBRHER T H¥EEA
B (BFEEAEPHAEXNEELRER MIHEEHBRNEAN. Fln, K
aF Co MINET WK, ENGTHFREEFNLRIER, MWMERR
PEH) Schrodinger S M H &, N (=3) B F 4 ¥ Greenberger-Horne
Zeilinger (GHZ) SWERMRXKLR, BFEBRESTIRS. Wi, T
RIS PRR M T Bitt, FREEEASHY THRNEBEXAR. MTBEUR
AP BSFSERBWNT KIEEMNEN, FERFRRENEE, A8
SZAMIIEROERL, FARBREHBGE.

BTRNRE, BE&H—EA2%. BFH¥NEBEIDAE 0 ENHF. HE
N R—T BEREARTIY W —LSCER ST B F 200 R X LR R, WiEEE
AHLEH. |

ELEETFIeHA 100 A4 ZBR, D. Kleppner & R. Jackiw B#EQ,

“Quantum theory is the most precisely tested and most successful theory in

the history of science. ”

REBTH%ELBUBIHEKNRT, B TRTHENEABESMER (5
R F_RESERHENSEINHER, BFSEBMEEMNERE, FEEx
A% SAMBEEFBLRERA, ATEZEREMAMEE. EW N. Bohr
BTt

“Anyone who is not shocked by quantum theory has not understood it. ”

MERTHEBEFAMENFENERE, ~AFERENSL. MASESRET

® D. Kleppner and R, Jackiw, Science, 289 (2000), 893.



EZE A1 EPR (Einstein-Podolsky-Rosen) £ OH! Schrodinger S4B OF A
[,
%tF EPR B H4i, M. A. Rowe % (200D)@ f T N F &R
“Local realism is the idea that objects have definite propertiés whether
or not they are measured, and that measurements of these properties are
not affected by events taking place sufficiently far away. Einstein,
Podolsky and Rosen used those reasonable assumptions to conclude that
quantum mechanics is incomplete. ”
R —EatH], Fig—HERMGELER RS EY. B
“Starting in 1965, Bell and others constructed mathematical inequalities
whereby experiments tests could distinguish between quantum mecha-
nics and local realistic theories. Many experiments have since been done
that are consistent with quantum mechanics and inconsistent with local
realism, ”
Bell M AREROCHIFRWERLERSBFH#FHNFEREITEMN. Bell R
ZRARM 2B TN ERAES (BREDS) a8l #. Greenberger,
Horne & Zeilinger 3§ Bell (I TAEM T#EC, AT N (=3) BFHIFH
Y97 (GHZZ, RUEFI12ENFLEr RN &R BUISR 5 € LR
FEC®. ERMIBMMULERSBFH¥AYPEL—, M5ESHELELRS
FIEC. A. Zeilinger EL SR FiSHEAE 100 AFEMXEOHEHE.

“All modern experiments confirm the quantum predictions with unpre-
cedented precision. Evidence overwhelmingly suggests that a local rea-

listic explanation of nature is not possible. ”

Schrodinger BB —XO R T — MM, B “BFH2%x RN RE

@ A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. , 47 (1935), 777.

® E. Schrodinger, Naturwissenschaften, 23 (1935), 807-812, 823-828, 844-849; I+ L I,
Quantum Theory and Measurement , ed. J. A. Wheeler and W. H. Zurek (Princeton University Press, NJ,
1983), p. 152~167.
A. J. Leggett, Science, 307 (2005), 871.
M. A. Rowe, et al. , Nature, 409 (2001), 791.
S. J. Bell, Physics, 1 (1964), 195.
J. F. Clauser, M. A. Horne, A. Shimony and R. A. Holt, Phys. Rev. Lett. , 23 (1969), 880,
D. M. Greenberger, M. A. Horne, A. Shimony, and A. Zeilinger, Am. J. Phys. , 58 (1990),

SECNGNCH)

1131.

© &

N. D. Mermin, Phys. Today, June, 1990, p. 9~11.
J. W. Pan, D, Bouwmeester, M. Daniell, H. Weinfurter and A. Zeilinger, Nature, 403 (2000),
515.

@® A. Zeilinger, Nature, 408 (2000), 639.
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BEA?Y JUBRBFHEMBRAZMER [EE, RIE “GH” (classi-
ca) 5 “&IW” (macroscopic) FREXR] EER, EREENTRAET, B
Tk & A MR BE AR VR B #9 Schrodinger “MA”02. H. D. Zeh M W.
H. Zurek®®® 2 i FIBMT (decoherence) M5 3t 3B W 1t 57 3] 2 0 41 L
. MATAN®.

“States of quantum systems evolve according to the deterministic, linear

Schrodinger equation
. d
lh'az' ¢ =H | ¢

That is, just as in classical mechanics, given the initial state of the Sys-
tem and its Hamiltonian H, one can compute the state at an arbitrary
time. This deterministic evolution of | ¢ has been verified in carefully
controlled experiments, ”
FIEAT G S, o TR E MR AT 5 R SRR E AR, TS5
MTHEREER. E—REAT, ATRENIERETFENE. Wi, Myatt
$5iHC,
“The theory of mechanics applies to closed system. In such ideal situa-
tions, a single atom can, for example, exist simultaneously in a super-
position of two different spatial locations. In contrast, real systems al-
ways interact with their environment, with the consequence that macro-
scopic quantum superpositions (as illustrated by the Schrédinger’s cat’
thought-experiment) are not observed. ”
MTRTFHEFEAMEWIFELENSE, R Blate (2000) FpHE?,
“The apparently strange predictions of quantum theory have led to the
notion of ‘paradox’, which arises only when quantum systems are

viewed with a classical eye, ”

C. Tesche BiH®,

C. Monroe, et al. , Science, 272 (1996), 1131.
C. H. Van der Wal, et al. , Science, 290 (2001), 773.
H. D. Zeh, Found. Phys., 1 (1970), 69. W. H. Zurek, Phys. Rev. , D24 (1981), 1516; D26
(1982), 1862.

@® W. H. Zurek, Phys. Today, Oct. 1991, p. 36~44; Rev. Mod. Phys. , 75 (2003), 715.

® D. Giulini, E. Joos, G. Kiefer, J. Kipsch, I Stamatescu and H. D. Zeh, Decoherence and Ap-
pearance of A Classical World in Quantum Theory, Springer, Berlin, 1996.

® G. J. Myatt, et al. , Nature, 403 (2000), 269.

@ R Blatt, Nature, 404 (2000), 231.

C. Tesche, Science, 290 (2001), 720,
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“The paradoxes of the past are about to the technology of the future. ”
MMIED], MR SE, —BEXHFREE, iR ERE (BT
ﬁﬁ,ﬁ?ﬂﬂ%ﬁ,E?ﬁ?,ﬁ?@%ﬁbﬁfﬁlﬁ%,Eﬁ%%i.

Wk, RGBT H¥OEIMMLT I AR SIS R AR B AT, 19 it
BRYFEERWFTELRMEEEE. BT I¥EEGKEZH TR 78—
Rl2, EHERMEIEAMISRF RSN EERE HEFH¥EFEENEE
BFH%HBAE, WARTEXAANS—HNREARARKER. AMMICHE
Feynman B0 & -

“We should always keep in mind the possibility that quantum mechanics

may fail, since it has certain difficulties with philosophical prejudices

that we have about measurement and observation. ”
o, BFAEE VIS FE, BRERD. XTRFHENSR, BF
BN ERBERNEHERWEEHN—H4C. Emd EHAERFARRS
(TR T

“B I AAMSRS, ERLTRKE
EE—SERD, AMIMTERRHYRFANERNMEHRENAR, RFE
A ERAHERNE.

HETFLEXRFHESEKR
2007 41 A

® G. Amelino-Camelia, Nature, 408 (2000), 661.
® M. Tegmark and J. A. Wheeler, Scienti fic American, 284 (2001), 68.
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F=H (2000 ) FE

S, BRITMRTEFRELE—BRE. BFH%MEY, hEFt+s
. BFIESHEMBHESY, B 20 t8WEEmA et s Rk, TUER
TP, BRAEBRFH¥ESHEMNSHE, KA ALK FCH.

‘BT KPRV REHEERE” XM EMEANIRE, REERTFH
FIWRHAE EA RN AR, BTLAULECR B — B B2 1 4 3 AR L1
NGFREEITREF XA, flin, BERYEE. BEF545FEmmmEte
YW, FFEEMSEEME BaEARMETFR) ., MFYH%. B2
BTAEYE. RRlE. XREYWHE, KEYE. M YHE. XEYE, B EE
PR, STEEXE DR

KRR T IFEELWBEHER, BOABRBX AT R R
B 4Et, RO ABINRE, BE—HRTFH%SRMR RE T HAR R AR
DEREISEM. FiE, RO ABIETEFAEMEBERNESYEE,
AMUBERTTE T “NHABLEEE. B, RBEZ N7 T 2BETLSHH
BFRE?” A AF IR R EEARMRREIAZ 5r0” SREAWEE, K5
R TEREARMT BV ARNEREE, WXt Ry IAY R SCHHA BE i
.

HEFIMHFBA LS. RERTH¥EAEBERZDE 20 4D 20 £408
YK, REESWEFIFHERENRIRM SRS AR IZ 5+ 1 5
BEES A, HESET YRS ERNER L YHERS, —
HAFEBZMSE. RIDNSHERD, BEREFHEESRAMBES T EHDR
BAENBERF AR EERLE—SBRBRE2ATY (I Nature, Science,
Phys. Rev. Lett. %) FAWIHI—RIME. —FH, RTEFHEEEHE
SMERNSS, CMESREITEHBLIEEME (15 EPR #£2, Bell A%
X, BFA¥EPRIESEEN LR R, Schrodinger BATEN VR B FHTH,
S S GBRAHW (which-way) L5, VER#AR RSN BRI LH N
B, %], SEEREHTFANETEREF XN ESELHEN, UERET
TENMBRA¥NRXR. F—FH, —RIFHENBRFRIRRBHERZTR, 5
W, BBOt. BIMBRAES . Josephson N LEZ 5, FAEXRBHETF Hall
AL, RIBEFHSE, BoseEinstein R % HXHWNAERABCEEREFR.
fEIHE 21 HEY), BF I¥0LAMSEMHEE, —MF03 R8RS T
&, i, BFETE, BFEER%E



B X Se 5T B0 B2 AN TR ENGR . — BB TR A M SR R i %
WEES EOMARR, REREANEEHR, ERNENEE—ANRALS
REE. BFHENE-SRE, BiFSX 21 e ABKEY R SCAE BRI
W, B—FE, AMIBED, BFA¥ELHALNTE, CHTHIRiIFHE
EHR. MR, AT BT 23R4S B B 0 BRARE & RTRAL, (BT LIAR
&, BLEAMASHYREERINEST, BFHEHEDLAR TER LR
.

HER BT HEEERMXETHE, ABESR EHEED MTEX
BENBR. 5 1ESTENESRESXTBRFHENE-SRANSES, 21
MAERFRABSRFAYRNETESZH. SEYEY T EEEYEEAS
B, TR b A 5 B F 7127 i & BTV SR B BT 5T TAE.

ABRBIEESENRKRENERF RHEATE 40 FR2RERK. /£
FI— AT, RIEXFATEOTARZATHE A O MM — R %,

HUTMBE RN B2, HUTSEA, StA? WAy $EES, %244
27 WHAEA BT RIAH—MFRBERSUT, REAHREFEBMIR, Wi
FEIEFFENMMBREEQE, RHEEMRRDE.

XEERIBSE AR MAFHER. PEAMAGE. “AETTR”, U8
WBIF, BASEHER. RiEMR, “#4” AE—#MIFHR, MENRER “F
X" AR, N TEBHTRRETE, LA SR A B T HE R
HREEE. (BBt RS, RREERAKKES BTIR? A TR AR, RAITH
e REIERMABHEE, RUA—FRM, RE—ARINRESIICHEREE
JR i AAIRIE SR h T

ETFXAAR, SRS ARERUBERNEFEHR. FEFX 1R,
2 AT A SR R RS R BRI EENR. —MTFIBUN, 45| S B At
WEEE, BEEHCHERE—CHTRAS, EdS4MNEEESHAITASIA
NBME? BRRBEHEA— N FOESHEE, SEEINESMEESHY
LRWRHTEREAEN. HREERALERLERBISHERBEARI, BAVE
RARFXFFE, ibFERCEEE, ACERA—MRRTFEN TR, Fit
HERE, BT, WAREE, SeAu L h kAR R ST TAERE S A9k
K. MBREHERNTREHE FRRLTERERA—E, BREF. B¥d
FEHEBRNSEORBILREER. XX, ISR, i e
HARNER BN EERE R

2 TROSINR, BASERAMRAE ELTATHLERE ( “RMEBAm
XE, MEEENEREEBRNA. —EBHIFNELRNTAEGH
SRR EIM. RATRE, NEWARDAES, EATERER, FfTE
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BRE. XM, FARBTERD RS2 G0 A EiSsEIT A 6 R 93t 4F
B XM THFAUERNASREXREEN, HRMEBBHERFINEXER
(BB “EZPfF, MZPfFd”, IR0 “B2EM, BABEE".) BR%EH
FHRETHLHIRNS. Heisenberg Bist: “RlERFitigz . ”

BERERMERRNEY, 20HLERTHESREME. MEEREs
HFRABIS, HELTENREFENBTNBIZR.

MBEERRYE, BUTHRR— S FET R, MARFEHEEMNIAR
B RELERE. RAER, —UEE, AEESEENZSHE, SaME
BALBBERE. AR —&, B8 THIFE XK R KK
Mot PAFHE, MEES¥EEIHAMRARABMNRERRERG, HT%
o W RXEREESKNBE, T H2EX B RN ERE RS ERA.

EHFRF L, EONTREFHEIRNARYIDEEL, RIANEH
REFEHRBERER, REBRAWE, RATASNRE. RKEREEF M
K (BT (FE) KFSPRIEACHM “BEDE”, XIFESHKZIA.
(BIHNE R ZRERTERR R (BFEEHER) BPRA. ETHERY
GiTaRE, MR%EAESE T S 0 B RO R A s, (B FSIE R AR
H.) HIMMEEARE RSB REITHE, @ WBRL”, FAEORASEXH
BHMERFRMAUREHO IR E, IRBET TEROERZERFT, JHE
AT ERWHER, HENEFEFMREL ( “FHTRMHTE, KEFk
MFETK"D).

RN, BRI, BRAEDEEF LA TRBTRERR. —1 5%
SVRABPLREBIA, MTH2R2NRE, EERASRTELRE. HTA
IEHARRZEIA, EFNRALEZHARFRHBEIHORERR, U—H%E
R ARELREBMHN, RN ESEEN, —BRESEEARANE
BARTRIATRENIE, TARBEER —HEHNMAXERAEE. R
BEASZERIERES, YR RER, R A SEXREA LT
H—EWRER TR, JhEkst “RAEEW”, “A67E”7, HEHD “BAR

7, “BREE. RZ, RARMERERIANE, NEaRER—.

RRAMNER R EE WA — RN ER R R s
WAHERFRE, XXT RERMANBEZEGN, EEEUERRIEN. B—
HAFMRRET ZRMRBEBEREE FRAERRRELS), MR- XEEMNH
R, ZEGRBMRAR LS. BMERMIINERS, EELBIARELH
K. IR EAAROBER, ERFESHRENE, MEX —LRlEREEY T
HEIER. B, R P. Feynman & F 2 BERSMEE, MEMETRE

@ mﬁ%' yj%%v “%a BZFE, m&EF; X, KKz, METFK”.
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BrEce . AT, REHZES, MRESRHESIM TSR NES
HHETHL, EFEFMRE 2 AR ANTERNRERE, M4 A ER T LU TR
WEEE, mER—ArFEREA H —MRRI TR, BTFURK, STRILEFHR
5. HPER, A—SREEHROBEAMSENEEMYRBERBRT. FA
WU, XRENRBAREFER. HBROZERNA, REX¥REERRE, X
HRREM L E R, HEMNRINETEERABITAT. SR, IHHRENF
A—mEEFEE, EXTHEFMALTHREEHBM.

BRIERREMER. WFE AR, GEBFHEIR—T¥8, HFEEH
AL 2%, BRLERE—AHM. BRINRENEZZRAEE, BEHRER
BEST. BT I¥EALBRA, EHFRAEE. ERNRBEMEM KR REER
AZXBRL BMNESEEHREZE, BEURXSHENELBETFH, X
B2 EOARESRENBFLFER. FAR 20 #E 50 £4, BRSERRIFE
BT H¥ROELREBAR. MR —S2AMITF “BTFHEAHE”, “B
THERAR EFETRE”. XEHIFE M, EdRBREEPFEEA DRI
BMPIREEVEE EHETFS, BT TROEBRXMRE. FERFHFELEK
MBI MER E, BRT (BFH%) (L. T, 1981, #leEdiiit). 90
FERH, XABERFER. EREN, RESHFLR, NEFRSHIRENV
B, M7 —sFazR. EEIE, B TEIRBOR. HRZ)E, RIENRE
—TZEEERFERRE, T THEE, AAMNERBENE T 158 FKEU
EEFRE (BFG. . BXEAHERSBEE —UFERYHES TS MG
THRB TR, ZBEETLRER, 3R E EHZK.

%AW, 40 FRBRIE. RATWERIERKASRE EREZED, REH
HEHEL, SEHERMEL, BAERAKEE RIMNPERKELELENT
2, MARMBEALME I REERTR. BEJLEFR, RIEET. —
HEAYTHARKRZA ERFHDREZER, BIJUFARMIAERLR. X
AREREILRANSE S, -1 80T, REFETFER—N. “THWK, B
EMN”. BEBRMEEREMNLE. AFEHEUENR, MBIk

H#TFRRKEF
2000 4 1 A
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SR (1990 %) FE ()

10 4ERT, VEEFFE (BFH2%) (L. T8, BEdpmit, 1981 MRARE
EEX M E N BT S L RER TR, EBERLE, 2R RIEER
W, BREE, IAEHEEER. /EEEERIEEETHIERENRE, 4
FTEEMRERIEN, AANESRER T 2HEKTEE T HR M ER.
1988 ENE R HEMR TREUREBERASERBIM L, ZHRKEH
NEYEHZ —.

10 4Rk, REBFHEAEATETHERS. FERTRBKRTHR
£ EAYBEEA XS UHRENEMBELE, SRRETESETHSE ¥
ERXFMIESR, ABEATEBLIE 2 [EIERERMES LS, Wi 1ME
WKW ESER.

FEREAHBN, EESRT BIMIER BN —EHTEM 0TS, ELHR
BT B FSAEA XA PR SR R, RS T AT HVEH EER T
PRI e R T IT LR

XTRFNERBEHNE, F2ENBRR EESERR O, B
LHHRSHEEBA. ABREES— LT RGR T 2B ERBER R, &
T—EEEITIE. #lin, XF Planck BEEHARB BT EEE, Bohr BX
o7 R R4,

BEAMSFAEER IR, HRE—AES. TESEMIT “BF HEIER
P, “BFHERNR EHTRN”. RIEESSENBEERBHTIENZ
K, 7 (BFA%) Q98D t, YEMEAEAFMERYIRM T —EHns
R, B0, MBEEI-R FR RN R AT RS HE8 R BT B L R B R A4
WG HERRZE %R, XTRISHSSSENERE, RLELS. #E
EET| SRE LSRR S, MRS IS XHESR TR
ZRFMEENEE. EREARN, EEURTH—S%EE, HYET 5
TR M B,

FEENEFHYEROHEEERREER TR, Wh ¥ RAEHER
B BRE—ENAM T EREMAA TR, XA SHEE. EEES,
SEERRHIT TR 2 iR RSO R R 2 B AEE. A — oA fiE B Rl vl
DARIRBO 8 AR E S IR . BI4n, A 3hE I Dirac S M Schwinger &
2. HRANX T ERARE, AR %A E RN —E.

BE— S, A LR 2 E D], ErEd ZEM It EmLs,
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g, REER, ESHMLESBTRINER, HIESSHRASHEER, 85
RIBHIR S S RBAEBERMXER, Hellmann-Feynman ZH, HRAMZ, &
FHTEARBTUNME. BHEL—FMT REEER. W TS SRR
MEBT HFEHRN LR, FEESTESSESFHEEM, Bom EAlHEH
%, BT BT
ANTEBTEEERABRAE LESAEE, BhRHTEE0 RN
. RgHRECHEFHFABEARENEE T, EEEZREHTAES
RRALEEE R, HMASRMER. X8I EhAHYSI4% B IREXESINEE
ERERERE. RAABRIES, ARG (BFH2IEBEESHN &
8%, BT, BEHRD EAEESES. '
MR, BMRAXRAXEIAN. MRS BEARER (FE4EK
F, BITRES EHABH - (<2/3), HARASBRIGFEL %4+ A HE
%, XAATARBEMMENSE: R BRHERAAE. HONNZHE%, #¥wE
B E R R IEIR A W R AAR I R B R RE 7, AN R PR TA5 82 BAR B AR,

ek FTARRF
1989 4%



F—h (1981 F) F5 (%)

BT IR A A 7= S R AL S I TR B OV Bt 5708 B 1
T, £ 20 29D 20 AP PRETRFKK. AMNEERFRR, 78R T
B, RFREZENTHE B EEBEE TN TREIITARRNER, FAXER
B M EARAZ—BTFRAR, ENHWHRLEEHN—MEERE—Planck
HEhRRBAE. SMYIRAEXERT T RERNTE, BT I¥HBRES5HA
R RTEFRIOX ST & B B P B S R .

HE, FEANEBFHEARSENYEIHF L. FLE, BFAFENMA
BANEEERRHTSR, MALIREERQHR, TURSKYELRER T
Y3, ERKHSSERIEVNHBRER B ARRMSMNEAE, LHREAD
EBF RN —EM. — Uk, ELuYEE P REEY RYRNHR
RS, AMBFRRIEABE, FUKERG¥ER-MREHEM. B, 17
BLEXRMNES, SERFIBRFERERFERIEHMAM, BZETHEAEX
B, {HXTHIE, BPSOEMARERN (AR muR>h, m RITERE, v
R, REYUEER), HiL, S8 @gaE L/ S EML.

EAE—HEMAL, BFRN B ERTABHRIE R, Flw, REET
Wi/ KBS SBRAS; XFWN, ABRERFTFEFRERE RMRAN)
WEKURER. ¥E. FEEHLTEE » RDORTR (Bl, ERFH
PR, BFRNHMEE, AEZH. Hit, 2RAFS5BTHEERLEHE
M, NHRERTHNERESERYS.

BT ¥ENEIA, BAMMNTARFNRKRL. BT %, FHlRdE
XS R TN EA RS SRR S, WENTESLBIBER 50 B4HF, &
P T RBEE RS, RBEAMARANEGE BRFAFATRBRNTE. BHTRTFI#
By BRI EE , EERABYEANENT, LMY 2R
. BAE, FTRUE, EEYIEENEMIEHITALN ITE, BERTHERES
ATRWE. FXLE, BT H2E BRI ERZH N AT Sk ERIS LA,

LR, SEM—TAARE -, BT H¥URREAKARTHMNE
B MNBFH¥ETLOE, MEREEERE UL HEAAEN—BEEX,
MAFEEARRARFENFIL. XTFEBLH—PHB LB LSBT BB
K A0 AR LR

ek FTTXE
1981 4%
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Planck # X MARE , IF L LR WA R BB 24087 T 0 B # 89
SEIBE, R BIERFC. MATAR, IHE AN — N AXELBRIMBFS,
HAEBR X AR P —EEHME —MNMEF EEEMREANER H B2 R

1.1.2 SeEHA

19 HER, TR TR R, RESEREARTHIEAMNEER. 1
J. Thomson(1856~1940) {1 A ik He B 52 Sz BAAR 5T 2R A9 A 5% LA B B 2 e 19
ﬁﬁtﬁ(charge—to-ma§s ratio) , B & T B R—FHT W E AR T (1896). FEM Z AT,
H. Hertz(1888) R B T LHEBUN , (HX HHLHEAEE. HEBFRIAE, 47NN
BXEHTENMRES, KEETINEBETEEMALC. 23 LBBIR, RA
SeE BN BT HL MR

(D XM F—EHE B RHMEUR B (R TDEIE KD Bk, B — N E # s F AR
vo- MERH FHR v<v, B, BIRICHIIRE S K, HA WM B el 7 AR L
.

(D BT LR S RADLIITE 3 T ERIEEX. SR
4.0 ) Yk R R B D 26 A A 6T e B TR b 3 b L T OB

(3) M ASHEHH >y, B, A E LM, RE—B b, L2 (=10""s)
W B R T X 52 B HEEIS TR S RIBA—2

U EEAMEED, (QREE RIS, (D 5@ EREN sy H

(1.1. 3

@ A. Einstein, Ann. der Physik,17(1905), 132. & Einstein 7E 1905 4£3§ Hi, BB ER
Rayleigh A3, Wi #% Planck W38 F#T A

EG )_81rhv T/I%__l (1. 1.4

KM EEEBE T, Planck AX# T Rayleigh A, M2 #BER Y. 5 Planck HEK AR (1. 1.2)4
., 2% ¢; =8xhv®/cyc;=h/k,k 3§ Boltzmann H%1.

® E. U. Condon, Physics Today(1962), No. 10, p. 37.

® A. Einstein, Ann. der Physik, 17(1905),132, 3CH X F S BN 9L R AT MBERHE R T Le-
nard B T4E. UL P. Lenard, Ann. der Physik, 8(1902),149.
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FRIBRE.
L1.3 BRFRERLERENE

BRI EOEE TR T Newton(17 #42) (B EF) 19 L HnF, AfTIRERN
RATHEFEABBRELE. Hli0,R. W. Bunsen, G. Kirchhoff 2 A FF&FI AR

[FITCR BT AR i SR M B TT R RS M7, TEEIM(RD) 54 (Co) LR
PEICE T R B

e T HAIBTA R T 40 24 B OB, R AREE AT HEAT T 38 5 4447,
1885 4, Balmer %, SURT AT MR BH 5 =—=L.2 8K ) BA 51
AEOLE 1. 2).

T=R(m =), n=345 (1.1.5)
R = 109677. 581cm™ (Rydberg # &)

6562.8 A
48613 A
434058
4101.7 &

1.2 SEEFHIER Balmer ££ £

Balmer AXSMMERWIFEAR A, IR T HBEZHEE. ERERE R
D AR FETERLR B B0 MR AT T KRBT, #i10, Rydberg S4BT E W
KA AT LT, RBVE AT A4 3 (principal) 28 £ . 85 sharp) £k % K 18
(diffuse) RRFILNEKR. B—RENSRZ RN BAE S A. L 5K
. W. Ritz(1908) i 2H 45| (combination rule) Xf A T 5 Tk HESE. itk
B, B—FEFEHE TRAEN—RIDEET T, TiETF R H H6 8L 5 5
v, S AT AR BB Gi5 I 2 2, B

@ XT 19 SIS, T2 H. Kayser, Handbuch d. Spektroskopie, Bd. 1(1900). *TF
T SRR AR B9 R K, B Balmer 2 5, Rydberg 1 Ritz 4 BEE R MATRE TAHSHN
(combination rule). W, J. R. Rydberg, K. Svenska Vetensk, Ak. Handl., 23, Nr. 11(1890); Phil.
Mag. , 29 (1890), 331; Ann. Physik, 50(1893), 629. W. Ritz, Z. Phys. , 9(1908), 521; Astrophys. J. ,

28(1908), 237. Paschen HR#E4 & FNBFS EB T il (5K ), B T Paschen £ R,i=R (% —;}2- )
n=4,5,6,++,2W F. Paschen, Ann. Physik, 27(1908), 565.
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v, = T(n) —T(m) (1.1.6)

is_rﬁé YNilE P uT l%z'm l'cn?ﬁ E?ﬁ'éﬁé%ﬁé*f‘éééﬁﬁﬁﬁ%%

Br bR e [E T BRI E A EALR 4 7 IR A B (B0 K
A R R BRSBTS A 7D veeene

1L1.4 FFHREHE

1895 4F Rontgen BH T X §1£k. 1896 4 A. H. Bequerrel MahEh B T KR
B S RFERE, XERRMHFRE o.p & v ZFHFLRAR. 1898 4, Curie
RIARB T BT RN S

B S HO R R BR R S R FAERY R AR AR E RN AL, E
1B 5 2B %M , FEAT EARRS AL, JE T R SR BT LA B s 5 £ i 39 BORLT-R, T JRF
R, R4 B TR B R R R A BT 5 IE L R 4 AR R Y 7
xR, Y Vﬂ%“*ﬁ&ﬁLéﬁﬂﬁE‘]lﬂ%ﬁ%ﬂ H ﬁJ:ﬂET

10 %cm), ﬁﬁ%?ﬂﬂﬁﬁ?*(ﬁ%ﬂﬁﬂﬁ—%ﬂ@ﬂ 1911@ Rutherfordﬁﬁ A
LI ET, TR S 8t R0 o B TFRIAME (B 1.3, - SEAITREE
4, %P Thomson ﬁﬁﬂﬁ&ﬁ%ﬁﬁﬁ%ﬁ]‘ fl R . ﬁ?*ﬁ%%ﬁ%*&fﬁd\

B 1.3 Rutherford & o BLF X RF BRI

® 1{H783#839],N. Bohr ZERFMMRBHRM =B (19134F 4 A5 H YZHT, BB 1913 4F 2 A #%
A 2 B E A ROLE A AL ) . B 1913 4F 3 A 90, 838 3% 4 Rutherford B, XEHRAHRXRTAETH
RERBFIE , 34VF Rutherford B REM R SR T I5 AR, 1913 4£, H. M. Hansen B Gottingen B3] Co-
penhagen, 8 2] Bohr 8675 Fiih A0 T35 4R T i ML , Bohr B 7T AERAR  MXERY. Hansen $& Rydberg i
B EYE T Bohr. ] I, Bohr R7EMRK MM BEAE G AR KB B . J5 3k Bohr ik, & 2
Balmer AZJE , — 4 B T B E. & AH& 02, RIEAERE Rydberg 378 Lund KETHE, 5 Co-
penhagen JEZERR R , 8.2 55 Bohr A % A, i Bohr 7 T K B ()Xo 33 0 T T AER 748 » S fish B st ) i, T
X A1 IE At MBS R PR B 1 A 98 4 (Hund, History of Quantum Theory, p. 70).
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E B3 (51T REKHERALD , XBR SRR RN R A SR,

Rutherfold #RY A DAfRIF b A R o B F RO KA RS, (HH BRI TN TR K
Xﬁﬁ:

(D BEFRRE TR BT BESR T RIEH #E s R NEE 3. % H A
%, B RN B ETEE, LE R R LSRN E /D, B EBEI R L
%=, FFREZ IR (HHFMEE R c~10"2s, I p. 1 B3| SCERD) , FEAHE R & 5T H—
MR IEHESRR L, X 50 B 4 R F B R AR Y6 F JE. L4, Rutherford #E#Y
X TR F R L R RARRE K. (B AR, RE R TR EHFE -
T BRA. FIERGHAEAE AT AT , Q01 g e v ?

(2) JRFBIR/NALE. 19 BT B2 E, [T HR/ANA N 107 m. 7
Thomson &I, i HE 8+ 192 (B HE S A B9 A 1, W1 AR Bl — & B A R 1E
KE. MEZRYHEER TR % & Rutherford BIRY, HIRA B — >4 B HFHE
KE. REBTHRE m, MR e, ER MBS T LRB|—MREKE, B 7,
=e’ /mc’ (BB THZ)~2.8X 107 m<K10 " m, RL& R ESHUREEFL

/N ABRF PR EE v<c, Y6HE ¢ AR7H R E F R E K E .
1.1.5 BE&5495Frytk e m

EHA AR TR B MR/ RS, FTUE RERE =4 A B R
BF. BA UG 1%, KF Y3k 5568

RS RT, MAER Y 36T, B, — SR T B

YR AE B MABER SNET=3RT(N=6.023X 3Rf~="""""2>
102 & Avogadro & ,R= Nk RS IK %
B). Hit, BARRER LA
Cy = 3R = 5. 958cal/K = 24. 9]/K h 7
BBl Dulong-Petit 2236 5 £ (1819) D, {B J5 5L
RRH, FERIEE T, BT o, mpy M1t FIRIRARREROREH
L4 Fon. XEHEEMH27 AN ZEZ BB FHEFZSETRFHER, MH AR
TRSHEFHXFZS B i BT B & L AERE A 5k ? (Boltzmann ££2,1890. )
ZIRF 4 F 8 G AR R UA ) &L 1 dn, SURF 4 F (Ng, Oz, Hy, CO
E) A ABE SN EHECA Y EHEERREEHE), KRR ZR

S Ras5cal/K. ZERIRT WIS R85 M. (BAERAEIET 60K /5, BATA9 b
RART RN T 3cal/K 2. XIRHE XRAT 47

Cy

® P. L. Dulong,A. T. Petit, Ann. Chim. ,10(1819),395.



BT HEICH R AU S P SR AR 2 LR R 2 i B BT B P 2 S 2
SRR

1.2 Planck-Einstein B¢ & Fit

Gt BFELEEEERBAEHRE EREN. L1 WELRED, BT
Wien [y BAESARERBI S 5 LR LR A H B MW, Planck 78 # Pt (A1
IR L T (1900 4E 10 A 19 B) — iy B2  (Planck 2450, —
FEH T Planck AR S LRHIRAR S, B—FEHE TFAR T4 H B, ELEY
B2 RS T , Planck #— 2R BXARXFTHETWERZNWAR. 23EW
A BEHERH7, bRBL(1900 4E 12 A 4 B O, R AETF IR, BERT LU RIS b #E
tﬂﬁﬁﬂﬂﬁﬁwﬁﬁif%ﬁﬁ@. XAMBER X T—ERE v F RS, Wik R ik
A by SR BRI R H— BB B UG RAMNFRZ K Planck ¥ 8). #
2 GRS R B B

e=hy (1.2. D
RPN R ST R R ST AR B N R AR A RS ML Sy 2 RS B Y. BTLA
J24%% Planck BB AT LIRS LR SBIERFHAR HIFRFIEMREA
HEEC,

BB PR FRIA T fEf k2 L B 2 BTl B A H M R ERT R A, Ein-
stein®. fli7E 1905 4F A Planck f8 TR 2 /8 g o B 3 s 1), i — 2B 4R H T8

@ M. Planck, Verh. D. Phys. Ges. , 2(1900),202, 2 Bi&3EE /A, M. Planck, Verh. D. Phys.
Ges. » 2(1900),237, I FRMBE, ERWB LK FT: M. Planck, Ann. der Physik, 4(1901),553. th7EMR
We=hv Z T80 TREBEHAKX

E =81rhv3 1
v 3 exp(w/kD)—1
BP c;=h/k,c1=8nh/c3. Planck & NIBIA, WE S LKA, h LFBA FRIE, MERYHARNER 0.
Planck J5 3R B “ore+o X MR B 505 B0 1 10303 S I BA , AR R X A 380 IR1, B 5 | 3 R B2 Y
BHEP R, X RBV AR ELEAIZ L ", AE P Einstein 5| HABRTFHEESZ)E, L HYEBELK
Planck BRiS B EERE A KR (D. ter Haar, The Old Quantum Theory, p. 13~14).

® Planck AR S SEENR, St HEE I8, §42,1957,8¢ E. T. Whittaker, A History of the
Theories of Aether and Electricity, chap. 3, 19513 D. ter Haar, The Old Quantum Theory, chap. 1, 1967.

® #im,]. W. Gibbs, Elementary Principles of Statistical Mechanics (1902) % J. H. Jeans, Kinetic
Theory of Gases(1904) B HBIHK R K Planck i THE.

® A. Finstein, Ann. der Physik, 17(1905),132. 7EMHATINF—%+ , Enstein EHEER T ZRRIRR
B, ASTREPE . RIS R%TF Brown B3, —EREXTRIGEMS. B TFE—RIRCGIHAET
A48 3] Nobel HyHE223 (R R JiR 413k SURRTIE). B 2433, A A% Ui Einstein 1905 SEH X EFER
SR BN, BRI IR . F5E b, MR N B R R A AR RS ERURBES
ZHATNHEIFE (D, ter Haar, The Old Quantum Theory, p. 15). T EBMHITIE R di XER/D—FF5
(45 8 4). SO TR AR RIS BRI 8R4 A 2 8L Maxwell 3. 8 7 TITRIEL IR (Stokes £
0, RS HSRMET ASHEER) 8B 9 FIHeSEN TR T R

. 8 o




B0, AN EHGE LR TEHR, S— B TFHEE SEES0HRY
RER

E=h (1.2.2)
FHARPEH SCHEIHE LA KT U c BEINELB L, L FHEE p SBRBE R
MFRER:

p=E/c (1.2.3)
Hi, X THEhE p SEEGHIEKL A TIXE. .
P =h/A (1.2.4)

HRATHAB TS )G, e BN RIS B 7T TG M E T RE
RS, — bR T B RER T BESL BI B — N e F IR (5 R4 A FAR R R K, B
F-MHBRTHREEGKN, B FATTREITRE LT A THRHSRRES. wl
KRG, BT HZIEEN

%mvz ——A (1.2.5)

v =A/h(BFHPOH, BFRERBRESBETEH AITAEB PR Y, H
M&EAEFEH.

A. Einstein(190) b — SRR BN ESE M SRR EE S B F s -
xR T B L RTERE T>0K I8 T 0 B4 Q. X AT, Planck #EAY
REERAEEUMSABIRBEATEE.

FEXBATLAE R, AT Fas 2t i A R R R 5E X _E FHY. B8, Newton
G SR 4 A (OB . Huygens BN RIBE 308, RETE 19 #H42 20
FER&3E Young, Fresnel ZMMH T SATHLRIELZ )G, A AT E R &I,
2 19 g T, 3 Maxwell, Hertz & A TAE, & & T 6 R BB, TME
FELSSE B SRR S BT 48 7 B TR AR AT T BB IR B e R F i — 1. (B
Planck-Einstein )t 8 Fi8483E Newton b a8 8858 19, i & AR B —A4
KKK SERBF IS5 BT & B4 —4k. M Planck-Einstein 2 & #(1. 2. 2)
L 2. OFHALEZLEA N BF BT HRER EFNSR p, R S5SHUMK
RIS v K A AR BB R AE—RH. ERFMEAG T, T EFEFESE
HRRAL. BN, E T AT LR M AT , BBy FE W T EH |, ekE
BB, MERFRKSREH BT, T HRRY FERNFE T,
MERIABERRT.

O JaRFTAK“XT” (photon)—ial R 1926 4Ef G. N. Lewis (Nature, 18, Dec. 1926) A tH 19, B
LS 3C B FE Einstein —3CF B4 H.

© PWABEEANT RN F BT Bt RMR R, SEFR E RSB,

® A. Einstein, Ann. Physik, 22(1907),180,800;34(1911),170,590. P. Debye, Ann. Physik, 39
(1912),789. EATLAZ R EATR (G HEERIRA957), § 60, Bk i & FHp.
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Yt B FHE 2 M Planck-Einstein X &R, 7F

/;;%; i3k Compton S 52 % (1923) 4 5] T B 3
g

hvp BIIE 520, BLAE 1912 4 C. A. Sadler #1 A.

T b Meshan B2 31 X 20808 AT R 09 T BCSH
uF 5 B KA K M BI%. Compton B I A
p,  TRSRIR X REET S TR .

BRI R R S R e, 1 T
& 1.5 Compton #{4t R, BT E—oRE S3hE, B
LR FRIER S BE MBI/, Bl X 54
FRT SR 2 A L AR /N T I 38 K, I 1. 5 .

FERGIEE AT B F R AR/, TR M ER L. T B F R FHHRARE, X T X
SRR PRI TRER, B/, Hilk, AT N H i 7. HR A ETFEANE
K, AEFERFHRERBEREAAE - MFES. BRiENEIEIERESIHET
f&, Bp

hy +mc* —h' = E, (1.2.6)

p—p =p. (1.2.7)
(1.2.6)2 /¢ — (L. 2. D , HFI TS S EE S E X RERX

EE/CZ—Pf = mic

CIE::S
5 Chy e — ) — (p— ) = mP (1.2.8)
StFXTF, p=hv/c,p'=h"/c, ]l
pe+p = pp'cosh = hzc';”/cosﬁ

RAR(L 2.8), 7] fEH

4 y

1+ (1= cost)
mc

V

Ei'g
b =14+ 20— con | (1.2.9)
v V mc
R A=c/v,A'=c/V , ERBEBE R
Pl =A+7—n’-l;(1——cosﬁ) (1.2.10)

® A. H. Compton, Phys. Rev., 21(1923),483; 22(1923),409. it , Compton £ 1927 4 Nobel #J
piiit=3
@ B I,¥iEHS FRABR/NIYIE, A
L] 10 [ ]



A =7_£L_C=2, 43X 107 A(B F#y Compton J ) , N

A =242 —cosd)
M =1 —21=2(—cosh) (1.2.11)
B (1. 2. 10) AT EEHE Y , B YR BE A BE XS R s hn. 3iS B A E AR
5XBRERTELMAE.

MAQ 2. 1I0FUFH, AN X FRERKSABENRKBXRPEET
Planck & h. Hit, EREMY B ZTLMEBER. Compton BT SLHEXN HETF
BN — D EENEA N BAE L RES P, BETEMNF@MARER
—FRA) BB Ak, Compton BUSY SLIE IR UESE T : (2) Planck-Einstein 3¢ &3
Q.2.2fA. 2. OEEEERIEHRN. (O EMWKAIESESD, B RER

e A TEZI4E. N. Bohr, H. A. Kramers #1 J. C. Slater 5 A8 214K,
RO SRS & REER RS T SFIE, EAANF P HA—ESFIE. Tk, W.
Bothe 1 H. Geiger(1924) FIfF & i &8 34T MM , &5 5€ T Bohr £ AME L.
A. W. Simon(1925) = ZFHic * A FRRHBEFEB, #HERBEET
Bohr & ARIE .

“TRR B A REE S, 3h & R EEEFIERANR B Eie , 7 R KM
“H IR IA P WA FNESE. 1932 45,C. D. Anderson 7EFH £k LI B
EREF,HEESETHE, BAUNFERS. AECEREZHEFEERT . 4
m, P PR EER , BRE v b TR Y R R B IGHHE R A et e WA

—NER FEZIY R 5 R FREE TR 2 KER 4 eE &, W , R 5 ]
BHEETFHE . Be5—1 e —HER. FEESEZHT, . HAlgEE—1 e B
S5EEFELUNEFERE, REAER. ERFINERN, R AZHETE, 2P E
FEHEBAS ¥ BFO, BP

e +e —ny, n=2,3,""
EEEFAEFIESL T, FIAE PRSI BEEMHR B mMER. LR T
FAMERN o, WIRERTFER, A
2bw = 2mc®  (m HRTFHER) (1.2.12)
BIgE KA
A=2m— ko 02434

w

SHT# Compton P RKAMF. ER 45 R -5 LK WM —B MTH—RKIEL T

@ B, 7 et e” WO RPRITH. ERAARNEIRY 0. FERE R=E—MET, b FEE
PR R PR o B BREAR 0, kB R BFE. Fril, ELEFERMET, XE N LRI,
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FERORRY BB p , BE R S Eh B FER A L.

1.3 Bohr WETFI&

Planck-Einstein Bt 8 F LA YR F (m7Z0) BB A ELZ IS, AR SR
B4y 2 2 A B R B X [ R ) A 2. 24 B} IE 7% Rutherford IR FA8 BRI H ,
i M2 Yy 322SR Ab B Rutherford AL, BEARRE4A R F I —MEIEKE, BT
BRI TR E . TR A RETF M BT Z], Bohr # Planck-Einstein &

Bl 323 A SR U R P AR PO AR R TR FREFieC B
56, WRFrfa 2t 434, Bohr BZITA R @JEE?@E*M‘@:I’E?EQZ@EEQ
j]% SDAZBT P 35 W5 A R BE S AL B, IE 40 Bohr J5 R HEI9, fib N —FF ih 3?52?:5{;1’5
Hﬁﬁ?(quantum of actxon)%ﬁ?ﬁ&ﬁ?@@ﬂ?%ﬁ Bohr R TFHIE TV E}@ig
mﬁ% ERHTHMOYEENBRESGEEREE) T TU’VA%‘DX%XTjEﬁ;&Bﬁ$

HAR, @ﬁ'&qﬁﬂﬁﬁf@mﬁ%,%ﬁ/\ﬁﬁEWjAﬁ?&Zlﬂ Uﬁﬁ(transmon) E’Jﬁ
X7
(2) BEFHERNESOBB TR E, ME,, ¥ E,>E,) Z BRI, ik
RS BT v RME—Y,
hy =E,—E, (‘ﬁi%iﬁﬁi) (1.3.1)
5.
B BULR, Bohr B FIEH LM BBAW K. —RIEFRAREANEZNE

BHE, RN NESZ AR R T RS L RSRREN. ENERRELE

KR T EF . NRERET TR
%iF Bohr & BB R EABE , BATEAEE H U . B —MREW KIFE T8

@ Bohr F19114E 9 AB¥EESIHF,7E J. J. Thomson 555/ Cavendish LW = EiL EHHE . B4,
AN Manchester, 7F Rutherford §i' R L8 = T /. A A B4 & /1 B Rutherford £ £Y 18 B i B 4.
Thomson % (1904 # 1) & FRAT—BF, JLFE X HEZA B HE ARE Rutherford £ 51, Bohr Dith %) )
TRZE A IERXAME R, B E iR Shi Ui B 7 R EFYE% e, Bl T =R RIS XU ARZ A
K= th” (Great Trilogy)], B4 3 On the Theory of Atomic Constitution, & F7E: N. Bohr, Phil.
Mag. , 26(1913), 1~25,471~502,857~875.

® W, The Rutherford Memorial Lecture (1958), Proc. Phys. Soc. (London)78(1961). /F##TF N.
Bohr, Atomic Physics and Human Knowledge , Vol. 11(1963, New York, John Wiley & Sons)—+H.

® N. Bohr, Proc. Dan. Aca. Sc. (1918), (8)4, No I, Part I, IL Proc. Dan. Aca. Sc., (1922),
(8) 4, No. 1, Part IIl. #38|H D. ter Haar, The Old Quantum Theory, p. 43. XB JLFEZEFZF) MR
.
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BHYR T )58 % 7 &, Planck-Einstein SN E TS FHRE, BH 5k
(HETFHRD ZEZHER (RYERE 56 £ LOLE T K47, 78 Bohr Hip
PR TEFREE FLOBES. X8, AR BB oM. X TR EkNE
LR T RAEME R FER BN ERERZ I, BRIAFE Rutherford HAE
R % FAMR LA MR R AR B, X E A AT 5 # R T e 2
BT AERZHE FERIHES. A7 XEEE2 )5, RN X To TR
T He#H) Boltzmann {32t 5L 77 17 f#.

WRGEFRER 8 7 AL T A M Planck-Einstein BB FiS PR B
Fia s, B F B EFIR R &4 N 2 Bohr 18 T AR K8 I, Einstein XX — &
GF THREIEMN O, RSl g fi2, — MR R, RIS R o, ]R3,
WA R & 3R K v, (n=1,2,3, - )NEBH , BE5 2, BHAARERSEKEN
BRSNS R A B AEBHEE R, Bohr B KTTERTE TR R F RS 0 R

AR BRI S SLEA. SR B R T, B 5, = T(n) — T(m) ERH
REM W =E,—E, BB T(n) E./hc, JEiEW T(n)%%ﬁﬁaﬂ:ﬁﬁﬂ@%*

%ﬁyﬁﬁ*ﬁ% Bohr %Wi%%ﬂi@%%Kﬁﬁ?ﬁﬁ%%%ﬁk%ﬁ%ﬁ%ﬁﬂﬁﬁ
€ F3k. Bohr f# gt 1t 7] EE‘J?E‘EE[ZEE;%X:]‘J}?Z )E}E( correspondence principle)
Eﬁﬁ?ﬁﬁﬁﬁ Fﬁﬂ_F B FARRNFT KR 528 f124 0k Z MR ©. Bohr 7EAt:

YR — R CE R, RIE X R J?IEBQE’E?4§EHT~A%¢§§?%%1¢® Bl e Fiz
SRR J REER & (=h/2n) WREEFE

® A. Einstein, Science, 113(1951), 82. sk W, ter Haar, The Old Quantum Theory, chap 4. Einstein
T TRHARSLRERZRTEFEZERD Y 240BE3CE Y REMERARH AL, B~
Y% 1394 K K. 3T Bohr $#2 1 i 8 F BRIE FJR 3 A& A4 368 ML 2R H B9 B35 4% 5%, Einstein 53l “---ap
peared to me like a miracle—and appears to me as a miracle even today. This is highest form of musicality in
the sphere of thought”. ‘

@ XRFEMARGEERERNLTF N. Bohr, Proc. Dan. Acad. Sc. (1918), (8)4,No. 1, Part I, IL
ERFEAHXANE FRERT 1920 4E493CE. N. Bohr, Zeit. Physik, 2(1920),423;N. Bohr, The Theory of
Spectra and Atomic Constitution, (Cambridge University Press, 1922). {BX}5 RER B A HE 2, 74l 1913
FERENBRO=FH"PELTUHABE R (WE—HL $3RERBEXMEREREHEFE %
). 1913 48 12 A , Bohr ZEH AMBRY I E S MM E P, NEHEA T X/ BEHEEHE, I N. Bohr,
Fysisk Tidsk, 12(1914),97.

©® 7 Bohr B—RRXH , BB B TURFRIEN—MELH B, EIFIE Bohr MR RER KR
o NFSRELRE, AzHE B T AAIEARRE Bohr — AR, JLF 5 F A, Ehrenfest ZE ¥ 5 Fi5 3
HxXEH,BRETARERFHKMELR P. Ehrenfest, Verh. D. Phys. Ges. , 15(1913),451]. Nicholson
E 2 EREN—RIIXEFERBEB TFHHNEASBET (L], P. Nicholson,Monthly Not. Astr. ,
72(1912),49,139,677,692]. Bohr X EH LS| T Nicholson #) T 1E.
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J = nk, n=1,2,3, (1.3.2)
R TF ANy AR 48 X} B SR B R 8 SR T A — S ik R B FLRB S A 3
ANBE TG BAEABENE 2 FPiTie0 8RN Rk E
—NMEREANBFER TEMNERRNESINAENEERE E MK XER
v(E). — iR, X BRI, IR Rk, BASI BB FIRMHERHE RS,
AEFTUNBRE S REERNEFILER. XA R YN L ABERE AR
TR B F&MANE R 2 —. 510, Sommerfeld Q43 £ 5 i BEK & /9 A 1
BN ER T, A1 TH METIL&MG

3€pdek = nkh9 n, = 1,2,3,: (1.3.3)

Kb g, p, RE—MIHGENHT 538, § REMABE D — AR, i

i FE AL R .0 15 PR T2 3h 39 & 4L R, 15 3 — 285 HE )
45R. {8)5 5k Ehrenfest § AR, R RHEZ AR EANE THEZMAHK
(1. 3. 3) , AR &F HRTRB ML RO

Bohr AR#EXT R R E AR, € B R i T RETFREHF AN

2 2 4 4
E, =— 227:23 =—2’:fn2, n=1,2,3, (1.3.4)
AR RE G 2 AN BT 2 WA me,h BIBUE, ATLUITHE H Rydberg ¥ &
. 22 me*
R =T (1.3.5)

5362 b R R E Y Rydberg B EAH 4G, 14 Bohr #it, NMEA]
LA B SR 615 o W B A9 Balmer 28 5 (FE ] W% X 480D #1 Paschen 2% & (41
SMRD FHFHBTE LI EFES —NMRR. B FE 1914, WS R RA Ly-
man WP TO. [RFRERAREL S A 1914 454 Franck #1 Hertz RS H

® ®fZW F. Hund, The History of Quantum Theory, Appendix.

@ W. Wilson, Phil. Mag. , 29(1915), 795, {E R A&7+ 5. Sommerfeld 1 Planck A %1iE Wilson
TAE, i ki B FRE, M TR ZHE, F551%F .0 5135 (RUBR F Coulomb ). I A, Som-
merfeld, Stiz. Ber. Miinchen(1915),425,457;Ann. der Physik, 5(1916),5. M. Planck, Verh. D. Phys.
Ges. , 17(1915),407,438; Ann. der Physik, 50(1916),385.

® P. Ehrenfest & G. Breit, Proc. Ams. , 23(1922), 989; Zeit. Physik, 9(1922), 207. P. Ehren-
fest & R. C. Tolman, Phys. Rev., 24(1924),287. Bohr 11283783125 (8] B4 S AFZE 19 I R (o i o
PR IR E B R AL TN R & Y BAB R B A 5. BT LA M Ab7E Gottingen PR (1922) , B 2K IEHIRBX B
18 . “Up with the Correspondence Principle! Down with the Phase Integral!” (Wi, F. Hund, The History of
Quantum Theory, p. 84).

@ T. Lyman, Phys. Rev., 3(1914),504. J53k,1922 4F Brackett & Bl Brackett £8 &, 1924 4E Pfund
AW Plund 8 &. W' F. S. Brackett, Nature, 109(1922), 209; H. A. Pfund, J. Opt. Soc. Am. , 9(1924),
193. :
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HE LD, Bohr BB R S VBB -5 E R F X R AR Pickering
LRFREREN Het B961%. 7EILZ BT, A. Fowler ZESC1 2 vh YR I B 128 &. Bohr
HigR )5, Evans EHAF408 T 3L %, UEBA Bohr f)& Bk 52 IE#. Einstein Fy
B Bohr XM HIF B“BHFEKMEIHZ—"9. X% F Bohr ﬂlﬁmkﬂ]ﬁ%ﬂT
RAAEH.

BRMZE B, BAR Bohr BILBUSMR AR, B RITIFHF T AMTAREF &5
BRI EFFE R ) R A 5 BR A th 2R 3 0 AR BR. 8 5%, Bohr ZHit B AR BE L Th #b
B SR RIS RN, B FE R T8, £ E X SR T 6, Bohr iHE
BE| TR R, NMEEE F A B, B =R RN A R GX B A S
RS AMIERARB B FH—FH A hE— BN REL S E—R). b
2, B%Tl%%mﬁﬁ(%ﬁ)Zﬁl‘ BAE—NERRNE, Eﬂ%"%ﬂ@(*ﬁﬁ)gﬁg
XA E &, 7E Bohr }Elﬁqj_ﬁ%%ﬂﬁﬂ:ﬁfhﬁﬂtﬁﬁﬂT—”‘mﬁmﬁ%#% {Eiiﬂ]
ARERBERGMIL T B EE. 1Ak, Bohr i H REALFR {3 849 I 3IE 3, A BeAb
PRIE TR R, 45020, B B, NELEIA R E3RF , Bohr £ iR FREER
EEMESNANBE FURGE, S LR NERRHEEN, BOHE NIRRT,
HRMRAE EBRAEZENAR. IAX—HEDERLH S 2R, MRF
1R TE SR 2 B 2 R BR A o R R R S 6.

A RE KR, Bohr WEFHRELENE T HFHRE. B2 Bohr £ i 1y — 25
EANBEVRFESRENE 1L, B FERIMS  FAREAH%) ZHREIEH
B, ERF 2R T F k. i B Bohr BRZI B, FER K — BB A A,
Xt B F MBS ALY BN & BEA EE R, 555 B R B AR,
ERZ A EMB T HFNFR, AR T H2¥E w28 (i, % Heisenberg
M Kramers 3¢ F 68 B T3 FURKVER. BT LA AR Bohr BT8R
“St B R E KB F f1%” (The Quantum Mechanics of the Correspondence Princi-
ple)®, B 5 Planck fil Einstein X T4 5 B FEIL—i8, SLhr L8 T “fiaik
REVEBTEIR F F12” (A Provisional Quantum Mechanics of Simple Systems) i

fi 4. Heisenberg RY4ERE 112094 1 , BT LAA K 2 Bohr XI R REBE R BH
ZERO,

1.4 de Broglie B4 5%

7E Planck 5 Einstein 6B FiE &k Bohr HEFEFHEHNBEZ T, ZEF|

@ J. Franck, G. Hertz, Verh. D. Phys. Ges. , 16(1914), 457,512,
@ #35|8 D. ter Haar, The Old Quantum Theory, p. 42.
® R_EFFF5] Hund 943, p. 76~78.
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NEFEH SN FREE(FEERT E=hv, p=h/2 BERZEXR),de Broglie IR#EH
LA B, AR SE MR F R B R B m70 BB P WAl BB AR T 5 E W E#O,
AARSHBES MR AMTINRT, X HFELE RO RRXHEEKERE, M
Planck # & W8 HBHE .

© de Broglie fF4I 4347 T MBI R B Sh i R B I £, HEER T 19 HE
Hamilton % 22 BiR 1t 59 JLAA b2 5 2 $0b T ) A9 H UEED, 32 8 T 1t B 4 o %
B, RATHE, JUTHEN =R EAERFEHS . SRS TPLEEL
1635, SR RITH e ) AT IAESE 4 Fermat JRE (MR E AR FEID , B

a:j % —0 (1.4.1)
K v=c/n,c FHEESHHEE ,» IHAFRHITH R XA 4 DRAIFRRA
Sandl —0 (1. 4.2)

ERFER KB A KB B RER LR HARARSO R AT SR B R L,
8 | ndi BURAECH 1. 6).

. ERE N T %, R V Fiaghi—
MRFMA S8 B R5Ek EFTERE, B Maupertuis B
B/ ME R R EEH 5E , B

'afjpdz _ ajj SmE=Wdl=0 (1.4.3)

Hebm BRFHE,p RETE,ERER (143
R BRF M A B B Bk EBRELE B “/E AR (ac-

4 tion integral) j jpdz , H A2 FE 4P B 1t 7T BB B B3, B
& 1.6 HRAH.

® L. de Broglie, The Beginnings of Wave Mechanics[ 8T Wave Mechanics, the first fifty years
(1973), W. C. Price Z43, University of London King’s College, Butterworth & Co. J#&H]:“+++++ (1919 4%
PABD) A9 1 & 14550 % Planck, Einstein 1 Bohr X F& FEBM TERFIET. M Einstein £ #ER T
i, RIARBDEES SR T AR AR R EEBBOH—EE. oo 7 1923 4E, TR BB AT
MIEER 0K, B 5k T A% R USIR T Einstein BFEt f1& 80, T DL HE) BT A RLF. KX BB N A
FHF, BRRLFFERE Bohr X TRTFHESEL T RIANBTFERTFPEHHEAHR. - ERH
1923 £EHYSCEER 1924 4E2A08 30, REZ 88X Bohr RSP R BN B TR GA BB —ERE, K
B B 2E R T P R4S 98 5 LR 2R RUR TR . X BA TSI BIRE T — MBS A +40 1 B X &
FAEA R R ER MW XHEFEN TS H A BAEE, 83 RX T Fermat [R5 Maupertuis
B/AMER IR B GE—., oo

® L. de Broglie, Le Journal de Physique et la Radium, 7(1926),1.

® L. de Broglie, Nature, 112(1923),540. Fi%3C AL K2R (B RBHERD , 2002 43 H], B4
Y#,p. 24
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WE LRI 5K de Broglie £, 5 EA — R E R3hE p HRTH
BR 2R B3 (AR 0 “Py B ” (matter wave)) BISER B 43 524
v=E/h
A=h/p (1. 4.4
flo 32 X MBS, — A E RS RIESYR F 5B G —ER, A —FEENT
¥ H R K BRSO T RE B A E 40D, LI ST R Bohr B L& A i
JRA Gk & de Broglie 8T H iy 7 (stationary state) 53 ( stationary wave)

REAL R (R ARA R BR Y, (BB M IR R R R A R,

B4, 76 SR 8088 58 19 (R B3 52 35 44 B T B ALY de Broglie 3% i i —
FBOY N 1. 7 iR, BEB AR - SR T A6 48— B UG RDGH T Bike ,
BB AR PO 2 81 T T W TN, XXt s A BrR] , 5O B H0E i 8 & o
BRBR HBERAE -

2nr = m, A =1,2,3, (1. 4.5)
17
. A= 2nr/n
FEHIA de Broglie X% A=h/p, ENA[ 83| p=nh/2xr, ATk FHI AR KN
]=rp=721—il—t=nh (1. 4. 6)
AN
\/
v |
2
1
0 a
B 1.7 BE$EEHEE B 1.8 JCPRGIT A B

® R D. Bohm, Quantum Theory, 1954,p. 70, B {F#Mit#. {83 F. Bloch, Physics Today, 1976,
No. 12, p. 24 JURET, XA EAERH E. Schrodinger 289, i M. Born RA % de Broglie 5 Schradinger
#BA X FAE B (Born 7E 3R DL /R 26 IS,
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X IF & Bohr BB T4 5. XRE, 5 90 B I A9 BE B 21 L3R B R 78 1 T A 3h
BEMETF&H.

AN, 75 TC BRI I 2Btk iz sh Bk (B 1. 8) , AR A R B BRI 7205 a ]
KB 4. TR R I 4h, AR =0 Fl a B Mms b, SRHE RS 0, B =0 Hl a
R R AL X 5P E e KRR L. SRR A&

n%zay n=1,2’39"'

Bp

A=A =28 (1.4.7)
n

AT BB B K R A EE S AR LA (B 1. 8). FEFIA de Broglie X R, BV AT 13 kL
FHshE X aE B Ayl BEBUE

p=p.=h/r, =2
272 2
E=E, = p!/2m = é'm’;z - ;mzzn (1. 4.8

CATREAELER. ht AT LR A R E, hF 2 RBNTHREERET
L.

YR BB BR L LUG , ¥ 2R B Y B R (L5 Langevin ) BERT. A
i1 B REE, Y1 BB T BRSR B I, 4 ATHEE B K PISEERPIEENE A IR
F I BA LA 2R Nk, B — T AIHEWANRB R R R RAREX
B9, 76 17 42, 480 (1. Newton, 1642~1727)iA Nt b fobi 4 i, 3F EEH SN
R ER LGS, HE 19 2 T. Young(1773~1820) 4@ ALK FE Tt
WTHSHHERRZE  ERBEIHEA I AN XN TERHAR R E S
BSOS AE K BE (BN TE D) 5 6B 1 FTAR HE L B T A B . Biln, 3ot tb—
TR LR S B ST LR A A, £ FLER AT LA B AL B R UL,
B JLAR] 2 Sk kb BELEAA 4 A {ELSF 8 BT B “4HFL”, R/ (Bl Hn~107* cm) HLA]
TR K [ AR (4000~7000) A<<10™ eon ISR K AR Z. (B ANFE4TFLAEAR o RBT4H
/Ny 2% ame) B, SHFLE BB AR EAFAE , BLB R B IR FLAT S B RE. XA AL Ot
AN Y, MBS ERB LT T .

de Broglie I\ , ¥ BRI F B B st S A ML 2 4. (B EE F h B—A R/
B, SR FRR KLk ERBEN. E—REREHT  BIIEASRIAH R CR
FHRFEFFEHE) TSR RS L. HEE T R F (R
FRA=1A) YRR T BB sh i E S BRI k. IR, 28R TN T
T, EJLAEE AR GRS B T S AT R —FF. Hi, B R T iHF A+
R F S, MEE—MF A EE— 30 %, XA RER Schrédinger £
1926 ‘EfELEY.
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%31 MFEMMNERT,Shee E=%mv2 B p=mv=v/2mE ,de Broglic B A=h/p

=h/mv=h//2mE. 3F m=1g BERR T, & v=1cm/s, A U EH 2~10"% cm, T KIEH
INKRFRAN~10" cm) , By EATEZR WL HE R - AR VLI B 7 B B3 1.

%2 —ABHETREARRE 10eV, KHBK. MM RFL T, GBI m,EEREAN EK
H BRLF, de Broglie I A—=h/p="h/ V2mE. % E Fl eV S, M F BT (m=9. 11X 10 % g),
- |

150
E

%33 —/EA 5MeV BEEW o B FESF T, (IR HSMFRAE? SRR E
2 20g, ¥ATHEER 1000m/s,3KFH de Broglie I , HihitH oo BRI B 3h 1 7R AL .
%3 4 MNTEEBIRFE>Sm?) ,E= v/ p* ¢ +mc* = pc,de Broglie KK
ho Ak 20
2r FE E
X E A MeV R340, 4 A fm 504y, 548 F = BB B F B R0 R F B B T O BB T 2 A
B4, W FRER E G MER? (BFRK/h~tm, TR FEH¥EE~5im).
25 AARL, ERVRT B2 B AW AE 18 (v—>0), U] de Broglie J KK ABTAEK,
BRI T AT AR BT OB Sh . AR A B Bk 7
R, BN T FELATRFERE. RERGIH 1%, BTz 3 E~-T, & 2 Boltz-
mann ¥ &, T AR E (B3R, B FREE p~ v2mkT, de Broglie B A~h/
V2mkTocl/ /mT, R m R/, T>0K B, A REM M BIE B L. HERMB IR, BR
T4 Cooper ¥Rty m=2m, (m, REFHE) , RER/N 7 T~4. 2KCT T &8 R M 1 BHE
SHME. MY THRERLSBIEFS A K BEC (Bose-Einstein condensation) Bl %, H X4 T~
nK (10~ KO 5L T A4 vl Bl 2. '

A= A (1.4.9

(1. 4.10)

SEYPR TR IR S A B EHE , B AE 1927 44 2 B Q. Davisson 1 Germer
FAEA —ERR R M TR ST 0 4 BN S G &) ML TR Him,
(1,1,1) G 1L, VAR ] £ BE b B 5 8 B, AT ORI B 5 X e ol o 1 5
W 1B T L AR b HER) 357 (9 B T , 330 S TET AT LA B 2 2R B
4. M TFRR MBS, e Bt A AR, FEEEASHER T (8 1.9), 4

BEEEMT — A, HOC IS o 48T SR R B e T A B . 2
OIS SR, 4 B SR 3

asind = n , n=1,2,3,° (1.4.1D)
fﬁiﬁ/\ﬁﬁﬁ%%ﬁ%ﬁ,‘Ifr%;&‘.;ﬁif}j‘zﬁ[ﬁtiﬁ(l. 4. DL RBRARA. 4.1, 7L

® G. J. Davisson, L. H. Germer, Phys. Rev. , 30(1927), 705. G. P. Thomson, Proc Roy Soc. » A
(London) ,117(1928), 600; Nature, 120(1927), 802. At , Davisson 1 Thomson #k 1937 48 Nobel #jH2%
x.
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- SR RSB R BE DR 1 BT R B O

AT ) ‘ 6’ = arcsin(mA /a) , n=1,2,3,¢
2 HHUHE SRR MM,
4  ERRELREER, FUEAT,TH
a7 |0 of BT T BT TS EA B 0. i3

@ﬁ%%ﬁﬁ?ﬁﬁﬁﬁ% Wy R T
1.9 %gﬁmm&%%mmﬁﬁﬁﬁg?Qﬁxmﬂﬁﬁkigﬂﬁ5§ﬁmﬁvk¢zﬂLﬁT‘
M. B, 7 B, B FRT AR, TH
KW BG5S HEY KT FEWE.

1,200
1,000

800

& 50 Bt ¥

600

400

200 %
200

150

100

#PIH

50

-100 -50 0 50 100
A7 E/um

B 1.10 Ce%rT (fullerens) BT B
() SKHIER (B R4 50 B Coo 2 FiH 4. LAFTR £ A Kirchhoff i 51 HiLH14
SR Bl A=h/Mu,M £ Coo 5 F It v R 3. e A9 HI4R4ERE Y 100nm, 454
% 50nm. p EI T AR b 2 60T 0 FE ARG M R A A0 — A SHIE S,
(D) ERTFHEES, FREMEL FE Coo s THIER (EH Co s THED.

@ L. Estermann, O. Stern, Zeit. Phys. 61(1930),95, Wil 3|4+ F kK B9 sh#. H. Halban, P. Prei-
swerk, C. R. Acad. Sci. , 203(1936), 73, Y B h-F Ay ahi%. W. Schollkopf, J. Toennies, Science, 266
(1994), 1345, JLWB] van der Walls Z5H (cluster) 3 3,

@ M., Arndt et al. , Nature, 401(1999),680.
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- BOE Arndt AR Coo P FRMATH AL, XRESEELR F LM
BB PR BRI E T 5B E R T FEAAT IS B, M4 1000K fY
RS T R Coo 53 F 3, 223 0 25 E B B4 (collimation slits, 4855 10pm,
PIEEAHEE 29 1m), R 5 5 18 — A R e M OB 4 45 4% 4 5% 50nm, A 48 4E BE
100nm) , PR KRS ERIE 1. 10(2) BT,

1.5 BFh¥FES

BT ¥R R BT 1923~1927 455 — BRAs ] dh 7 A2 SR 4. WV‘%%E‘J
Bie—BMNESE LT RNRE.

5 122 (4R 5 Bohr (BB TG RBTINLE. W, Helsenberg —F
HAR T BB FIRP AN, P, EFRREFIMES, B FRIT M
RENEHE, RN XBFHETENHR Fioh— B A LRBENES, Fm, &
FHEKMEE. #8 Heisenberg 047, M FERFHRIE T, B & FHSHR
Bohr BiEZ 3l , AR B B F A B #ATR &, HERMNEBWENIRE Ar<a
(Bohr HUB¥42). XA R H ABK 1<a 89 X STR WM A6 7 8L, 5% 8
Compton U, X ML T SEFHEMER, EHEER SHBEB~L/A>h/a, B
T L T 938 S = A — 4 3h. BER A BB RS 7, BMERMHMN X bk
B, (XA B T ARSI R A K, i F R AR T B 4 3% BRI 15 ZUR S, FREAE
Bﬁﬁlfﬁﬂﬂﬁﬂ%’—/\%?ﬁx—!ﬁﬁﬂﬁ B b FRE AR R R TIE
FHRPEE A, Heisenberg AR AE ] gy BT 4 R 9 B AT DA L0 1 gy 2
B, TR MIE # EH S, B 5 %X 5. Heisenberg, Born 5 Jordan
HYRERE /1229, Y3 b RTIR & , ffn, B PR MR LR E &, RFE—1
YRR LA —ANERE, ENTRAEE ERN 52 BB R ARR, B RERT NS
KRB B FRRNAZH R 2B GERE, REFD) 2 MM LR GEREY
B, BEATE JER L 5282280, B3 B H N AR, EE R 28y
", Bohr B R JFIRBASE T EEMIEM®.

W SRR T RMNER, EEEX, AGHERE F1 2R , 18 52 ) 3
BEA. BB 1% WETF L. de Broglie B4R 3 1t B A8 C, de Broglie ZEHZ T H

@® M. Arndt et al. , Nature, 401(1999),680.

® W. Heisenberg, Zeit. Physik, 33(1925), 879. M. Born, P. Jordan, Zeit. Physik, 34(1925),
858. M. Born, W. Heisenberg, P. Jordan, Zeit. Physik, 35(1926), 557. W. Heisenberg, P. Jordan,
Zeit. Physik,.37(1926),263.

@ M. Born, N. Wiener Zeit. Physik, 36(1926),174. P. A, M. Dirac, Proc. Roy. Soc. (London),
111(1926), 281.

@ A. Messiah, Quantum Mechanics, vol. 1, p. 45~48, %46 126k H 2248 1 R FRAE
RERRAHTREENN G ETSAEZER, RS, GERYWEERM), JLIT A3 M IR, 1998),
§9.1.4,809.1.5,

® L. de Broglie, Comptes Rendus, 177(1923), 507, Nature, 112(1923),540.
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2 5NEMAMERZ G, SRR B LY F SRS MR, R T TR

52 PR T PR VRO A (R B Ll vk IR (ISR R m70 BRI LA &

$EED. M XA R, R H RS T & T k4. Schrodinger 7 de Bro-

glie B BEHEET, KRBT -8B FHE R 3 BE——Schrodinger J5
O, B R H#10. S5 R 1% —8E, Schrodinger Bt HY3E 3h 05 72 B 3t

R T SR T LIS — R Y E KRB, 83 Schrodinger UL, 56 M 11 2= 55 30

ﬁ%)%mé%ﬁﬂg RFE—MA¥ENBENFMARERNRRS. FLE, B TH
WA AT AR 3 3 # 30A i 3. 3X &2 Dirac 1 Jordan %5 A By ST#RC.

ERBF 23 F AL B 257 £ B AR PR A9 ) 22 89 IR A T » TR ERBR
A0 BRI » (E S22 R I RS A M B SCHIAE T RS K BB TR, B F BB I
BB K IR A YA, 2 7E Born Xk BB A ST B IR B 2 5 A 18 LR IO, F|
I, BT 2R JEMN S HE8. Dirac BB G HE FEEMEAETHEC. X
B ¥ R ARARSHEHE B SL YR F 5 B R Ve F A Tl R, SR U] R AT AR

WA BN R BB TS YA, 1924 4£ S. N. Bose? A2 AFTE
#if) Maxwell-Boltzmann ZiiHiE M —Fp¥s FobL F 2 RSN ETHE, R T
Planck (¥ B{&ES/AR. A, Einstein 37 BIJGR BN TER EE M, T 20
FPETFEASK. HEC. YR T2 EE R8T, 5 E R BRN, & KA
A5, T B — R ET B R A, J§ AFRZ R Bose-Einstein $E 3 (BEO). ZEX FR
T BT A BT T RARA R FREZS. X RS BFR A Bose-Einstein g1 (8L
f& % Bose EiH1E). 233 5L TEH MK IS 71,7 20 22 90 £, % (T~
KB4 BRFHEESAEST WM T BECHZA. ik, E. A. Cornell, C. E. Wie-
man Fl W. Ketterle 3k 2001 4 Nobel #jF 2%,

TESERE 1122 5k 3h 1288 H 22 Bij , Bohr 82 /1 REMKE FREFIEHWIESRA
FE AT RN AR E, BREES NERMER. 3 F450H)5E, Pauli £,

® E. Schrodinger, Ann. der Physik, 79(1926), 361, 489; 80(1026), 437; 81(1926),109.

® E. Schrodinger, Ann. der Physik, 79(1926), 734.

® P. A. M. Dirac, Proc. Roy. Soc. (London), A112(1926),661. P. Jordan, Zeit. Physik, 37
(1926),383;38(1926),513. P. A. M. Dirac, The Principles of Quantum Mechanics, 4th ed. , 1958,

@ P. Robertson, The Early Years, The Niels Bohr Institute, 1921~1930 (Akademisk Forlag, Co-
penhagen, 1979).

® M. Born, Zeit Physik, 38(1926), 803; W. Heisenberg, Z. Physik, 43(1927),172; N. Bohr,
Naturwissenscha ften, 16(1928)245, 17(1929)483,18(1930)73. Ei¥41iE AT 2. W. Heisenberg, The
Physical Principles of the Quantum Theory (University of Chicago Press, Chicago, 1930); N. Bohr, Atom-
ic Theory and the Description of Nature (Cambridge University Press, Cambridge, 1934).

® P. A. M. Dirac, Proc. Roy. Soc. (London), A114(1927), 243, 710.

@ S. N. Bose, Zeit. Physik, 26(1924),178.

A. Einstein, Sitzungsber. Kgl. Preuss. Akad. Wiss. , 261(1924), 3(1925).

©® N. Bohr, The Theory of Spectra and Atomic Constitution (Cambridge University Press, 1922).
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EETFHEELPHE—HETHESTENNE FREGH 5.5.2 %) P A
RO AR TR TS L B RIEA S — L T B,
DI T e R ARG B A B, 314K 1945 4F Nobel Yy B¢ %, BF 1285,
Heisenberg, Fermi, Dirac 25 A NB AN B XTFRHESR LA Pauli AHHA O,
F—ME TG, Bl Fermi-Dirac 45tk (8FK Fermi 45t , Bz 2y,
FMIE S BT R 20 HEYIFNF A EEHE. AR B AS
YIFRSCA BRI, B L EBA R E. WEEHXNBEENEE, RAERTF
JrE R EER B TR A5 LA, WA B — TR B0 X AR A X%
RGN, ESYEE R TS TR R TREN R TYHEE B by 8
THYF BOtYE . ROYE KEYHE . KA HEENTFH A BB ETE T
A, |
HXHERAIE A A Einstein B85 B 250 7 B2, SR8 4 MEE A
R ZHE, BRXREFERNWYHEERNLF, EA FRER%R AL 45
8, AT B BB T R BEACR LR BFEA M. XM 2 THRHEERREZ
— WIFRH TR FHERAR FEH - MHER IR, MRS YEERILF
RSS20 HE2 B3 2 BT R B A 1R R QN e & 2o MR M, LABIR A T B
B MYEERE—FIREEER— I TENELER. EXMER T NGEE
Planck, Einstein,Bohr, Heisenberg, de Broglie, Schrédinger., Born, Pauli, Dirac %
R 2 FO0, “BF YR MBS A LIAK B IF R Y B2 5 TR R b i

@® W. Pauli, Zeit. Physik, 31(1925), 765,

® W. Heisinberg, Zeit. Physik, 38(1926),411,39(1926),499; E. Fermi, Zeit. Physik, 36(1926),902;
P. A, M. Dirac, Proc. Roy. Soc. (London), A112(1926),661.

® MTMWETFHER ST, M5 513K15 Nobel YyH2E%,

KRN WERIE] KR T

M. Planck(1858~1947) 1918 EAEEHETOLRTID)

A. Einstein(1879~1955) 1921 JEEBN OERTF) X BE Y3 7 w1 i BLEk

N. Bohr(1885~1962) 1922 EFEWS5 R TR

L. de Broglie(1892~1987) 1929 B AT

W. Heisenberg(1901~1976) 1932 RIS B F ¥ GEREI%), RTFEHE M
HF 4 R

E. Schrodinger(1887~1961) 1933 RISLEF 1% (3 %)

P. A. M. Dirac(1902~1984) 1933 BRI F R, M IER T

W. Pauli(1900~1958) 1945 AR

M. Born(1882~1970) 1954 BRBAGE AR

@ GRIERF BN FI2EAE 20 R 20 SRR 2 S5 4 20 48,R. P. Feynman X TRFH
FHE S AEISTE R, B B2 R (path integraD I3, JIRPERE H12: 2 E TR T 2052 09 B T35,
Besh 1N 5 2 1% P i) Hamilton-Jacobi FFRE VI XK. HIEER, B 11455 28 5126 Hamilton B
AWEXR. WEEARSHILN 5 2 /1% 8 Lagrange X GEMERB) A B XE. 2 R. P. Feyn-
man, Rev. Mod. Phys. , 20 (1948), 367. si i AH&E [ ,5 3 &.
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P ‘R E NS R EEYHEIR TS —RERKHR, BB2X—#H 2
TFYHZ RN AR SEL R Niels Bohr”®,

S
L1 BTSN, KRBk TR, BRTHEE V(O BCY

R

x = asinwt

p = mx = mawcoswt

FiGpdz = nh, Ritl a= /o romas , AR F R

%::EzEn=‘ﬂhw, n=1,2,0
1.2 ABRTFAEARBRHEMNSIHHRFRRER. MRIKERIHN b fec.
hz

nz nz nz
%::Ezé;;l('glz—_*_'gzz——i_'ﬁ), n pnzyn3=1,2y'"

1.3 FHEHFHEISREN [, REHNEEARIFE.

BL.E=n"%/21, n=1,2,

1.4 F—NHEqREIm WREFELENES . ZEETYEF AR B KA FRER
fLFE.

&R T EERES, RN

E=nk|q|B/mc, n=1,2,

1.5 FBRFHETLUGERWKBIEM, RAHEDE 2 2, FFIAREXNEB (B

L 1D, B MuE A AE. -

(a)§ph= (n-f—%)h, n=0,1,2,e
p=2m[E=VQ)]
W fpdz = (n+2)h,  n=0,1,2,
(© $pdz = (n+Dh, n= 01,2,
N |
pdr=rmh,  n=1,2,3,

® P. Robertson, The Early Years, The Niels Bohr Institute, 1921~1930 (Akademisk Forlag, Co-
penhagen, 1979).
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Q/

V(x)
V(x)

(@) (b) (©)

B
A LR AR THETETFIEB R TR B AR

(D) #£PFOLAE 1. 12)
Viz) = gl x|

V(x)=gl]

0 X

& 1.12

FEHITRBMT, R REER fiHE.

%,
_(€E\” T3 1\7% B
mo= (ZE) [t DT wmone

)

co, 0

Wﬁ={ TS

er, x>0

ERBISIRIGIRE , —e IR F AT LA 1. 13).

%

=
2/3
EHZ%(gﬂzenghz/m)l/a (n+%) ’ n=0’1727'"

L6 HLAG VT, SRR 0 KWET (ELRAFEPIXRA2EGR) WERE T
R

¢ 25



2J:ox/2m[E—V(r)]dr= (n—!—ji—)h, n=0,1,2,¢

8 V() =— (Coulomb ) , KA F IR SLVFE.
% 3T 1=0 HHEL

E, =—727—I:;(n+%)_2, n=0,1,2,

1.7 XFEEESRTGRE ), BRESIBH TSN
E=m?/ V1—4#/F (v RRTFEE)
p=mv/ V1—/c* = Ev/c*
AR Hamilton & ’
H=E= /md +pJ
RIS BRBIEX . fR B T 5 de Broglie M BB Z AR, TR HME, 3

EBAMIE K T OB c.

YR A v,-=§—p‘5f.

1.8 IS R TFEE SBAFERIXRR E = " +m' ", R:
(1) FEARHEE LT KRR RITX
E = m’ (1 + ‘&2)
mc

G

2m  8m’c?

ERAH mc® K Ik B (rest energy),%nﬁjF*EXﬂ'fﬁﬁﬁa_FmﬁJﬁE’— P g AR

8m® c*

BIE.

(2) ERBEERBA T (HREYELIRPLERMBD , KREEKEMRIT

E=p[1+ (%)ZT/Z = po+— m;f e

St F &R & (m=0) R F (F I+ , E= pe.

1.9 (1) XA Fermat BB FE S HEMTH
B s n, sing; =n, sing, LA 1. 14). (2) Yei B shist i3
PR 2 R ORI F AR B T AN HEE: AR OE R

BT, WIS SRR MERIRE, o] pdl — 0. £k

p= o 8fodl = 0, p HET BB 0 HHT“H

7. XK S TS B 8« m sina, =, sinay », X B
R RIS, BV BAAXT SR, W T B BT, p
=Ev/" THRBOL, E R FRER , A —Fh /T BT B 55 —Fi

A E ABCE. Bt BABE] of ol — 0. FIEIKATE

A 114

1. R BRI T &7
2 L. de Broglie, Le Journal de Physique et la Radium, 7(1926),1.
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B 2E KEEAEHS Schrodinger 7712

2.1 FHREBSGIHEE
2.1.1 Ea-RFRSERSH

AATXH 0 R F U sh itk B AR , 8 2 2 553 — SRR, S3EE s 1% 4]
% A Schrodinger, de Broglie Z7EEF S A, XF T4 Bk B2 3h M 9 B30 2R A%
R R 2 AR S R . B, B T I R B TR AR SE PR 9, B e ¥
PERAE = S B ELESANEMYRBEAC, HMERE TH 5SHHERR. K
AR F/NEIERFRIR/N, B R B B i F IS S

{ERS ST, XFPE AR R] T X LA ST AR A0 BRI M. 4, ZESEAEHEAEOL T, B
BB FHIBER N E=p’/2m, fl de Broglie X &R E=#w, p=hk(w="2nv,k=2x/
DA, A8

~ w = hk’/2m (2.1. 1D
BRI, B OB LB —)
- : vg=‘3;‘,;f’=hk/m=p/m=v C(2.1.2)
WUTRIRTREHEE. HEF
%=”%;’=h/m¢o @@Ly

BRBIZE S E. REFRLHUE, FERERHERS, B PR, X 5LB R
FIER. L ERBIH—N BT, BT E—A DA, F i, E— R T
Eﬁ,ﬁf‘ﬂx%ﬁﬂﬁ?ﬁﬁjﬁdx(wlA).

Ak, 7E 8 FATST S th, M i F I AT B AR T & R A1 5, AT ST SOk o
N FMER I 2. IRE— B FF B =22 [ A B B A, W 7R 25 8] R [ 7 1)

@ 2 L. de Broglie, Nonlinear Wave Mechanics, Part 1, chap. 1(1955).

® D. Bohm, Quantum Theory (1954), chap. 3, § 13. F. Bloch, Physics Today (1976), No. 12, p.
24.

®  Schrodinger A « 3 B ¥iA B 10— SCAE B R B G TR0 B, B R Y B9 43 A0 filHm, — VR
Fa BB B — N R RSk . 20 P. Robertson, The Early Year, The Niels Bohr Institute 1921~
1930[ AR A L35 0 G F B, (BU/RBFF BT A4E S H (1921~1930) ), p. 113, 1985, Bl it 1.

@ XEBERITARFIHEIEG a2 Aok T Y 3 P I T (soliton) 7] & , ‘B & — FRBEAY #L, X
JRFRFa /M A 3. X B RIER S BRI E.
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XA?&J@JE‘J%%“ /‘%%H‘J—iﬁﬁj\” ﬁ%%&ﬁmé%)ﬁ ;QQQJ:MJ%B@(WHH,#&

%ﬁ&@éﬁmﬁi?ﬁ%‘iT&dJﬁE@ mi ﬁ'ﬁj&ﬁ_t*ﬁkmﬂﬁ‘?—ﬁﬁ@ —1,
WA R TR,

S5YREAHR NS —MEER  BIEREE TE KRN B F44 T2 Hm
BB, BRI TSRS BB B, B4 005 3540 ] T T L i —Feb o3
i X FHE RS SRR &, SEBR AT UG R B FATST SR (B 2. D) fE A
PR » LR — A — A Hb5E A B8, (H RER K, AR 4%
H BT ST AERE. X BLBTRLT B9 BB I KA T AR F R I — i, 31l
TFREEA MR, 4IE R TR TR WS, A SR SR T (U —
FOFBEFEHNREEURERE TSN L] THR.

R, RS SR KB T TR RAFTE R MR B RN E R R ER

B, SR TR —, T L E3RR TR T S sh it —m, wiid 7wk

(a) ()

2.1 BFTH
(a) BSENTHHS MEET WAL (BB, I FE % 50kV, B T 3K A=0. 055A, 85 % 0. 3um, #14F4E
L) 1pm, [C. Jonsson, Zeit. Physik, 161(1961),454;Am, J. Phys. , 42(1974),4. ]
(b) MEEAFHEL T T FHER. EaTFREETER - e URERS HELTE
WMBHRR RS LR RMIERS, T H A NRER L Ahg B RRASREE TR
B|TEMN. [P. G. Merli, G. F. Missiroli, G. Pozzi, Am. J. Phys. , 44(1976),306. ]
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RMEFRERMT AR BREF? BRW? “BFREARRF, AR
IH’@ ﬁlfﬁwﬂﬁt)ﬁ bEﬂiT% #ﬂﬁ? mx%g&#@ﬂﬁ& {E‘ﬁéﬂ]{ﬁ‘Iu%%?%

—*_Féxﬂﬁ?*ﬂﬁ%ﬁé\

LM SIFEPRB]—NBFH, BEREXIRE—IEEK, EEAE—EHWR
2. HATSFENE, WEYEE “% ﬁﬁ”(corpuscularlty) 2“1 (atomicity). {8
HikEE, AR A %Efﬁﬂ‘]%%,%ﬁ EEA—EMANE,FEESFED
A — RN PE, B ES—NZE — SN B S 3 E. YRR FRCRETH R
RSERFHESE T (B, B FEE—EMNEE m=9.11X10"%g 5l —e=
—1.602X107"0). (BRFARAZEM BRI E L R Newton fHFH PR R
AR S, FER VLA o XS R — MBI B D (B, M A 338 T Lo b3k
BN HES. (BRI P , XS M St B SL iF 525

HEZMAFEFRB| NN, EEEREEM LY YHEBNE M SA

YE R B R Ak (Bl , K B P O B O MR D) ME B EWNRER L TH S
A, :F{ﬂ?—'?ﬁ]‘ﬁ‘f Eﬁ]%ﬂ%ﬁfhﬁ_‘&l&:@fﬁfﬁj{ﬂﬁ(coherent superposition).

EERBET BT SRR RELUSE—B— & E L& AT RAFTEN &
5 I 3 BRAERL T B P R W 7

2.1.2 #WMEE,SENTFROERY
MBAF AT —T LRI LIFH , B AT E I R AR F i, R R2 U 7

SRR FE RPN, R R URE —E IR SR NE ik BE
E %ﬁ fE#T ‘?“ﬁ?ﬁﬁﬁfﬂB‘Jﬁlﬁ”%*ﬁ“«‘ﬁﬁ&%ﬁﬂﬁ*%,ﬁ’ﬁ%?éﬂtﬂﬂﬁ

| %ﬂ%ﬁ%%ﬂ%%ilﬁlﬁﬁ%&m@é%ﬁ—ﬁ
%ﬁ%ﬁ?%?&éﬁﬁ'ﬁﬁ?ﬁ% —ER, EH UL, %ﬁﬁiﬂﬁ?ﬂ@“ﬁ?ﬁ”

Schrodmger ﬁﬂﬂé&bf_ﬁi‘é’iﬁ N@ﬁ%ﬁ@ﬁﬁiﬁﬁ'\“ FHA ﬁfﬁﬁﬁ%ﬂﬂé% kA
de Broglie $#& H B “¥ B 3 ”, B Schrodinger 7582 F A I AT iR 19, HF AR R &
BB AR A LA YRR AE S R4 AR BB 3h , B 12 2 20 R 778 23 4] 64
B 16 AR BT E.

© i, B The Feynman Lectures on Physics, W, Quantum Mechanics ( Addison-Wesley, 1965),
chap. 1,1-1.
® M. Born, Zeit. Physik, 38(1926),803; Nature, 119(1927),354.
P. Jordan, Zeit. Physik, 41(1927),797.
W. Heisenberg, Zeit. Physik, 43(1927),172.
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AT ISEBR Y SR S SERR BOR B9 S e P R 0 O, LUE T8 SR AN 2
3 B R AR R AR, BRAT IR AT — A BB B s F XU T L. (B0 T 5647
Ho PR TR AR T3 P BB BB FRRME , JeXt le— T RES0R1 (i, F38)
5 2 35 (B0, FE IR KT R SRS A TS L T

& 2. 2 o, — AR WAL [ BT AW AT (U, VR SR Z A — 3 T 3A
REZEBINE, 38 LA R4 YRTE 16, B EFHNBEESIAR 0 () YRHF
252 0 B BT HEBEDNNN 0, (2) ; BXEF IR, £id4E 1 T 5234 2
T3, S A AH T H— R — R T BEE B, R3S R B0 A0 o, (o) T B MBS T

P8 B S A FE N
ez (x) = p () +p, (2) (2.1. 4

X

X
Oy(x)
1
0 0 0
2
® 0 | pxmr a0

&’ 2.2

ok, BT RS W T A%, [ 2.3 b, A S B A
R GRS ) R, 75 0 28 i BT XSk BB AR, B B R T — A B 4 B
SR S B BT, FE R B3R B 4 B K

* X X

Ii(x)

Iy(x)

HE

L(x)

2.3

B

4 TR 1 B, B PSR Cintensity) A 1, o) g 4 RUF4 2 B,
FRRBEAF L (o) Hi3R s XU F IR , FE R BE M o (). KR A L,
I+ L. B0, 2 FLFF— R, 7 1R 3R M M7 , ZE XSRS TR ML T, 7 5
BRI, L T THAE.
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WETHE 1 WA M () #R (0=2m), BT H 5 2 175 B
hy () e HiR , WEEFF FFOT BB K Chy +hy) e (BEEAE T BNt ). A 75 3t
S P40 R

112:|h1+hz|2 |h1l +|hzl +(h1h +hzh1>
= I, + I, + T ,
= I, + I, (2.1.5)
B FEETH (b h, +hyh!), ZHBRE NG5 E BN % E 2 KA MR,

WAERAE KR FRONEE TH LR (A 2. D). A B FRMAMS, B
FILP—A—AHE A EE , R IE T BIBORREN L. &4, MG IR, IR
P — BB R T A , BRI A A, X R FIER T~ — 1
FHOIR . (H a8 BT, AR BB R FRACRAZ , LR A, 7 7 S 1R
%, S 5 LA AT B ER LR RN EESARIE R — N E R
R, 5 X OME ek b BT S b e e 2 0L, SR E AR, BE 58RI
A7 ) B XU EE AT ST AR U , T S5 HUAS T B8 0 A SE 2R R, XA B N B
A

Bk, FERR R — A r Wﬁmaﬂz#aﬁﬁm

ocHE & r BB S FHIEE
oCTE A r B B B T3 E
ocHLF HBLTE A r BHE BOMEER.

BATEHE R (PR, 5 b —re R | o(r) | ? H#iA.
{HR7EX BRI REE | o(r) |2 & X 52 BIRARRE , & 2 k%I 8 i 7 H B3
TE 8 r T RAER I/ — A BRI, | (0 |° Axdyse RTE R r R
H/MEBUT Aztyas B TR, R Born 3 BRI,
BREBTHENEAREZ —. O

$ie FRSORE B BRAR , W T2 B0 L SR A 3 3h R B T O kB B B — R G

D XREIFSH Copenhagen 2 IRAIE BB GIHE B MM A, HHITIRTT S W N. Bohr, Naturwiss.
16(1928)245; 17(1929)483 F118(1930)73; N, Bohr, Atomic Theory and the Description of Nature (Cam-
bridge University Press, Cambridge, 1934); W. Heisenberg, The Physical Principles of the Quantum
Theory (Chicago University Press, Chicago, 1930).

WA Bl K 2 BB A0 X HF. M. Born M I B GE 112 B TAE, 3K 1954 4F Nobel Y H#
¥ 7EPi ¥ b L) Einstein, Schrodinger, de Broglie MR FE B HER , M BB TR BRA R BN
AL A KBS0, HEBLE, i8R TSR, H LR ERHEE. B, Albert Einstein,
Philosopher-Scientist » X %i,P. A. Schilpp, (Tudor Publishing Company, New York, 1949 and 1951); L.
de Broglie, La Théorie de Mesure en Mécanique Ondulatoire (Gauthier-Villars, Paris, 1957).

B F) 20 42 60 4E4R Bell 2 AREEW T (Bell RERD UK UEREMER T, HIELELENET
S5 —3. M, S0 :]. A. Wheeler and W. H. Zurek, Quantum Theory and Measurement
(Princeton University Press, Princeton, NJ, 1983). XTFix 7 HHIBEH 3 &, LIS R REgEE K.
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B, pr u?ﬁ%ﬁﬁ&(probablhty wave) , ¥ PR ¢(r) R %ﬁ%ﬁ'@é(pmbablh‘
ty amplitude). Eﬂﬁﬁﬁlﬁm BT BB T4 ':IYE&I%%) %E&Efﬁﬂbﬂﬂ
YRR FEISIMESEFHE—TER, FLH T BB LB N2,

it

(1) B RBHSEITLFE, 4&@5’%%2%?&1*({?% AEED) FEZS 8] K 5
FIERZ BFA 1, BIESR (i B T3 &4,

L [ |z =1 (dzx = dxdydz) (2.1.6)

XHFR jﬂ?}ﬁ R )3—~4E.(normahzat10n) %{4:
faf‘iigiﬂ Xf?wﬁﬁ’?ﬁﬂéﬁﬁ E%B@%*ﬁﬁ%$ﬁfﬁ 751’&%521 gb(r) 5

----------

HOAIXT R, z;mwx C¢<r>1*6ET 2
|Cpr |2 | gplr |?
[Cpr) 12 gl |?
S5 EBH JOBR TR ERELHRA. B2, Co(n 5 ¢ FriliR i
&%xé~ﬁ33 B, ‘&@ﬁ%‘—/\#&lﬁ%ﬁﬁK%ﬁ EX— A, T@%Ei@: %

-------------------

(2.1.7

iﬂi:ziéﬂﬁ &E%ﬁﬂ@)ﬂ—-%%#@ L. 6)5&#&%?&®ﬁﬂ‘l¥ﬁ_ﬁ
4, B

J(é) g |*dz=A>0 (A RIESEHO (2.1.8)
B, Bt (R (2. 1. 8), W B AR

J (r) 2
(€3]

B () /VAKRIT—4kH), 1/«/_4‘#@%!}3 —ALHF. HEB R ¢(r), B ¢(r)/V/A,
ENFHA BRI & — R0, BRI — L5 R B A
AL, LUR AT, Rl 1 5 Ho AR A R R — LB I IR (S
W3] 3 543 4).

ENERE], BN LT 0 — 4 &, B R BB ARE — Afﬁ?&l 1 WHEFHAE
T, BUE UL AL A E T ﬂj@ B o(r) BT — AL BB W g (r) (o ML

BIARRD R IT— LB, T "9 (r) 5 () B R BB A — MR

(2.1.9

%1 NTE—HTRELHLE 1. FiEs), &
¢(x) = Asin %._:c
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RA—EE A B () =Az(a—2) ,A=7 B TIEMAERE K
%32 & o =Aéxp(—*—;—a2x2 ) v HELHH,RIB— BB A,
%33 B g0 =exp(ib) KT MREBRAAMT? 3B REREAE k7
%o 4 B ()= B F RN BRI ? X B RBAETE IH—1k?
%5 BRTRRERA §(x,y.2) ,RE (z, z+do) FEE P RIPRLF 1R

%6 WIERLIRART R TFEEEERR 0,0, 9). BR : (D FEERFE (s r+dr) PR F)
ﬁ?ﬂ(ﬂﬁ$ (D TE (9, ) F7 M ISR S dQ=sinfdAde *ﬁ@]ﬁ?ﬁ@*ﬁ$

O TEREZTRFHER, Fia, N *‘?ﬁi% (&ﬁ/\*ﬁ?ﬁ 3 /I\ 8] B
B EED , B A BB R B
(/’("1 3Py 5t sTN)
Hepr (z1,31521) 1o (22, 52,25) 10 rN(xN,yN,zN)ﬁﬁﬂ%ﬂ“%ﬁ?B@ S [E] AR AR,
[lidin)
| (1 srzyeeesry) l ‘P By dPay
RR
BLF 1 HIAEG ,n +dr) F,
MERTF 2 BEBEE(ry ,r, +dre) +,
i BT N i BUEE (ry ey + dry) o
RIBER, H— k& HFRRN

J | GlrysoessrN) |23 zy ooy = 1 (2.1.10)
E,ﬁ%ﬁfﬁ@,gliﬁﬁ%

) EL@ de|¢|? (2.1.1D
Sk | de ORAHAR 092 WA IREFAFTESY. 0,
er‘a:_‘gﬁ‘%m’
' oo
J dz‘EJ dx
(€] —oo
X = AL |
oo
J drEJ dxdydz
(€] —oo
XF NAKRFHRE,

+co —+co
J drEJ J By day
(€3] —oo —o0
B, IH—1b X4 v] LA BB R N
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(g, =1 (2.1.12)
ERTRRBERBWYEEXHF B R YRR TR ARE =%
2[R PRI R Y IR BB S BRAR, T — iR 2 % 4k 9 £ 7 25 18] (configura-
tion space) IR IE D, HIN, BB TR R, B RS o(r o r) ZUIE RS ZE7
B2 H R, XM ANESE], AR RRE—TNEE 6 8 HEKRR LR
MR ZEITE.

7 NRTFRBBEEEBR G re o rn) 3RIE (o +dr) JEE P RBVELT 1 B8R
CHAtORL 37 B A FRAD.

2.1.3 hEHSHIHE

W R R o (D WETRBE, A r R FREEEE
oc | (P |2, BATHE—B TR, WER T H A 12 B AR A T 7 X2 )28
RPN RS E AR R AR, FEL B MR BRI,

R E TS L RAESE T 89 de Broglie X &, % ¢ B — P E A6 (HK
X BT ) WA RDR F IR K p=h/A, iR E=hy.

TE—RIER T g B— 0, B W VF £ 8 66 I B 0 R, B & & Fh i
KGR #0433, BB F R sh & (B8 R A HE M, g — 4407, S
BB T 8 £ BAL, A0 T LA FE A SI6-56 B R I BB F I3 B, RIS L
B h—Fh,

TEA T B 3 0 SE I B AR, AR GEIRIE LR, 5 1 90 |2 R
FORL T AR 25 (8] MR B BE A, | oCp) | 7 ARFRLTF 3 B M A6 O BER 25 @,
XH o(p) R ¢(n IR B (Fourier 4347 B 15 , B

1 .
g(r) = W.[go(p)exp(lp cr/t)d*p (2.1.13)
HisiAs R
1 )
o(p) = Wfsb(r)exp(— p * r/ﬁ)dsx (2.1.14)

[o(p) |? RFE ¢ FFTE&HFEE exp(ip « r/B) BIRSH FTLL o(p) |* SHRF3)
BN p SRR UIAH SCR AT LI AR ).
T ERAHTRTE 2 e B 73X TR R ATS LR, S F GIER p)

® N. Bohr, Essays 1958 ~1962 on Atomic Physics and Human Knowledge, p. 56, 1963; 3% . A.
Messiah, Quantum Mecham’és, Vol. 1, p. 150.

® A. Messiah, Quantum Mechanics, Vol. 1, pp. 116~119.

® 204 D. Bohm, Quantum Theory, §4.8,1954.
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WEETMAFBIREETE L9, PAFENES —EEKGU=h/p) FE
B, MRS L hr B —E M 6, &0, HFRA Y.

sing, =" =7 _ 193 .. (2.1.15)

a pa

SMRASBR NP, B8 —4 Fourier 4} CE B K& H T 57 o 7%
—EHIF B BIHR2. 1 15) Yoz 1 5, BT AT S Bl AR — A & (FRA
SIS » BOK BRI S FE R E MR, (2. 1. 15) B T8 0 5 ASPR T
R p ZIEMBEBR. TIHE 0 7710 5B B8 £ (0) TF b F A3 o AR s 1
Fourier S} MR o(p) , BTG 0 FFIATET B IREEC | £(O) |Poc| o(p) | 2. 7ER 5t
W T, BRARUE, BB Fh BEAR M (BRI HBET). Bk, A7 5T 565
i S BR T ST RORL T3 B A A A MR, T AT SR B8 B, 3% T TR T
s, B SR S SC 50 ] AVE il R F 3 B s B,

A, 3 F— R T, BAE 0 BB R | £(0) |2oc| o(p) |2, B f 15
RLFBIEA p MR | o(p) |2, BRE B, MR FEHEE (p, p+dp) T HME
BH (P[> p.

A HETE B

+oo +oo
[ Tlewras =" 19w a0z =1 (2.1.16)
PR ER (2. 1. 14) & Fourier B AR (B & RS, WM R =) , Al8

Loso (Pe(pdp= ﬂLOdS;dexd%’gb (Mer") exP[lP(Zi;;ﬂ/h]

oo

— H_Oodsx(fx/c/)* (DY )Sr—r)
—+oo

— |y grdz =1

2.1.4 THREEXER

L E#RE M. Born X3 SEEUI G5 10 B8 , SE4 F H0 R T B 2 5 — 3
wz&mm/\x Emw uﬂa@zm & A%ﬁwmwﬁc% TT%(EE%&
=g :éncina'wzzsb ﬁ'ﬁ ﬂwﬁ%%z‘ﬁ&uﬁﬁlﬁ]*%%$& r]# 22 SR T 1) 1
Am,rz%ﬁwwﬁ&%TT%(zgﬁﬁ%ﬁj%ﬁﬁu&ﬁ ZIETJ%%%

. fﬁﬂﬁﬂ ﬁhﬁé‘]’fﬁ ED#?B‘JL@&"‘%&—H?’J*‘?B@LLE r(t)%ﬂzjla p®
%?&i&ﬂ‘ﬂﬁ%" I‘iil‘ﬁ] H TR B@hﬁ%ﬁﬂ@ﬁf 2 MR ?B‘J’F&AXT?#’JXWJ@%
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B4 TS, AR BEX R R W. Heisenberg (1927)# HH Q.

TERIMIASHILMEROBETESAT, BEERENIHA RS B AT E
BXAR. T —REETSHAREEXLRNERADFEN KT 4. 3 4.

Gl1 B—ESRTFEAERENE p,, NS BATEE Ap=0, HEL A
PR B - T

by, (2) = exp(ipox/h) (2.1.17)

O, ORKSHBAIES, p, HEHBAIEME. TUFH, | 4, (@ |2=1,BINTFHESE
& S A R 2R (R T . 52 R THRAUBRTEEATHEN,
B, Axr=o0.

B2 H—ERTFEARYKNAE «, M BAFEE Ax=0,H LK KK
Bh

s, (2) = 8(x— ;) (2.1.18)
¢, (OFF ﬂﬂﬁ?uﬁ(;ﬁh‘) RIAIER , x, ARREIAEE. <,bzo (x) B Fourier BHH
1 —igz/h —iz, p/k
-z = —= e dr = ——e ° 2.1.19
or, (P mj b, (e 2_ﬂ_h_e (2.1.19)
B LA
1
oo (D" =5~

TR F 3 B BRAME RN ERE2MFE MK T 2, IS BE2HE.

BI3 %8 Gauss B o) =exp(—5a's’ | FHEBIALT
| () |? = exp(—a’z") (2.1.20)

® W. Heisenberg, Zeit. Physik, 43(1927),172; 3i%3C W J. A. Wheeler and W. H. Zurek ¥4,
Quantum Theory and Measurement , p. 62~84. X FABEEXREHAMFHE, 720 J. S. Rigden, Am.
J. Phys. 55, No. 2(1987) 102; P. Robertson, The Early Years, The Niels Bohr Institute, 1921~1930,
chap. 5(Akademisk Forlag, Copenhagen, 1979), FiRA(H/RHKFHEES A (1921~1930) Y, BB,
%, WIEEE,p. 116~120, 142(RHE A, IR, 1985). Heisenberg 323 Einstein X i i — 373
3 &, “It is the theory which decides what can be observed” , FF i # TR K. EWFHITH, b R AR
FEit, M EEGERN FER KA B MR, W R BN RAOEMER, DRIFBAMNNS -1
F2B AR AR E . KB A R RORHE ERRR, AR 8/NT i Planck ¥ B4 HKN— M E. X
RAREFLR. S FHIME , Pauli 37 BNAF TR 893EH. Bohr MIAY : B 7RISR RH X B TR
FIE BB shAURL T X B AP R DA K. ik h  “Be sl SR TR R FH N EA N 2SS, 8— 1 REHE
— A A BREE LR, (BRI WL T, A Am— MR TS RN ARS HTBAH
B, eeeeee FREFLEEIM -MEEOEERR, AT TRNNAXFAHELTABBAT ENRE. ”
JE 3 , Bohr 38 MW & 4R T+ 39 “F #Mk JE 32 ” (Complementarity Principle). “A T RIAFEWAHEE, TR T %
R NER R NEHKEE X R, Bohr #82Z }“Complementarity”.

XFAREELANEHERERUREAMEREKNITL, 28 :G. Auletta, Foundations and Inter-
pretation of Quantum Mechanics, chap. 7,8(World Scientific, Singapore, 2000).
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1| 1e@r Ve | e ®F

N

-l/a 0 1o x - 0 « k

A 2.4

LR T e R BRI < =L Koh (B 2. 00, ae~L (@) Four
rier 2ty (LR —)

(k) = L +o°<,l;(x)e_i]”d.r = iexp(— K’ /24%) (2.1.2D
V2 a

| (k) |2 = ;%exp<— B Jo?)
Al W, Aka~q. B I, X T Gauss Ji 43,

Ax s A1 (2.1.22)
FIH de Broglie X &R p=#k, W[5 H
Ax s Ap~t ' (2.1.23)

BB Heisenberg MR BHE B X R, ZM8 L3RR, de Broglic % R4
B, EHR L 2 FLI Gauss WAMRRL . HEBHRA . 1. 23),
REMBp=rb R, EPRHOUER TS UL 43 4) |

Ax « Ap = #/2 (2.1.24)

ABERERRRY O T 00 BRI RS FIA A L TE 00, T

VIR BB T PG TG 0 R B, BATAT B F B, 2 8 de Broglie % &=

R x RSB IRE B RS A B X, B TR FiE s iR At A 2 X, 0
TRAIRTHERAEAN%UR B EEEPLTRTEHNBSNALREED
e

HEEBZBRHTAATE. E—ROERAE S, MR EELEAR B 2840
ERIRPY. &4, AT RSB B T8 Az 5 Ap BITRFR, BE 1 h 19
BREFERBE, FTUE— BB EMIG S, TR L FB0EE 312 2 248
. B, X F—Rg A, BREER~1m10 ™ m), R ma10 g, BF va
0.lem/s, BN & p=mv~10"8g e cm « s\ M BMBEEFEET Ar~1A
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(=10"*um) FEARBEE R R, Ap~=h/Ar~10""g » cm » s, HIlk Ap/p~1077,
T o SR T BT S B 0 B A R X BE AR B 1R ) 107°. BT L, ok BB R
AREEHPRL T, 23 PR T SR B .

*Eﬂﬁﬁﬂéi}é » Heisenberg E‘JK%%E%% ?Aé‘ﬁﬂ]i’“‘ H T A 7‘&&?1‘%’“3@

%,di%ﬁg%xﬁr“'Iu@m@

AAEEXRZRTH L RBOEAE SIS R LZI, EH ) Z LR
FA& R Bk E M THA R R ARAE. LU AR X A1 T
T2 B 1

Bl 1 PR R .

£ 1932 4F Chadwick ZHHFFLART, B A G SRR FERE B R FHET4H
R EXMEEBE TREFE, G, SEiti ERFE. ok, AARHER XK
RGBT pETRFHRE, MSLASLBRARBTE BARTEEE
<10 “2cm, B FREFEH—NHBR T, MHEN BAHERE Ar=<10""cm, %
RAEERR, Apa=h/Dx~10""g + cm » s\ NBIEZRFE IR, p~op, LT
e 8 (H B EKRFHBRF md~0. 51MeV, frLL 5 A S 128K 1TED)

E = /p*c +m’c! %pc%cApmA—x~20MeV

(BT ETFRIE B B DM WHR THEEREARESRE Ey~1MeV. X 524
HEILHE FEPFEAE . B THTRE m,~1842m,, FERTELEMHR T UK
LI KB, B A B T, HIERT BN —NHRE T, RERELE S
HED.

B2 AHEEXRTUARMGHYERSEHHARZROSIEER. A6

Ap =~ h/Ax
A ER GHEF 5, I FRGERD »
~ p*/2m =~ (Ap)?/2m

Xt FRF, Ar~10"cm, T EE m, 1AA,

2

~_ B
Ef\/ Zme(M)z = 4eV

® R. G. Knobel and A. N. Cleland, Nature, 424(2003),291~ 293, %t & W4 3 & 44 #F (vibrating
crystal beam) #E4T T HAS H RN B E. IR FEBFKELR Lym, EERAMEYFLE 10°MET, WE
FERRARIE T=30mK T #47. A BN EREERH Az~10" nm(YH Y TRFR/DMMIBEHZ ), RFHEN
B ENEEE, BN AREEXRATNEBRKALE 2~3 MEZ%K. B M. Blencowe, Nature, 424
(2003),262~263 HIPER : Hi3L8] Heisenberg AHE B X RAEEWIRARBL, LB BHEE LT RRL
100 %, R F IR A T K2y 10 £,
e 38 o



3 FHER TR, Ax~6X10" 13cm,mth?—jiﬁ¥ﬁ"f§ﬁm

2mn
L, 7E4> F 0B T Y B b 3 56 i eV S BB A7, T 76 4% 4 3 o 0] ) MeV
keV WG, St FHXTEREMR,
ke

E%pc%cAp/\,A—x

TR FYHEP BT RN ArS10 % em; Tl Ea0. 2GeV, FTLL, B F 3 o %
GeV F1 MeV REEE 47,

2.1.5 NEBHEHESEFNSH

BLF A T3 BRI o) PR RS T , BERARRIE ¥ BHEAEHE NN
WE, HEMNEHEFERER M, ATAHE N TFHE UTBRERERE T~
L. B, A8 x BFHE RO

=] lp|tadis - (2.1.25)
X, #hE V(r) B B{E R
V="l vrds (2. 1.26)
BB EXMEERTAIR?

ETE R, TRLT 03 R0 AT R , 7 KA PR 20 3 25 )2

EtRB 8, IR TR ESINE. BB UK, ‘SR E— AWK HREER
E%x% ﬁff&% de Broghe%?f(p h/A) “ﬁ%ﬁ?&ﬁﬂ%ﬁﬂ%‘h ”B‘J%

p# 190 7p(Odia @.1.20)

BT LABRA 145 B — o S B OR AR D5 ) .
HRTHFTR , A RE (N J5, WKL F BB TE(p, p+dp) PR R
| ¢(P) | stp’ﬁq:'

oo
o(p) = mjﬂgj(r)exp(— iper/t)dx (2.1.28)

O AMBBTIEIEN ) = [ ¢* @ap(a)de = (o)

V) = [T OVOEOEz = (4 Vp)
X B BB B R PR 1T — 1, Bl (¢, ) = 1. 203k s B04 KI5 —1k , W
()= (grx) /(s P
V)= (g, V) / (gs )
¢ 39 o



B, TS BT oCp) JE T b B i P41
P= ﬁ: [P [*pd’p = Jda;bqo* (Ppe(p (2.1.29)
AR 1. 28) LA, 18
5=Hd3xd3p¢* r) exp(ip e r/h)pgo(p)

(2nk)¥?
= [[@zd pg* 0 G IR (p) (2.1.30)
Xt p B4, FIFR (2. 1. 13), B} ¢(r) B Fourier BF, 18
p = [dag" (DT (2.1.31)

XA, BATR KRB - EHEH o (D RITEFHBFHEHLARX, MALER
(2. 1. 2)FRHF, A Bedi@ad ¢(r) i) Fourier ¥ o(p) R+, I, X EEHA T
—MFHBF T E—ERF 4

p=—ikV (2.1.32)
V EpREEAF, MK (2. 1. 3D AT RR
p=[¢" ppda (2.1.33)

p HNBBER. ERUH, DR THESERROBEB R RE R, XE%
S LI, B9, %5 de Broglie X% , 318 5 A9 % (B B 0O B LA, 3
PREX AR BE AR, BIBE K A, SRBEBACK, BT s B P At st Ak

5 _EEREM R38R T=p*/2m RASE 1=rXp KFHE

T=[p 0 (-L #)pdz = [ oTyrdz @130

7 =—2"‘—2 V' (ShREEAD (2.1.35)
m

I=[¢" (Orxppndz = PRCIOrE (2. 1. 36)

F=rxXp (AHBER (2.1.37)

P R RBIA EHEA A REATURTR
A N . a
.= vb.—2b, =ih(y5-—275")

(2.1.38)

XA, Bkl FERSG V(r) iz sh, Hamilton & H=T-+V HN B K

A\

A=—E ¢ ive (2. 1. 39)

2m

o 40 o



— LR R F IR — A28 A W HE R DR O
A= g Aptz = (A (2. 1. 40)

A RES1#R A MIBIIERE. T4 ZHS R 12 B, IS 1S B, A
— Ik, L BB 5 % B2 M ERZNEE R T4 4 SR,

91 XMTF 2. 12 WM 1~4 PRORT, R EHIA B Mzh R .

2.1.6 it REXHAERHNER

BEBHNETHERRT T HRB LSS B4R B TR B E
XHBEBRER o (r) I 3 HH R B 5R 7

() HIERELHRE ER 0| REREMPERLEY, PER
| | A RRME. BRIZER, [¢(n) |? REFRERSE, TAYE F RERE

| oo 2dz = mn 2.1.42)

SRV E T LR, b oo REEE r, SEEMER (¢,—0 B, BARERM
THE—0). WH r, =0, R FHERAAR, MR (2. 1. 42) KA L FER
Hr—>08, Algr|?—0 (2.1.43)

% r—>0 H:j"‘,b’\‘% sﬂﬂgj?@

§<3/2 (2.1.44)
(b) MG THARE, — > SCFE BB R BT R W6 B 1T — b &4
J%ﬂ (P |2z =1 (2.1. 45)

TER) .8 Bl ¢(D~3(r) (ML BEAER). SLFREE BBCYR RS — N EE KT
T B ANSRLF AT LU — MR BB AR R , e R 2 LT I R B
TER BEARE , TE TR MR FE M BT R 25 [ B ch s B A w2, B
AL LR AR R] IS 35 PP T R A SR — A BB DR HE R S RIOR A, 41
o, RIS F , ASPRLFA ¥ AP IR HR (LE 13 2).

O W gREA— I A=A )/ (P , (2.1.41)
@ Xﬂ‘?‘:ﬁﬁﬁﬁyﬁﬁ s<l1. Xﬂ'ﬂ:—?&ﬁﬁ'ﬂ¥3ﬁ 3<1/2-

o 4] o



(o) FBMGETHRRE, R [ ¢(r) | BE, B LR B ATAHHER () B4H? X3
R—5E. BNVEERE R X— .

2.2 Schrédinger
2.2.1 HEMSI#H

RER K, — MR F R & TSR B o, O KR, X o, OBREF
BT R — A 2B EE U R ERE R U EN RSS2 E. T—
‘fﬁ&zbﬂ@lﬂ%ﬂ%ﬁﬁﬁﬁ?u[ﬁﬂ ¢(r,0) LEREBERT AL DL R AE A0 BARIF O

ﬁ/\m@ .@. o

TEBRIIA—A BB R EET] 35X B9, B %5, Schrodinger 7772
BREFH¥EEAN TR, HHA 5 Newton FHEAEL M 2 b AL 2, A%
INAREF 2N —NEARBE, FAEAT 2L EERANERERIEAE. EW
IEYE, HAREK, REER LA,

S B BRI .

hFRER E RShE p ZHEMXRE

E = p*/2m (2.2.1)

m R FHE. ¥ de Broglie XK, SR FEHHERWBEH AR o LER
k(lk|=2x/DETREH: ,
w=E/&
k =p/h
AU, SEE —EER E X3E p WA FHBRWEFHEBEAK

(2.2.2)

® E. Schrodinger(1926)7E Annalen der Physik FRE T 4 563, B H J&“Quantisierung als Eigen-
wertproblem” (3£ 1% : Quantization as Eigenvalue Problem). -1 ,79(1926) 361 ~ 376, 489 ~ 527, III , 80
(1926),437~490, IV ,81(1926) ,109~139. Schrodinger #E de Broglie ¥R BiRAB Z T » XHER FiEE
BFHREAY T N REMNERTR, MEEEN— MBS BN RIEERBRAE. AL TIER
ER TR T H¥5 UMM, F S BILMEE SHEEIEFHR R, B BN T3 1%, X
TixB s, a2 H:F. Bloch, Physics Today, Dec. 23, 19865 T. Hey and P. Walters, The New Quan-
tum Universe (Cambridge University Press, 2003), p. 35~37. &R Z ¥ :E. Schrodinger, Four Lectures on
Wave Mechanics, (1928); E. Schrodinger, Collected Papers on Wave Mechanics (Chelsea, New York,
1978); & E. Schrodinger, Gesammelte Abhandlungen (Wier, Verlag der osterreichischen Akademie der
Wissenshaften, 1984).

® D. Bohm, Quantum Theory, chap. 3, p. 77, 1954; R. W. Robinett, Quantum Mechanis, chap. 3
(Oxford University Press, N. Y. 1997), $#£8].“Just as it is impossible to derive Newton’s equations of mo-
tion in classical mechanics or Maxwell’s equations for electricity and magnetism from first principles, neither
can we demonstrate the validity of the Schrodinger equation approach (or any other equivalent one) to quan-

tum mechanics a priori. ”
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(ryt)oc expli(k « r—wt)]
= expli(p s r—Et) /4] (2.2.3)
B EXATLEH

i 2y = By

—ikVg=pp, —h V¢ = p’y
BAFARXQ. 2. D, TLEH
2

b5+ (e Bl

2m
Bp
ih Zgr =By (2.2. )
BN FH—BREEF WX, BFS A e,
Wrt) = sia | ppexplicp - r—ED/k1d'p  (2.2.5)
X
E = p*/2m
ANXEE A
L9, 1 [t . ,
ik 29 = Wj_mgo(p)Eexp[l(p er—E)/&]dp
— K V= mjjgo(P)PzeXp[i(P cr—E/#]dp
Fir LA

(it 55+ o ) = ] 9P (E— L Jexplicp + r— En) /i p = 0
AT o 3R R T RR(2. 2. 0. FrLAR (2. 2. H B A Bk I R E0% R 5 2.

EERD, MELKMNERZIEXRERQ. 2. VP /ENMT %k,
E—ik a% (2.2.6)

p—>p =—ikV
RIETER TH R L, BT A2 (2. 2. 4).
H—HBELZY V(O FEHHRT. RN T HEREXRX

E=p/2m+V (2.2.7)
Xt F ERIERF# (2. 2. 6) , RIGIERA TR L, B8
i <,b(r,t) — (—— v+ Vg0 (2.2.8)

XBUR Schrodinger 7 1926 FR TR, BB/A TR FHF H¥ HZEsh A

M. FEREE B LEF , R FEMMZER FKE LY REH, URRERMA AR
e 43



VG YR RE 1 A B A A 2 R Sy S T B A B [ A, — 4 — S e R A5 3
RO, Bl AN ARG A REMRERZ 5. TS N E 52
SRERET. RN o« TR FLFHUWRET. ERFH¥HAZMN,
MY BERBRATTRIB R MR T NG, WEHL R 49
BT HERERMT ST RHRSREANS TRER. BERAER T #ME
il b BE R B £ B A K. 19 42 Mendeleev 2 i ML R MR R Z B M
& LR — TR ERRLE. (B0 R KL MY B BT 9 AP B 4 i, R
EART = FERE T RTPHRFREWZEA B URE. LIl H4ERM
IR, AL E AR YR BLER, JR B FT AR B 1 ) 24 SR A e RE AR F RO 2
it 18 B R A ER.
o ite

1) REBAHERTE :

Schrodinger FTERAAN 1B 8T J1 % 3 A . FEIRAINIE (IR AE) 58
Ty SEYPRLT (m7~0) WA 7= A BRI B BLR » T LAZE B (RIS AL G 22 o, B 5K
BRAR A, X F— MR R, e 2 AR B E MR 2 B R B A 18] 25
Az, Bp

d [+ .
e g |*dEz=0 (2.2.9
E—HAMEM Schrodinger FRAENER. WX (2. 2. OBMEISE, R V" =V, %
LD . _ (K .
—ih2g" = (5 V) (2.2.10)

¢" X (2.2.8)—¢X(2.2.10),18
0 d o ow ___h_z T2 g T2k
ih (" P =—5-(" V'g—¢V'¢")
hZ

= Ve (¢ Vp—¢Vg") (2.2.11)
fezs KR V AU Eat L 2. 5) 4848 Gauss 3,18
R 2
ih 3| ggdz =L b (p Vyp—ygvy) - ds (2.2.12)
[:?\ .
p=¢" (r,DY(r,t)  (BEREE) (2.2.13)

® A. Messiah, Quantum Mechanics, Vol. 1, p. 65 #&3|: “Actually, the fact that a wave can represent
the dynamical state of one and only one particle is justified only in the non-relativistic limit, i. e. when the

law of conservation of the number of particles is satisfied. "ZEiX— & b, EYR T ENF m=0 M. T8

----------

LR R 3% B T g R Ab 3.
L] 44 L]



=2k g vp— gyt

— 5}7_1(¢*,?¢—¢,?¢*) (2.2.14)
G R LT, MR (2. 2. 12)4k%
4l oz =—3§Sj . dS (2.2.15)

ERZERARREF X, V Sk B 759 SR (SR
TEOERLAET R R, AL EEREDRE
A A I B B B S WA V R (SR
¥0. FrLh j RABRAFEENENL. MEREFRE
B (2. 2.12)FRAK (2. 2. 15 T B HER G 780 5718
MRGRER MRQ. 2. IDTRER

2p+Vej=0 (2.2.16)

MEMRFEAMIEZRX, B L S5HE 25 E
EG R —FE.

7R (2. 2. 12) 8,3k Voroo (L2 ). 3 FAEMSD 2.5
PrEiBe iR 4, 6 B 5 AT AR &m0, AT LIEB, &
(2. 2. 12) FRmELsr—00, L)

d —+o0
4 |¢(r,t),2d3x=0

XRMRBEIEHNR (2. 2. 9). NKLRIERIEH,
Jj: l¢(r.0 Pz =% (GHEFER) (2.2.17)

B B ) U — P AR IR B R T 2. ) B et 200 R L 09— 1, WU LU AT
IR T L.

REER I , 3 B AL SR SFAR LA S e R . YR T 7 2 1A ALk M 3 /)
T IRTE B SNEA M SR T CRABERRAD) , T LA 4 R e
W2 %%, SN BRE PR Z A FA I, BARE [ b0 _b — B 58 , MESR 40 7
AEAR. (UERTFEA FERREFEERNLSHAAS, EMERFEANE
B RER T EARAERZ—H. R R T ERY . S ML BERR T, LRE
W REW AT ALB B A S 5 T H, R WA S SRR

%31 ®¢ 5 g £ Schrodinger HEHFME,iEH

O X FFIHAIRBEE, Y r>oo,gocr™ V29 >0 R RAR (2. 2. 12), H 0 ERA KT,
® The Feynman Lectures on Physics, Vol. TI, §27-1.
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J(,bl* (r9t)¢& (r,od’x
SRR,

2) HHRBE X

Schrodinger 7E# i fl B AT, BEE R BLSFIE B AR (2. 2. 15) & (2. 2. 16) ]
RABHI TR ARG, 240 AN, 0 B— B FHBEROMEE, j AR
AAEFRBETREE. ik, U FEE XN RN SHERB RS R EE
H. B4t rBEmeEai Fot, B TFE. — FRRFEREN,HX
FHRREETFZRHRS, B X B ERE. XRF &S 0= M LU, 7EHAb i
L BB EME, A 2. 1. 1 T E R BRI R,

JaX & Born 2 H I MBS 1T BA TR T X M. Born (A4, Schrédinger
FREH OB o) |2, HFRREZE—N R FRHBEAEE, T2 RERAMER
IR B B F R R, SRS RIFEA R — B 7, HBRERB A EFJRTF
O H, R FP— B FRBEER o(r), FHIERH AR E S P ESE 57 BT, B
FATLAZERC L, (AT LAZER B, {6 — ELZESEAD h B0, LR — VB IK, BUR —E (i
Mm%

SH—FER LI, A KB R AR T AL F Rl — AR A DA R B 3 iR 3
(r) FeHR , X R 4% (ensemble) Y] B F RIUEM—RLFAT r &b
WRIELTF o |7, MBREFHEEIEE K, BRI AxAyAz FERFI LA KE
BT CRLFHoc | o(r) | 2AxAyAz). SXARE, BEAT LU | o(r) |2 MR RREBL T . %
BB A ¢, W g () |2 REBAEE, M ¢ AEBRTE. Hil, R
BB K E RN F4 TR FRRE, W3R El B G LENYHEE X
T 4 R 3] 2 R 4 S 38R,

5XFXE—TRERZNC. A FHEEsIHEE) Maxwell 512, Y& F 13 BREL
MEEEA HTHTFREME/EAK Bose F(ZH 5.5 1), TUBHEL L FL
FR—RE, W BEHH T4 FR—REC. Y8 KBHETFLTFE—REH, N
EHF R, CHEMRERE A I EREMMBIWERKETFL FR—RE
FITESL, R, BT DB 2 R b 0 2 B8R B 6 7 I R B 1 5T, R T O
EEFERNZA KRB T TSI,

R xHFEF, B FER Fermi 7, AAIBEA PN FA T E MR — R
A (Pauli JFHE, B 5. 5 ). FIUAKALSR AT—EH AR B FE R LR SH —
NEMEEI. RAMAERMKEFE THBESIALR, BETXHE—I0F SR ES

® The Feynman Lectures on Physics, Vol, I, §21-4.
® A. Messiah, Quantum Mechanics, Vol. 1, p. 121,
® The Feynman Lectures on Physics, Vol. [l ,chap. 4.

o 46 o



J& KB A # T 3F (Cooper ) B TR A I BIAR , B F X AT I Bl #BFH B Bose
F. XS 7 EP AT,

T4 R ZHUER T , Schrodinger 772 H i BRH B BB TR B9 B — B K
AEHR TR, BREA SR EA M B L.

2.2.2 BFHERPVEEE,EFEF

B F Schrodinger 7778 R85k 86 %0t B 18] 39— KRS , MA B R R MBI B
¥ ¢(r,0) J5 , 3K ## Schrodinger 7772 , JRM_1- B o] B 2 LAUJG AEAT B 22 £>0 B o8
¥ o(r,0). #5 2,Schrodinger HREAH T H BB (BT FE AT (B3 AL B B 1
B (deterministic) # 2 Q.

TE— AR DL T » 0 HIEL A0 1 SR A 2 L e BRI ), P70 76 PR LT SR A,
BT F B BB T, AT =48 K. P FEA —EshE p WA BT, HEFEKRN
SRS GEN B BAMEE N p), AT FIFE R AR (2. 2.3) ]

o(r0) = (2_1;53/_26“?#&%’ E= -é”; (2218

RAERIEEHE Schrodinger (2. 2. 4). B BRI TFH—BBTFE ¢(r, D TLUIHE
R 2 B B A

. 1 o i(per—E) /8 _ b
5(rat) = ————(zﬂh)mjmd po(pe E=L) @219

m

¢(r,0) = ?z?lwfi Epo(pe™”t (2. 2.20)

BRI RN

® W. H. Zurek, Phys. Today, Oct. 1991, p. 36~44,3C*3£3]. “States of quantum systems evolve
according to the deterministic linear Schrédinger equation, ik ait ¢y =H]|¢». That is, just as in classical me-

chanics, given the initial state of the system and its Hamiltonian H, one can compute the state at arbitrary
time. This deterministic evolution of |} has been verified in carefully controlled experiments. ” 3CH X 5.
“Macroscopic quantum systems are never isolated from their environments, *++ they should not be expected to
follow Schrodinger’s equation, which is applicable only to a closed system”. X4 TR 5 EHEIER
S HERBETF A FHTF (decoherence) , H ZF BT HE L N 2 H7A. J. Maddox, Nature 362(1993), 693, &3
“«e.the Schrodinger .eq.ua:cion is a perfectly deterministic equation exactly comparable to the equation of mo-
tion of a classical mechanical system,«+-”

R S%, BRERN N WEARRSHREAESEAF - {q@,p:®},i=1,2,, N iR, q;
M p: S8 — A TN BRI R. M EMBRI BRS¢, (0),5,(0)},i=1,2,+, N JG , ARBIENFH &

L _oH o, __aH .
Qi_api’ pi= aq" 2_1’29 9N

(H ﬂg Hamilton E)WU%%UEEMB&‘%U t>0 E‘Jiz:iihﬁ?&{q, (t) ' i (t) } ’izl’ 2400 9N- ﬁﬁﬂﬁ%ﬁ
LaplacedtE i€ , S FHLIRIE 3l i B R A R 3L,
o 47 o



?(p) = - h)mj Erg(r,0)e 7" (2.2.21)

e(p) P ¢r, OBSE. WU HERIFR (2. 2. 1IDBHMWETFI LHEE AT
i) Schrodinger HFHR(2. 2. 4).
(2. 2. 2DRARK . 2. 19), 7715

¢(r,t) ]. J d3 /J_wds ipe (I—r)/fi"‘lﬂ/’i(/}( ,O)

k)’
= [T ercanr 00,0 >0 (2.2.22)
=R
L pGr—rH_. Pzt:]
Garutsr' 100 = L [ pep| 1 2L —i22 ] @22

A E lﬁﬁ?éﬁf?%?(propagator). Zsunze WEIR T
G(ryt;r' ,0) = (ng >3/2exp[1 %(r— r')? ] =0 (2.2.24)

AMEIE A
lti__rglG(r,t;r',O) = 8(r—17r") (2.2.25)
B 2.22)F UEH, B A ER T
0 TR 97,0, M B FAEB TG t5r,0)
H(2.2.20), A E =0 AN EBEFE T
2.0). 52, EERFI AERF . THEERFS

ITBER IR, % F Ak B BT BT
B RS L. (I T W LT .

BRI G E ZVR FAETF o &L, 9P, 0) =
S —ry) , BUBL FAL B AIE R, AAEE K 7).

B (2. 2. 22) AT
¢(r,t) = G(r,tsry,0)  (2.2.26)
BF G(r,t3r,0)=¢(r, ) TR t(=0) it 2k F
Er SPBEREE. E—BEBEE T L TUSRAEMNERES, T £ b ERKIE
o' OHR. =0 B ZIRLFHE r REBERIIE o (r,0), MRK B8RRI A rE8%
RIRE R A T &0, IR (2. 2. 22) FF7R. M4R, 3k B AR RIA 5Tk, AR — &4
[, X T Grotsr , O PE. MifE1E T4 5N i BA N YEEHEEHV (),
NFFMEIE. B LIS UE S EREER L, R Q. 2. 22) #RAHE YT
Bt Huygens R, HE F ¥ PR RERE.
ERFHEPEREITE LR TR E. E1BEF,R. P. Feynman 7E 20 i
2 40 R T R[FF Schrodinger JHsh HEE M 5B —Mit BEBTFH TR KRN

BRI, OB 1 HiR.
. 48 o
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2.2.3 R&R Schrodinger 512, ERAMEES TS

THEITBE—FE LT EREEXERL, LGRS (ELM %P, X
T P RORLF B DLR BB & ~FAE 149D, BT, Schrodinger 7B T I R 5E
f#, I ()b(r’t)HUﬁ%‘@ﬁa

¢(r,t) = (r) f() (2.2.27)
RARC. 2. 8) , A BEHE 1%
ih df _ 1 [_# &
7 4 W)[ 2V V) g = E (2. 2. 28)

E REEAKRE T ¢, LAMKET r E‘Jﬁ%"ﬁ XS

_1iE
lnf(t) .
B A
F(&) ~ exp(—iEt/&) | (2. 2.29)
I, AR (2. 2. 2D AT AER A
o(r,t) = ge(r)exp(—iEt/hk) (2.2.30)
He o (NERHERTIIHE
— & v Ve Jpo = Bpo (2.2.31)

Hf#. (2. 2. 3D FRAAE B 8] B (time-independent) Schrodinger H 82, LW H
=

Hy = Eyp (2.2.32)
He HBESI V) FRhF#) Hamilton B AT
2
H=P tviy=—E vive (2.2.33)
2m 2m oo

MBEE R, X FAEfT E 8, FRQ. 2. 3D #ERE. BHEXF—8 E [EFR
B HBR o (DR B ERO, X BE R o, F— 8 BRI RN 412
B4R B ESR (AL 2. 1. 6 99 , A 4R 1A R i B A BT L 4R H B9 ZEoR. ildn,
X FRAE, MER gD EXRELKELTETEF ARIFL T, FERARE
E {ERFXT R B8, 4 B X S B E R E SR, X8 E HR AR E‘JﬁEEZIKﬁEfE
(energy elgenvalue) Wﬁ*ﬁfﬂ@&@ﬁﬁﬁ e (r), Wﬂﬂﬁﬁﬁﬂiﬁ@ﬁ(energy ei-

{Eﬁﬂ(energy eigenequation). 7E58 3 &, &W’%XT—QEUJJ%BZ% B‘JﬁEﬁZFﬂE{E&ZF»
ﬁ@ﬁﬁfiﬁ?ﬂ] BT, T 4 BRI AMEERAAE RE B T E R ATHE.

® S Cohen-Tannoudji, et al. , Quantum Mechanics, vol. 1, p. 352; A. Messiah, Quantum
Mechanics, vol. 1, p, 72~73,
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%32 SPEEVEOBRE—-NEE CH, B VOV +C, B F BB A I R B A
77 BEAIEEBER?

%3 BNTHEEVEORIBR/MERRH Vi, iIERFHEEEARIEE E>Va.

B ERREAMEST ,E=T+V,T=0,V=V,,.

TEENE—MBEEMER, R TFRHEZ (=04 FR - EEAIE
S(RERAMEERN B
o(r,0) = ¢ (r)
Heb o (DR FTE2. 2. 3DER(2. 2. 32), V() (F KRB 1. FHERIE
G(rst) = ¢p(ryexp(—iEt /%) (2.2.34)
% B & Bf Schrodinger HH(2. 2. 8). BAR, SRR ZI—#E, o(r, o) th I B A&
Schrodinger 2 (2. 2. 31) , BMSR R FF A K R BIBE B AMEZD G F RE & AE{E
BE).
R (2. 2. 30) B‘J‘&'@ﬁﬁﬁﬁﬁﬂ‘]?&’%ﬁi?&&(stationary state) @, 4bF
ERTHRLFEA T HHIE
(D RFAEERPHEREE o =[¢: (" |* RERREE j, BARTAHE
B[] 2R
) T NFECREE o WEME, REEaTE Ak, (25 B 2R
(3) N FRCREE o B R o] 60 B BE 3. 40 76 R BB ) 2 AF. (3
TR IEER T 5.1 4.
WAh  EAHER 1, PTIR B 2R R AL FRE N EERMES, TTEE
TRERAIESKENM,

G€r,0) = Dcppp(r) (2.2.35)
E
HABRFRE oz BHPIE ¢(r OBES. AXERIE (B ERES)
Go(r,t) = D cppp(Pe 2 (2.2.36)
E

% B & B} Schrodinger F#2(2.2.8), ERE T ESE BB BN, XFRESHRRN
3EE % (nonstationary state). FEXFRE T, B F MR BEE o(r, ) I
B 7 (ry ) BB BT 1] R4S, 7 H— 53k, 71228 A (RES 0 T BSR4
A5t B I BCAE (SR R BRSPS 5 30).

® A. Messiah, Quantum Mechanics, vol. 1, p. 72, #§ i : BRI (2. 2. 30 SR AERWEER N E
HIRER » 348 tl : “the time-independent wave function ¢ is usually called the wave function of the stationary

state, although the true wave function differs from the latter by the phase factor exp(—i Et/%).”

® FIFIBERAE BRI ELIA—H, AR e = [gF (DgCr,0dr, HAITIE, UL L RS 5 &,
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%4 B0 =ci¢e, (N +cagr, (M,3K </:(r,t) W o(r,0),j (r, ) UL R EAIBERT 8] 38
LR R .

2.2.4 Schrodinger HEH—MER

BT EHS V(r) P H) Schrodinger 72 (2. 2. 8) O, #E ) B — B F J1 24k
%, ] ISR AL

ik —¢ Hy (2.2.37)

KXH H B RE Hamilton BB, BEAIUAER S ¢, BAILIE & . EF HAB & ¢
BHEBT , AT LIS R & B Schrodinger 7772, Bl fE B AE 5 2
Hy = Ey (2.2.38)

s & ME R K Hamilton &, u&@%%%%*%fﬂ Schrodinger 7718, LA
SRR, X T 2 M PR &, T DB 4 . Hamilton B8 TAL T8
Schrodinger 2. 7ETCE BT R B 5O (B 40, XA B Befhi 1) , | R gEAR 8 5L 5%
I H R BHFAE , 237 H Hamilton 8, W H IE AP0 2 RESE SCERSRAG TG

T NARFHABRER, B FHERES NI m,G=1,2,,N), 5 TR
FRBMSMHERRER Ur) , AR T2 MBI EAERRER Vi roy ),
FEARBRRCOCTRLIMES, LT

N
Hz[_;Zh_mv?+§U(ri)+V(rl""’rN):| (2241)

d? d? d?
Vv = 9 L9
' Ixt 3y’ +8zf
& B} Schrodinger 7 2R R,
1h E%t{)("l syt o INsE) = H(,b(rl N CRRLLN V8T S) (2.2.42)

@ “&Eﬂﬂﬁ%%ﬁi(ql 9q2 1‘13 ) ‘:F ,%%B%J—Eii'%‘! ds,
ds? = Zg,;z dg'dg*
Tk
X AR R H B Schrodinger HERR A

h 7 = Hp = I:_Zn%z : (&g%%)ﬂLV]«/’ (2. 2.39)
He
g = | det(gy) |
2878, = 3
ERAATE T ’
H=t (5 5+ a5 55+ ity aa;z )+v (2. 2. 40)

2 W. Pauli, Die Allgememen Prinzipen der Wellen Mechanik , Handbuch der Physik, Bd. 24(1946).
L ] 51 L ]



AE Bt Schrodinger FRER R

H(,bE(rl’rZ"“’rN) ”_‘E(,b(rlyr29"'9rN) (2.2.43)
E ReEEAEE, MiH R B E S EECH
Gu (P sT s sy st) = gp (P ory e sry)e (2.2.44)
B, 5 TE Z M BEFHET
4 2
V(rly""rz) = ; 'l_rze_—rjl (2. 2.45)
FRH T Z A Coulomb HEFBE, T R FHAL B BUR AL KRB £
UGr,) —— Z:ﬁ (2. 2. 46)

TR R T R+ Ze BF) X2 < 4B F#9 Coulomb IR 5| .

2. 3 Ju\ﬁj]u)?}i
2.3.1 BRFESREESR

% 2. 1 WA, EB F %9 , S F—RF, YHABREHEER o(NAE
&, B BN FRAE , NPT H B S r (BERBER | o) |2 Ik a7
HBhE, ZHEN p HEREBEE N | o(p) |2, HF o(p) £ ¢(r) i Fourier Z£#:, B
B ¢(r)ELHE,

o(p) = (—27-;15)—3-,—2J¢(r)exp(— iper/t)dx (2.3.1D
i
1 .
W0 = s | p(pexp(ip + 1/ p (2.3.2)

SIHARL, A AT LL4S 0 Bk T A9 Fo M 24 BB 40 0 REILSE 4 30). BRHERR
1% e gb(r)?“%): ﬁ?ﬂ?ﬁﬁ%ﬁ%ﬂ%ﬁ%ﬁﬁﬁ%%ﬁ%%‘f M:X/‘%XJ:

r.'i EIEJ’EJZEWEZI:/T\I_] bﬁ%TﬁﬁX‘L‘ﬁ?B‘J&éﬁ ﬁ?%ﬁ%lﬁ%)ﬁ%%—
TR AT AT LB (p) thse 24k TR FRORA. B o(p AR, RIX
MESBHEEIHREELC | o(p) | 2], T B BB 17 B B34 76t 58

@® Hlim,A. Messiah, Quantum Mechanics, Vol. 1, p. 162,%-++the wave function completely defines the
dynamical state of the system under consideration. In contrast to what occurs in classical theory, the dynami-
cal variables of the system cannot in general be defined at each instant with infinite precision. However, if
one performs the measurement of a given dynamical variable, the results of measurement follow a certain

probability law, and the law must be completely determined upon specifying the wave function. ”
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2BELoc| ¢ 2,1 ¢ LB R (2. 3. 2) B o(p) BAHE ] K41, T8 Kb
HFEBEAABEFLHRELHENGELE 4 3).

Bk, — N =4BRFHR S BEFT LU ¢ (r) SR H3R , 7T LU A B B9 Fourier 28
B o(p) KR, BT LA KRS R, BISLEERENTHRER, 25
SEM K. ENHRE R A — AR, R R R (representation) AR E?,
S A — A4 B TT LA i RS TR 9 A b 2R Sl bk — e BAT IR ¢(r) BALF RS
RRR (r RO FRIZR, T o(PMRR—MRSESHBRER (p O P B@%m

oooooooooo

EA LS AEMIRE. X F RS RRSEHAEMAITE, 1% 8 &,

%91 FHRAK g, (x)—/_eXP(IPox/h)E?%iBE@*"F HTEAHENE p=

bo BT NFEFHRINBAMS, SHBAMEER p. REFBRRTEHLERTE.

&g, (P)=08(p—po).
%2 dEE ¢, (O =8z ) WRNERTFRAREMNE 2=z WRFS, HHIRTF
(LB (RARO RS ML EARIEER . REFHBERPEHLEFE.

1 L
&, (p)—mexp( iz, p/h).

%33 BRFSELHRREE JOHE HTRENTHERFR =[5 OO da
AR RS HE -
5.7 = o0 Din Sp(p)d p B EFR ¢ RFDER P =ih

2.3.2 HEMERE

EVLFETBRTNIETSHREZE, RIDRITREF H#EH S — A
FHE—FBMEE ERE TSN ARRRWEISER.

LM SEH, GiRB— NP T F AT RINTRE , AR R4
BB AR (BRAEARRIB , 3, #58 WA A AL B F R E.

EET %, YRAOFE T BRER AR R — MO R B 256, W
RIS B9 BB B B A T E R 2K & X, B 25 89 & AN (superposition of
states). k%im)? 1@‘1 AN R “WHET RS “W AT SR — Ok

ooooooo

@J!zn %ﬁf~/\ﬁﬁoﬁi@ (DR EFA, BB iFL B S s
Q2. 3. )R], Kb B—AFEEL~exp(p * r/B) IR EEHESE p HET
BERABIEARMER). X F kiR e 1, 8 Hah B, L1 F, T B

ooooo

O BERERZRSEMBETUBREE BN EERRER, PR Dirac, The Principles of
Quantum Mechanics, 4th ed. , Oxford University Press, 1958.
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B AT RERI SR, iF B p, WIF B py oo (LR B AP REH HHR LT
E BT AR p B, 3977 B4 3L, ) BLA AR X HE SRR 5 B4 TRATT L B A SR AR5
ad:lh e B iXFlﬁE%ﬁ)ﬁ%ﬁM‘?ﬁ@ﬁ)ﬁﬁi&%ﬁ?ﬁ&ﬁdﬁ%ﬁ?E"Jingist%

oooooooooooooooooooooooooo

oooooooooooooooooooooo

%ﬂﬁ@%%,%ﬁiﬁﬁﬁﬁﬂﬁ ’(E “ﬁﬁ#%ﬁi ﬁﬁ%ﬂﬁﬁﬁzﬂlﬁéﬁﬁﬂiﬁm‘
I p, , B XHBL pyyeeeees
SR BAE — i, AR T ¢ fRMRE T, WMEBE %8 A Friss
%%—’PEEUJE‘J{E a1(¢’1 A A E(Jzt:'ﬁE?%&,% R AN B ARAEAED . MR ZTE ¢, 7]
BRHPRET , & A WERIFHS— A HE o, , WTE
¢ = T2y (c1yc, HED (2.3.3)
Prifiif fRET I E A TS & R, LW RER o, WA BER o, (BEAS RSN
(B, TR H a, e, HHENBERRZLHERN. RITK o B, 5 ¢ SHX
HWBINE. EEBMED ¢ '3 gbz ﬁ%ﬂﬁ%ﬁﬁﬂi%ﬂ#ﬁﬁ*ﬁﬁ ﬁ?ﬁ#*ﬁﬂ’j‘

ooooooooooooooooooooo
oooooooooooooooooooooooooooooo

mﬁﬂﬁ?ﬂgﬁ@ *L?Wi% ﬁy&%%

- P EBATHERE X —0 2] ¢ BRETF. 8 XA ) 4L, W3
- BRBUE R R R ¢ FRE R CESPRE”. K EBMEELUE TRNE
W (ryt) R oy (rs ) PR BF BT REM B 3RE, MHLHE
1y (ry ) ey (r, O WARRRLF B — AT BERYIZ SRS, bR, B2 R B B [
EALR TR, BN sh 518, IR LR 1L 5 72, {ILAE Schrodinger FREF[ R 2. 2. 4
F,32. 2. 37) ], 3K Hamilton BF LR HEE 4.

"2.3.3 ERFHRRSHEN

TEBATLLE T #9298 i 18 R £ 4K B 7k EIE 3t I B Z5 &
8z

O BWPEAREIQPK O = BFEEE, BIHBRES =Ce, e,  MHRE B=e, X 8.

& (ryt) =& cos(kz—wt +a,)

& (ry) =8 cos(kz—wt —a,)
Hob k=25 o= 2m=tkesa, Fla, FARMIL FRREEBRNEHE. &

&:=&exp(ia,) , &, =6 exp(ia,)
mu
& (ryt) =Erexplitkz—wt) ], &, (ryt) =& explilkz—wt) ]
10 &,=0,HZH = FALFIRN REERIEI. 1 6=0, B2 N y FELRIRE. 1 &.=6,, MFKLH:
45°F AR 2. 7() . 40 &, =6, =i€,, (y H RS ARMI L = FITEIT ~/2), B A A W B R iRt
[ 2. 7(0)]. 0 8y =6e™ ™" =—i6y, (y FIEARBHIARAL L = I7 BRI =/ 2) MR K ZE e B RR B LR 2. 7(0) ),
e 54



RAHE E— 2 SRR R B WA — R R RGBS HA SR
(tourmaline) & - CRAIYY  J71). MASHEN = 77 ML RRE W id desions &
B TS BRIR I 2. 8() ] AN v F IR BIN, WK B 2 HR I,
FE& R T TR B ASHER LA 2. 8(b) ] MASHERITS « MR o £ I
SR, A BT 6 10 BE B RA — 4 (o0 cos’) B T B4 1, T 33— H
(ocosinta) M H AL 2. 8(0) ). I, 0 =45, & M SRR AR 6, = 6, =&, 0
BBHG €= 6,6, =0, R —LBRAL, BRI RATF = 7 i Y.
WS RER L B IR BB A B Y5 TP B o 7 T R SRR B 3, T EC M 11 2B
RIS TR .

A 2.8

SR 1 MERIOCHE T, 75 HaT A SSBRAT R4, A — % v 1
HUEATR S AN BE R A B0 , BB OL B F (RER E=hw) 41U, o130 2 658 BF /Y
RE,UHHRER—— BT (MARSHA L METH). LHhTE
B, & —REmIOCEBEOCR T, e F R A —ME B 7 i (5 8RR
A R). TOCRBUY R AERDEH & F 238, Bt e8Ik R — MR iR R

O B— T AT —ERMRS. LMIECR DT TRIRIRES , Bt

e & & s s s e s & e & e o+ o

bW

X X

Y
N

@ (® ©

e /Y
N

B/2.7
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BIETAE T B R R4S, Q. 3R : MOLRI R T MW AR E , 7 /8 R B 2 U IR 5T
BRMMER T T8 BRI, X R A5 B K. B AL ERASHA
BROET CETFH N> DA TR —MRIRES, SR N Nbw. o« =45 R WIRIEL 5T
Ar R B, B BOEF R, B0 FE A, 3 BB O T8 AL T « Lk
IR, HIRRE AT AS, B2 3 FE 2. 8(a) MIEN, e TFHHE
A BEE BRI AR, T’ 2. 8(b) IS8T, Y67 K 4k W& it , BRI Wi 78
R IERBIUAR T SFE 2. 8 BN, NERE B, B B S W 2 — 8
KT (RERS ASET R BRI 0 80E, B = 7 14 Lm0 , WA i A4
WA (MR EA MR B AT @SB H).

EREARENA REATFHIANAHERIE M A — e FEd R LR
ARABTH—WER? ATURE, =45 RIRIBRS THAT A —L R8T &
RSB —E RS R R, X, RATER AT LAB H — NG — RO BRAR. (H B8 2
RE X RBAERMN. HNITE AT RIESEHR , BT RSZ 2 A9 5 W (5L
) FMB2MEL AT AF R TFRE LUED, TiA BSmBRIE? BTATHER .
2R, JXER. Fﬁu %E?(Eﬂ%m%ﬁ%ﬂ:)@%%LEMHJMEEW%ZE

Eﬁ?jﬁ'—’qﬂ ,Xﬂ‘?~4‘%?,%ﬁ%ﬁﬁﬁ%ﬁ“&4&, R%?’lﬁﬁﬁ%lﬁl% EZF
EEG G HERES, MR TFERBETRES, A5 HRT HEEBTRER
& MAZRET H¥ESRMERE , AR 252 B2 53X A 8 7, i 2k A

O HFRESNRT AREN o WHTFRRY bo. SHRNEIHRBES AAR Y 5, 4l EH
By o, s st T SR T A

=(c)

y

Hep

% = /v
C=A Bl G Bk &

| Co |2 RRWBHTLT x FAKRBSHEE, |C |2 WERLTF y FARRESKER, |C. |2+
| Cy | t=1 (E_"”ﬁ%ﬁ:)

B g= (1 Va7 = H AR R 4.
BTy TARRIES BN g,.

—(¢I+¢y)%ﬁ< A5°77 [ AR

e e
\/

) B Cy=iC. , R AR B RIRIE  EH Jr.
1

) B C,=—iC. , RRENBRIR N, 3T ¢
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k=il

¢, = cosayp, + sinay,
P B NS 2 T 1 5 BB R CHIXHAL R B AT ARARD. B R B FRAB A 6

AR AR, A BRI B AL T 4
3 &

2.1 XF—48 Hﬂﬁ?,fﬁ'gb(x,o)=(2—7dli—)ﬁexp(ipox/k) 23R ¢(x,0).

2.2 XF—HHHEDET B (2,0 =52 | oz | .
IR . FI R Fresnel AR

ji cos(#)de = | sin(&)dg = \/—g

1%
oo
'[_w exp(i&)d¢ = Vrexp(in/4)
& | gz,0) | 2=m/2nhe
2.3 B—HEHNFHNEN
( - 0)2
W(z,0) = —(zmlz)m exp[:"‘ Sl 4af ]
FI A
i 2 g
$z, )= e y(x,0) (H =—§7l a_xz)
=L (i) [JI—%)Z]. 1
= nl \2u 9P 4a’ (2ra® )
AR fE%R
SAl -4
L /p 3o Llo
il
2 Nk
€% f(2) = Z; 1 37t @ = feto
Rty
_ (2N 1 _ (=)t ]
w0 = (5) Tine /2 e"p[ 1@ ¥ it/ 20
(x— x,)?
| ¢(x,t) |2 =J%_na(t)exp[— S;az(ast(’) :|

. 2 hztz 1/2
a(t) = (a +4#2a2)

Z%,S. M. Blinder, Am. J. Phys. , 36(1968),525.
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2.4 B—HBHNTFHIER
x—x0\?
o(x,0) = (Znaz)_l/4exp[iko (x—x0) — < 0) ] (a>0)

2a
3R >0 Bf ¢z, 0) R AUIEB BHHFE.
SREAY .. YGES (BT HEIBER SN (B RR, 1998, B H iRt , 56— .
2.5 B—ZBHNTFHIEN ¢(z,0), EHERBKIHEIZ)E,

¢(z51) =4/ ‘% exp(— i1r/4)exp(imx2/2kz)¢(%)

Hrp
(k) = —~1—J+o°gb(:c,0)exp(—- ikx)dx
o V)~
#or :ﬂﬁ%}i:org\/—%—exp(in/él) exp(—iax?) =8(x)

2.6 BRTFESS VOPED. OEBLERTIEY
E= Jd%cW - fdsx(Zszn Vg Vgt Vp)

W AR EE.

B U — L5097 gz = 1 R 9 7E r—-coRbBYTT RN, B g>r 7 (>0,

(2) EBRERFEAR

Wiv.s=o
Hok
S =~h—z(% V¢+%ifv¢* ) (REHLE B

2m

2.7 ZEBHR TR Schrodinger
ih 2 p(r,) =— % P (r,0) +[Vi (P + V2 (0 1m0

Vi 5V, (V,7#0) Ry 52 ef 0 IR F I BE R A FE. RIS AR O PRFHER L7
“BENT R R,
#R

—C%,JEW g =—§ng<¢* Vg— vyt - dS+ Z—?J}ng e
2.8 FEIMERT Schrodinger 7S th BB e 57 AR BN , BNSRE
VXov=0
Hork
v=jl/p
2.9 ZEAEEBE Vir,r ) BRI Schrodinger HEER N

ih 2-(r,) =— S—m V2 r, ) +JV<"r’>¢<r’ d'r

SRHEEFR PR E BRI E R, BT, BAKHE T3 B3 ¢ 7855 Bl — s M E M B R LR B AF7E?
BV )=V, ).
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2.10 # N ¥ FZE# Hamilton Ei‘r

2
H=—— 2 h +2v,,<|r, r)
(l)(rl sF2 s IN 70%?&9{3&”5&&- %X
‘O(ryt) = 2‘0, (r,t)
j@r,t) = Ej,-(r,t)

Hrp
o (rt) = J.d3rz---d3rN¢;* ¢
02 (l'z 9t) = jda rn (1131'3“'d‘?r}\j(,b‘6 ('b
J1 o0 = g [ e d g (g Tigp— i)
J2(rz5t) = E?;Jd3r1d3r3“‘d3rrv(¢* Vip—¢Vod™)
SRAE

2‘9 V°°=0
8t+ I

2.11 EHZHEBERZPHAFZHEK Schrodinger FHE.
B.NF—%egi v,
Zop +[ap'Virp (s = Ep(p)
H
Vi = —Z—#JiV(x)exp[— i(p— pDx/t]dx
B FR
PZ
e +v(is 2 )¢<p> Ep(p)
LR R AT B =410

2 .
L op) +jd3 V() = Ep(p)

Ve = 75 h) JV(r)exp[—l(p o) - r/bldx

2

2 op +v(in —a—)go(P) — Ep(p)

2.12 BRFEMNEHOE VO =Voln(r/ro) iz gl (Vo , 7, 70, O , iR F R BEIE
SHERELX.

PR MR EDER, S P =Vmr . m BRREFRE.
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% 3 E —Zﬁilb\'ﬂ@
3.1 ﬁéﬁiﬁ:uﬂﬁ‘“‘ﬂﬁ‘&ﬁ

TESRSE A B 1 ) % B A R 3 2 A, AT Schrodinger 77 72 3k 4b 38 — 25 1
PERE—— 42 AR XA BT A BAR O T R A R, g F T
E— 20 B B oA A SR, — 2 () L 0% b T SR LU A T B, 305 5 5 HE T
MR, N BB X 45 R AT BT, B F ¥R R Wi ZH1E, 3 AZEX
b — 4 [l RE P RN k. LA , — 4 [A) RER R AL A R A2 20 IR R B SR il 3n , — 4
TEYRT R, X FAEM R R /MR B , 04> FB9R 3h . A% B9IR 3 R PR R T IR
BULBER GRS, BEBEEN. TERNLITE— %531 — It F
K.

BNF RN m, 1 = FWED), #8824 V(2). Schrodinger BN

ik ——gb(:c,t) [" L i +V(x):|¢/;(x,t) 3.1.D
UTFiheEs, BEA — <R E /RS, &%ﬁ%‘t’b
o(z,t) = g(x)e =* (3.1.2)
KRG L2ORARG. 1. D, ¢(2) B TR EARE 2
L4 +V@ Jp@) = Ep(a) (3.1.3)
Rp
dxz¢+ ZE—V()]p=0 (3.1.3")

TESR B R4 7 R , AR B 1) A o f 301 R R SE B B 0, SR A 341 4%
1, B EA &S TERAIENES Schrodinger 7 (3. 1. 3) fR K — i
YERRHAT AT AT BB 1~4 R F— L [ R , 0T = 4 7 S5 [ R .
FER T H2rh, IR FESR B iR B , VLS 268 V BUSes©, B |
V*(x) =V(x) (3.1.4)
EE1 &’ g@ORBFEG. 1 DW—AE, XA KEERARMEE N E, N ¢ (x)
R 1. ) AR, W AR E R E.
iF B

@ XAFALMRIE Hamilton B 0JEXMF , ATI{RIEAE SR F4H. Hamilton & K A1E 14 (BB ) t{RIE K
T RAETHE RS 4 &,
L] 60 L]



RATEED, 7EYHE L AFREREBUE ERIREB A E M HLHL E* =

E.XG LIWMEH®E,FIHV (=V(),8
(£ L vl @ =B @ (3.1.5)

B ¢" ()5 ¢(o) W RAFE R, R B B AR E dE R, & BEIE.

BN TR R E, RA — M RERAME BRI o(2) , MFREESR E T8 3 (nonde-
generate). B L AT18 I T #ES

BLREA E AN RIF IR ) RE B ASIE o 058 PT BN S B

B 40 < B R BN 3 ¢ M ERNER—-TMEFS, BMEMNHRE
AUZ—NMEHEF C, B ¢" =Cyp. RE YL, 9=C" ¢* =C* Cp=|C| %, FFLA
|Cl2=1,C=¢"(a SLHHD. R «a=0,M] C=1,¢" =¢, BILEL.

Flan, —EEB P HRAS ULER 6, PO NG PHES G A, T 6.1 9).

EE2 MMTFENMERAMEE, B URBIFEG. 1. D —HRBHZHE
%, B LR T E MR, BRI RR hX — 4 LR 2 .

UERA

Rk ¢()BFE (3. 1. 3 — M. T RSLH, NI HAZHRHUES S
L MERER, MREHE 10" @QUERTEG. L. IW—IME,HEE ¢(x)—#,
/R TRERAE(E E. BRE\ELE S RENBNtEE,

- olx) = ¢(x) + ¢ (x)

X(@) = +Lp(@) —¢* @]
HRFTRG. L OWER, FETEEE E, M. AEEH, o) 5 () B HsL
&, ()5 ¢" () (FRTF EYHARRR ¢(x) 5 x(x) Bk, B
§=2(p+i
¢ = %(90—90
FEHARIE.
EE3 BRV@EASEHRFRER, V(—2) =V(2). fl ¢(x) W H B
Q. LIOW—TEET Bl y(—) R FEG. 1. DH—1R, HWE T E.
UEEA .
& & o .
Y r>—x i, (DT & TR V(—o) =V (), [FUUFEG. 1. DN

—& &y + V@) = By (3.1.6)
AR g(—o)WHEFTRG. 1.3),3F A5 y(o)—#,FE TR E. EHEE.
EE4 RV(—)=V(), M3t FEM—REEAMEE E, AT LIRBF
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BG LD —HTERHRE, bfqu“ﬁ—d/\%ﬂﬁ—ﬁﬁﬁ%mﬂ:?’(#ﬁﬁ) (FE:&
MBI FHRA—EMF.)

UERA

B pOAFEGC LIN—MR. BTHR E HEH 3,¢(—)BEHE
Q. L. DW— &, WA T E. RATATLIME T EE #E TR B

f(x) = ¢(x) +¢(—2x) = f(—2)
g(x) = ¢(x) —P(—x) =— g(—x) (3.1.7)

f(x) = f(—x) BB BFFR(even parity), g(x)=—g(—z) BH A FFR (odd pari-
ty). ()5 g(@OWBEFEG LIOIKWFERERTE. M )5 y(—)(FBT E)H
Al f(o) 1 g (o) LB MKRFER , B

W) = %[ (@) + 2]

=) = 2[f(@) — g@)]
R,
it
w’V(—2)=V(z),MEX N TREEARIE E, & (3. 1. S)E‘Jﬁ@?ﬁ‘"‘f# %
BE B AT A B B R, 080, — SR T » — SR B D i l‘%ﬁ()u

3.2%,3.499).
% XT=HER, RIEHEHE 1~4.

KT RBE R AOGTHERE , B BB R PR ER , B RS 2 8
(2. 1. 6 WP T HBHIHE. ERRRR P, B RBEEH (o) REZH S H K
B R, MZ M Schrodinger FREH &, 1 V() M F #7118,

BV R z FELRELEHTEG. 1.3),¢ Y () RAFFER, I () FI
¢ (x),Z‘jﬂ x BT SE R {E1 V() R g2 254k j‘ﬁ%ﬁ’ﬁﬁil&" WXF (o) K
A SR S B RS 3 T — %, M. Baranger & 4740k B i
T e,

ST HFEE 3. 1D, M TFHESHE R o0& ¢ (o) g RESEN.

V() ={V“ r=a (3.1.8)
Vey z>a (V,—V) ER

LE’,% V.=V, |“"OOH—J' EHEARAT.

T 48 Hh— > B 26 0 B (S P 4B 1, Baranger®).

® M. Baranger, Quantum Mechanics, Part 1, Elementary Wave Mechanics (MIT,1980).
L] 62 L]



ARG LY
dg__ %[E—V(x)lp(x)

dxz
(3.1.9)
V() FRMEZESMX I, ¢(x) B R v,
A RMELE. X V(x) kK4 BB Bk e *
BRAY, Vg RABE. (BALRE RN, F w51
BGLOE z~a PHHETHI,
Jidx,e - 0,715
¥ @+0" —¢f a=0") = lim =27 G2l E— V() Iyt
HTFLE—V()JRERE, Y 078, EXAHFRZ—>0, Filk

¢ a+0") =¢'(a—0") (3.1.10)
Bl ¢ () FE x=a M ESE. YR, XUWEKRE ¢(o)FEA o HELE.
Xt F—4EE S ESH, THIEEREMRA K.
EES5 MF—#EshF. By @5 a@RFEG LIKBTHRES
fE{E E B4R, T

G — oy = EBRRBT ©) (3.1.11D)
nd:l;
B\,
g+ %EE—V(@]% =0 (3.1.12)
%+%ﬁE—V@H%=o (3.1.13)

¢ X (3.1. 13) —¢, X (3. 1. 12),718
Gy — gy =0

B
(s — o) =0
B .15
dhds — o = BHRET ©
EHEIE.
EE6 # V(x)RHNA (regular) #37, MAFERES, MMERASH
H Q.

@ L. D. Landau and E. M. Lifshitz, Quantum Mechanics ,"Non-Relativistic Theory, 21 Fi &£,
— SRV () PIRREAR R AR I, R, Loudon,Am. J. Phys. 27(1959),649, 3% 14, 3 T& F & (5B,
BB TAR—5E BT Ml —%k Columb 8 V(x)=—1/ | x|}, #47 T HEFIHE UL 6. 7 ).
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UEEA
W o (D g (OBRFRG.LDWBFEER E QR HEHS,
gy — gy = HHRFEBT 2
# g M gy WAFRAA (bound state) , Bl | x| >oohit, gy g HREETF 0. Hilt, EX P
R B R 0,H)

s = duihn (3.1.14)
BEARE ¢ Mg, MW R, TH ¢ g, B R, 5
o _ ¢ 3.1.15
) ( )
4,15
o (2) = G, () (3.1.16)

CHBDTEHE x TR, T ¢ ()5 ¢, (DOREFEF—INBEFE @A),

L EAE S, B R (3.1.15), B, REEEAHHR ¢ M ¢ BT &
(node, FEIK R HUE KR 0 Y 5D BRI HAT. | x=a & ¢, (0B ¢ (@) B35 2, 1]
P& x BB GRS XD # 7 RU4 Br g B AR % 8 C WTREBUR R 1914, it
i, E BT BEAR AL (B V(o) TE2 A8 (ML, B FRAE, W &y g1 g ¢ FE 2=a
RERESE. X, 7E x<<a RIBFTE 2 >a KB ABHBOFSEHCIRR (. 1.16)]
AR BBUHE R, B e A g B AR O

EINR z=a K& V@O BHEFR (Y r>a,V(2)>0) , W r=a SETRER =0(z=a
HR YR BT ¢ RESEMIENR. 7 x<<a KM z>a KR HFSMEHE C ATREBURF
{6, A2 B AT BB B T RS (B R T Y 20, XA FR AL HI. ARBTISH—%%
R TR RE B AL AR TS (] 6. 7 9.

BERNEMBIFF A R E9, B ERRE T #BE (2) 7 & #H(2).

X F PR #BF (I 3. 2. 1)

Vi = (0 0T (3.1.17)

o, x<0,r>a

X B HBMARRIGLE S, ME— R (2<0,2>>a0) , V(x) =oco, B FA ] BB H BUIE X FERY
X3 . R IEA ¢(x) =¢ (x) =+++=0, $# Baranger iF8] T B &3, ZEHH R o) ELE, 8
¢ (DRFEGGER 3. 2 45). AL R, 7T LI V(2) =coX MK, i H7E V() BUA
FRAE A X ok e . 22X AT LA ¢(0O)=¢(@) =0 RRBt. BT 2=0 55 z=a &
AL T30 F o —0, B B A e BT , BT A BRI BF P BB R AR GREAH B R 3. 2.1
).

XFF & #BFR 3.5 ),

V(z) =— () (3.1.18)
=0 B—MILA K. £ 2=0 5, BR ¢ () RS, b THESE BB (EY &) ¢0)#£0, B
A AR R H 9. 7T LLIERA, X F & 9B, A EEERER BES.
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3.2 F # OB
3.2.1 ZRRFEFEB, BHuE

RER—NHEBREL—EREFLHPRTFHES. HHERR A
3.2)
0, 0<<zx<a

V(x)z{ V(%)
oo, x<0, x>a

TEFBFNER (0<<x<<a) ,Schrodinger H &K
Lo+ 2By — o (3.2.1)

m R RE. &
2mE

k=" (3.2.2)
BB FREG. 2. DT ERR N ;
¢(x) = Asin(kx +8) 3.2.3) 0 a x
A 5o RFEERSER. BAERETIRE, N\ % &, & 3. 2
B AREESBEEE. R R RS, ER7E Bk
b R BRE SN R B 0, 57 B2
¢(0) =0 (3.2.4)
¢la) =0 (3.2.5)
KB 2. DRARG. 2. 0,78 s=0. BAHR (. 2.5),18
sinka = 0
B LA
ka =nx, n=1,2,3,% (3.2.6)

(n=0 25 H B BRECh =0, TYHE . T n B EELA R B 5 003 R DL
(3. 2. )L AR (3. 2. 2),78

2. 2.2
E=E, = hzr’r‘la’; , n=1,2,3, (3.2.7)

ATLAE » FFARAEAAT E {EX R B 52 R SR o6 2 IR RE B SR i 4, T R M4 B 2
B (. 2. 7 Frés AR LS E, fEI , X570 B8 R A W B L 1. X BE , RATTA1E
t, RAENEREE TR, RBTH R A BE I = B HU (discrete). LA 3. 3.

SR TFRELR E, SIS BREHTE A ¢, (2,

. (x) = A,,sin(%%:) (3.2.8)

M ARIE— s

.650



J:|</J,,(a:)|2dx= 1 (3.2.9)

TR [ A, |2=2/a, B A, RSEHL,

A, = V2/a
482015 —4L /9 SE Tz R ECH

. (x) =, /%sin(%x) (3.2.10)

B 3.3 FTRRHETEHFPBRILARBER BRI

— TR HBF AT BB A T AR AL :

(1) BT HRIKRER E, =#"n"/2ma’ #0, X 5N TR F. X RPN F
PSRRI, B L OB B BOA B UK. WA E B R Rt vT L4 T LIS i 3t
0. BN T RIR T IREE B, L BEATEE Ax~a, EATEERR, Ap~
h/a. B, BER E RFREN 0, Exp?/2ma~(Ap)?/2ma=h’ /2ma’ #0. A&t &
ZRIKG. 2. D IEHES EHR. WRKAERFR AT K #E (zero point energy)

(2) E,con’, SEB A RSN, BERARS . MR AVD. B AE,~E zn(*ﬁ“ﬁ

BB EIE). X4 n>o0,AE,/E,~2/n—>0,81% n ﬁﬁjcﬂj‘ AE,<E,.
(3) I 3. 3 A th  BR¥i s (2 =0, ) Z 5, FA P WP 5, TR — Wk

B=DF ATk PBES =k + DA kAT A

%31 WA FREE_ETRELBFEZE,
0, 0<<x<a, 0<y<b
’ = . 2.
V(z,y) o, HAtHF (3.2.11D)
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MPRLFRE R SV E N

Enn, =";—Z(%+%) nomy = 1,2,3, (3.2.12)
HH R B3 BRECH
Gnymy (T9¥) = A/ fb— sin(%x)sin(n—zbgy) (3.2.13)

#’ a=b, i HEBRKI R IHE.
BR.RG.21IDAME R
V(:C,y) = Va (1‘) +Vb (.’L') ’

0, 0<<z<a 0, 0<<y<b
Vi(a) = { . Vi = {
oo, < 0,x>a O, y<0,y>b
RGBT REKE.
%32 WRFREEELEF"hiEs),
0, O0<<zx<<a, O<<y<b, O0<<=z<c
V(z, ,)={ (3.2.14)
T T oo, AN
WkFRER ALIFE N
Epnpn, = 7’; ("l +"2 +"3), 71 omzamy = 1,253, (3.2.15)
AH R R R ECH
Inirgry (23392 = o[ == sin( "5z ) sin 25y ) sin (22 ) (3.2.16)

B’ a=b=c, LR HH K.
%3 MNT—#%EE L),:?E(a—b—L),:éﬁ(a—b— =L) ERREF LB PR T, 7

RETHIHELT , AR ENRSEE o(E)= Eﬂiuﬁﬁﬁ?ﬁ% FEIZSEL, FHHE o(E) X
RER E, 28 L, A& m BIKEIXR.

o0 — p(E>-—2 h e

— o(E)= zmawwﬁi:f E)

=4 p(E)=m(2m)3/g/F - (3.2.17)
3 4 B —ZE TR ISR A 0 R AR bR R A, B
Viz) = {O’ |z <a/2 (3.2.18)
oo, |z|>a/2

B NTFHRERA U, 5K (3. 2. 1) PR, B AR B AE i R R MBI A BT . iRk

RZ.
%

N/%cos(%ﬂx) y n=1,3,5,°"

¢, (2) = | 2 |<a/2 (3.2.19)
%sin(%rx) s n=2,4,6,°"
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¢ (2) =0, | z |>a/2
%35 —BHEBELRBFPLRRG 2. 18) IR F . A4 FEEEGR=1),

[2 o TZ
o (2) = { g O lzl<ar2 (3. 2. 20)

0, | x| >a/2
Rt B MR ARSI,

%% f(k)———J B (e dz

1 e

<,bl(.7c)eﬂ‘t“/"da:=\/E

o= =]

. p =k
WISR TS BTE(p, p+-dp) PEIBER Ry
| o(p) |2dp = | f) | *dk

4 ak
| f>|? = i syeost () (3.2.21)

3.2.2 HREWNHRFTEBH
B
Ve, zl<a/2
V@) = {O, | z|>a/2

a ABBIFREE, Vo HEBHREE (E 3. O. AW Rtk F R — V. <E<OCGR#A
DL

(3.2.22)

V(x)

Y
E<0 ' (-E)
V,
_y, (Vy+E)
Y
-a/2 0 a/2 x
B 3.4

ERBIN | x| >a/2,2 8125 X) , Schrodinger N
dz‘b Ny (3. 2.23)

A
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TR 2. 23) WRTT KRR K
g oc e

% BB AS  FRAE | x| oo 15K 1 g REBUAN TR

Ae ™, z>a/2
g(x) = {Beﬁr  r<—as2 (3.2.25)
HpBDEHA,BRE.
T | x| <<a/2(FBN, 28 7235 X) XIK , Schrodinger 7N
jgg¢==——k2¢ (3. 2.26)
WLl Y SER
k= .2m(V,+E) /& (3.2.27)
TR (3. 2. 26) PR R M AT B
e 17 sinkx , coskx (3.2.28)

XFFIRABA, BRRA I, B BRI FREB V(2) B2 B S xFR i, BER A
HEZS W B8 E I FFR , BILER sinkx, coskx B R B, LT 43518 2.
D BFERES
¢(x) oc coskx (lz|<<a/2)
UTRIVBYE ¢ X @' FEx==a/2 A HESE R ERERN T RERUE # R
XF REBRAE(EA X8, B EMINERFIA ¢ /¢ S (Ing) M B SR B B RE B 1Y
AT BBERE , X R IR AR S 72 T RT AT B sR B0 U5 — AR IR . X, AR 48

(In coskz)’ | seas = (n € ) | s—ure

AlfgH
ktan(ka/2) = B (3.2.29)
R z=—a/2 EMESEZGFBHNER, SR, 4
ka/2=¢  [/2=n (3. 2. 30)
MR (3. 2. 29) AF B,
gtang = p (3. 2.31)
mHER (3. 2.30).(3. 2. 27) & (3. 2. 24) , [ 48
&+ = mVoad® /28 (3.2.32)

X eH p WEMERARE TR, o AR E B %, 808 A BTt
. WA 3.5(a).
2) AT
¢(x) oc sinkx (|zx|<a/2)
5_E AR, A (ng) " B 22 454477 LK H
— kcot(ka/2) = 8 (3.2.33)
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X (3. 2. 30) LA, 1B

—&coté =g (3.2.34)
iii]
& +of = mVoad® /28 (3.2.35)
L 3. 5(b).
] (a) :
3: i
: &tané :
2: :
no i
1 i
-o 1 2 2 3;: 4 32
&
& 3.5
it

HE 3.5 LAE H, EXJ‘?’?J‘%E’CF l‘%ﬁ? Fit Voa' HEZE /N, ﬁﬁ*ﬁ

jﬂ{fﬂ. é’u&“r mVan/Zh"3>1r2 Eh‘ ﬁﬁ“tﬂf'ﬁ%—/\{%%ﬁﬁkj‘ BﬁVoa 2&&%
BR. ERNEAESE S B
AFRDSHAN, B 3. 5(b)FEHH, 124
82 —|-772 = 771V0az/21i2 27{2/4
B
Voa® = n*k%/2m (3. 2.36)
A Al Rt N T FHRE.
% Voo, fH a (REFARRE, W LR RBH 5 TIRFH BN E R e —8. &
Al 3.2, BHREEEHCK 0. TiZER 3.4 1, BHERAEREUCH —V,. 24 V,—coiit, B fE
BTAERTE, YT (—E)—>oco, BIR (3. 2. 20) 1 #y R (3. 2. 30) FHy 9~
oo, A}, (3. 2. 31) 5(3. 2. 34) AR,
ftanf = oo, &= (n+1/2)x, n=0,1,2,+
—E&coté = o, &= nr, n=1,2,¢" (3.2.37)
BEFERE K , BP

&zn?’ry n=19293,"'

R
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k= nx/a

BN (3. 2. 27) BpvT 78 e

Al n’
E:En =_V0+Wn29 72:1,2,3,"' (3-2-38)

EERG. 2. D—BL RN REH T A SR 768 3. 15, BURECHABE A,
TIER 3. 4, BESN (21 >a/2) , BN BET A, T B R EREMEE R — V.

3.2.3 RATSHEELEMITS

H L ESTAT AR RS (E<VO B R B BN, TR E—E W& M
T2 3RIFEZ Schrodinger HRMMHREER. HEH R H B IX — 4, RAITRMBE
RERI TR LA R 2 198, # Schrodinger 7772

Lo —IE— vy (3.2.39)

EV@<ERXB(ZRAFR)F,¢5¢ WERSMR. Bk, ¢ B2 - #2
i, B

% >0 B}, ¢'<<0, IR T2, 24 ¢<<0 B,y >0, fiLR [ 25
Bk, —B—BHE , R A 18 sin = 5 cos x B4R, ERRG BB R, (E—V) &
K, WRG &G E, A 3. 6(a) Fiok.

V() >E K (ZHER),¢'5 ¢ WIERSHE. B, ¢ 5EYE - @25
i, Bp

4 ¢>0 B}, LR _F25, 24 ¢<<0 B, iR T
FrLA, —B—B A , G BRI Bt R IRRE A B F Ik, B S IE, & 3. 6
(b) Fr7.

— ~~ N\
4 ~~
(@ (b) )

Kl 3.6
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FRAE 1SR UHE T LA MM A BRI BRI 1) B 0 AR 35 S8

SEABTEETS. XTI 3. 4 PURIHBE7E 2<—a/2 KB, thF E<V,, 7E 2
ool g>0. % x HINET, g BAEHCE FH (LR B, LI 3. 7. T 48k 2=
—a/2B 2 T E>0, AT T, — HIELH) 2= +a/2 A. T 2>a/2
KR, 1 F E<Vo, B UIFRE 185, E— MR  ZEMRE 2= Ta/2 Ab U5 BHE
FA A AT 2 2>+ ool , I BRI Too, o A RAME 7 V(D%
EELT MW S LB TR TR E . RAY E RS Y

(B, 78 x—t+ookth ¢ AMTBEWR BB F80h &A%, B ¢—>0. XA-E 48 E 6, Bz
FHBRIRMEEAME, REERRMIREILE, o MASWER R &M BRIE
BB, EAT R ¢ (2), B x= oo, 7 = B FRHIHI T T 5.

MR FRER SRS, — FHE | x| >
a/2 RIB,, ¢ BHLR B i ZHE BN, 75— T AR
|z|<<a/2 R, ¢ MR IR G IMP. AT
RETE E BUROE MMEA, ¢ 78 | x| <a/2 R
ZHFT—RKEGHRA—-ITTE,B3.DZ
S E x=a/2 i, BB 5x>a/2 K F R
$i(x) ¥ (oce ™) e AT R K. BAT BB
TENRES IE—BEAS ¢ (0. BE
S HIRTAL, RAE—AT AR FEXFREBFE R
T XN R FERR A E

T AkEE T 2, T AR . RE Mh i

$o(x)

—-af2 0 al2 X

¢4%) B EREEEEBMEE, EE; .- B, AHL

/\ /\ HIBEIRBN o () v (2) g (D) AR
: = || -oob W CHER) 0 O BN, X

\J REE /Y B BUE ARy BE B A1 {H (energy ei-

®s7 o sl memaEE s mEAR A

Bl KEREREHL2E 3O

oo, I<O
V(x) ={—Vo, 0<<zxz<<a (3.2.40)
0, x>a
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EE—Vo<E<0 . 4= IRitie .

<0 KA ¢=0.
0<x<<a XA
¢ = Asin(kx +9)
k= /2m(E+ Vo) /4 (3.2.41)
FIR ¢(0)=0 B %A, 711 6=0, Fr LA
¢ = Asinkz 3.2.42) 4™
>a X, 8
goc e
He N a
— V/=onE /& (3.2.43) :
BB z>+ookh, BR ¢ W 0 LR LM, AR A
Hx) =Be® (z>a) (3.2.44) -7
RIGIREE z=a Kb (ng) MFESEFM, TR H
kcotka =— f3 (3.2.45) & 3.8
ERUIRE R
cotka =— B/k << 0 (3.2.46)
Bk ka SA7ESE T, VRBRAP. ERBAT KN
sinka ==+ k/ky =+ ka/koa (3.2.47)
Hep
= V2mV, /6> 0 (3.2.48)

FAEMAEAT LGERUR 7R (3. 2. AT AR, B 3.9 £ 5 MEREA X 5 MR y=*Fa/kya 5
y= sinka | IR CEEM T, VEIRH).

\/ 7 3n \41: ,W\
\, y==sinka

3.9

2 Vo—>oo(ky—=>o0) , ITLIRFEH HBHES , HR y=tka/koa R y=0(HM), B 5 y=
| sinka | ZEEFED, NE&RFE) N
ka = nm, n=1,2,3,"
5R@G. 2. )L
SXBEBAR, LETRELG PR T, A ERAES. MELAH I RBE

BEERNFTERERMN IE ka=n/2 fb, y=ka/kya<1, B} 5 Thoa < 1, BP koa > /2. B

kya = n/2
. 73 o



L, FAHKG. 2.48) ,18

() Voa®? = # 7 /8m (3.2.49)
SRR BB IREE Vo BIERE o IR,

N | a A< KB PSRRI £ B ST o 5 b T LA B

_______ B___ r OBESK LRERF.RABESNEAE Br

E T 2.237TMeV ([ 3.10), £ a=2.8X 1078 cm, 1 i F

B223MeV g My~H FHE M,~1. 67X 10 % g, IR TR
AT R m~M,/2(R 6.1 %). Bilt, X FREES,
Vo FIFR(G. 2. 45)
& 3.10 kacotka =— Pa =— ~/2mBa/k ~— 0. 650

BUERB 8 ka=1.90. BF A ka= V2m(Vo+E) a/t = /2m(Vo,—B) a/k, Al 3K H} V,
~21.3MeV.

3.3 — 4k ¥ 5t
3.3.1 ABR2MTE

KEEBH BN T RLFENE. EE —EHE E PR TF, 1 « BIEN R
St 3. 1D,

V<x)={V°’ 0<z<a (3.3.1)
0, x>a, x<0
WIS W, 2 E<V,, WA F R g ’
AL KBHEE. 2 ESV,, IR TR ° -
.2 BNET H2%EMARE, % RIRTFH 2 _L%ﬂ
W, W B — A R (R o) NN
AL, 5 — B S5t » — B AR S A 3. E
Ul S R G H R B, BT A — A 1
REETHL , HA — i MBI [ 2. °oe *
fexE E<V, B8 B3.11 FHLNES
B#RR22ZH (2<0,2>a, B ARIFKX),
Schrédinger R
g‘% —— Ry, k= omE /k | (3.3.2)
BRI TE T BN
goce ™ (3.3.3)

BRB BT R—MEAST. B THRHFE, £ 2<<0 K, A S, WH K
S (BAE 2>a K, RAESE, B

« T4 .



o) = {eh}Re‘”“ (z << 0) (3. 3. 4a)

Se (x> a) (3.3.4b)

AE 3 4D AENE TN AGE, HEIRGER) BN 1, RER T HE, 3T
FHABLI G ILEB A M. Hﬁ%ﬁi%ﬁ’&iﬁ

a *
Je = Zml((’b dx Fr (’b dx )
BUA ST o= B S TR FAS R B EBCY

ji=2im(e”h%eh—c.c)——h—n]f-= (3.3.5)
X (8. 3. 4) GAFE I Re™ ™ N R FHE , MR 9 R ST BN
.= |R|*v (3.3.6)
KRG 3ADREBH B, BHREE R
i, = |S|%v (3.3.7)
BriA
REt&E% = 1;,/i.|= |R|* (3.3.8)
EREE =j./j. = | S| (3.3.9)

UTHRETH2NF EERBE AL EEZGRHBER 5 S, ATIRB KR
HEBEEHRE
EHL2HNTO<x<la,BHEEX),Schrodinger HBH

Lv=iy k= /=B /b
HiBmrRR N
- ¢=Ae" +Be” (3.3.10)
£ x=0 5, ¢ & o HES &S
1+R=A+B
1 _R—A—B
K
B AR 8, 15
_AT( R\ ik
A_f[(1+x>+R(1 K)] (3.3.11a)
1 ik ik
B=7[<1—;—)+R(1—|—;—>] (3.3.11b)

R z=a,¢ R ¢ MBESEZMEFH
Ae” +Be™ = Se™

Ae® —Be ™ = —
W4 B AR 8, 15

075.



_ S(q4 ik ke
A= 2(1+K)e. (3.3.12a)
_ S (k) e
— 2(1 K)e (3.3.12b)
HARR(3.3. 1) #(3.3.12),143= A B, &

1+ 2) 4 R(1— )= (14 &)
( "k) ( ';> ( ';) (3.3.13)
i k) __ ik ikt
(1=3R(1+5)=5(1 =5 )e
BN ERXEER,H
Se* ™ —1 1—i1k/k\?
AMERR
S — — 2ik/se ; (3.3.15)
[1—(k/lc)2]sl'ma—2i7c-chm
Hil, B RECH
T= lslz___ 4:k2IC2 4k216'2

(B — &) st + 42tk (B +2)2shixa + 4R2K

-1
I C e oD AR 0 I PNT SRR
= [l—l— TR sh m} = [l—l- E(l o Sh m} (3.3.16)

Voo Vo
EUHMR . 3. 13)HE S, B HRHRE

kz 212 h2
B

ATLAE |
|IR|IZ+|S|*=1 (3.3.18)
RI*! RENTHLLRHFEEMNEE, ISP AREFFELZL2H8F X
(3. 3. 18) IE & BE R SFE (B FESF1E) 1R .
HREMNFERE,EE<V, BR T RFRASEFIL L, BELHEH
|l Mk B EFHFITE, E—RF
I FOEHAR T40. XMASE— BT
e g BT I BT R A4 2, B B
\\\ S (BRI ) B0 (tunnel effect) , BB FU IR
NSNS Rk H R —E KT, XN A
T BE ERILP,AHRTRRFEN
0 a * EHER.
& 3.12 RIOAAEX BHRBE—H R
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. B k>, sh/ca%%e'“ 1,23, 3. 16) TR MET R
. 16F%? -2
™~ e
| _ IGE(‘%_E)eXp[—% VIV, =B |
TMUBH T 5HLFEFq, (V,—E), URETFE -
B m AR RS, BEH2 S o IR T |

R m 3K, T HHBEER, Toce ™. FrLLLTEE
MELF , AEG MBI FFELLHAL.
B, 5 F B F, % E=1eV,V,=2eV,a=2 X
1078 cm, AT DIMMHBEH TA0. 51, 2 a=5X10"%cm, |
T~0. 024, H /. FHHFHRBEF, BRI m,/m,
~1840,a=2X10"%cm, A[{EE H T~2. 6 X107%,
NF E>V, & (B 3.13), REAR

(3.3.16) 1, 8 ik’ , B/ H 5L 8 0
B = V2m(E—V,) /&%  (3.3.20) 0 a x
FEH A sh(ik'a) =i sink'a, AT1§ & 3. 13
%
(B2 —k'?)?%sin’k’q + 4k2E"
1 ,
= 7 (F <k (3.3.21)
2 ~=
1 +% (k—kf —-%) sin’k'a

(3.3.19)

T=

3.3.2 AFHEMNEESHLER

WASRFREBI AR T EL2 R D, R EBE (RS F), WHE 3. 14, |
BRITBREH. BHER T HRERG. 3.2 L H,H Ve—>—V,, B ¥ (AR
(3.3. 20) R

| i (3.3.22)
E | a e, REHBWEKX R[S B R

T 0 X (3.3.42) (3. 3. 4b)FI(3. 3. 10) ]

e +Re ™, z<<0
g(x) = {Ae'k’z +Be ™, 0<z<a
Se*, r>a
A 3. 14 (3.3.23)
« 77 .




FRABEFE 2=0 Ml a &b ¢ F1 o' BEEEM, BT A S RA(3.3.15)]

Se* = l:cosk'a — % (% +k—kr)sink'a1 (3.3.24)
Hy AT SR B R B 5 (B. 3. 2D E ]
T=|S|* = [1+%(£f +%)Zsin2k'a:|

— {14_ sin’k’a il—l (3.3.25)
E
Vo(l_'_Vo)

eV, =0CH] B =k, THED B, T=1( 2B , XM B ANE. —BHLT,
Vo 20k k) , BT T<<1, | R|? 70, BB FA — S BER B S R S T 3k , X 52
B RT 12 ()R, BB HR T 11250 & T R,

FEMASHR TR E 5%, B RH T(E)BE E ZLiih R A 3. 15
FR.

M3, 3. 25) AT AT 1, 1 BV, — ik T /. BIEASPRFRER E &
&,

-1

sink'a = 0 (3.3.26)

B
Ka=nx, n=1,2,3, (3.3.27)
e T=1,F N 3LRES. X EG. 3. 27) BB B4t ﬁfﬁiﬁﬁﬂ‘ﬂ@ﬁ?ﬁ%ﬁ%’&iﬁ.?
B LA E R A" =2x/") ,
2a =m', n=1,2,3,¢ (3. 3.28)

E

315 BEAN THERE WBLRER

XAGE RALYH b AT I T AR R T AR BT Bl BB RE R R AR A
B R TR R AE TR AR AR 1 =2a, MAE BRI REE

.78.



55 4 2 R I MRS RE R 5 o T A T T 45 5 5 0 OO S k08, PRV T o Bt 4 i
.
HE (3. 3. 22)F1(3. 3. 27D AT ISR LR 8E B0 F -

2212
E=E, =V, +2%% (3.3.29)

AT AR BR T — NS BINIR (— Vo) 250, R 5 ERRIE T B (B R o) PR
BRRFEAXMR[SH 3.2 %,(3. 2. D). W FE 3. 14 FREB, b T a5
IN—Vo<<E<<0), 7T RETE BARBARY , AR 4 T 2(3. 3. 29) ¥ n B/NYAE AL 1
n K, E>0, MR RE R R, (BInfE B 43E, WER (3. 3. 29), ¥
Fj;@ﬁﬁﬁﬁj‘fﬂ% H(3.3.27) (3. 3. 29) R E ) E, ,ﬁ\'ﬂﬂ}?&ﬂﬁﬁ?ﬁ?(reasonance
energy). A FRIFIT E B o SR AE BB R AL IR BB % 15 R AL T8 BE 1 6 FR IR O Bk o /)
RARER AR, I 3. 16 FiR. ATLAE H , 20X AR 9 PRI 7 2Bk b iy SL 4R Bk
(n=3,4) KL B 5 IR I ABrF IRBEER (n=3, ) R, Ti A FRIFE LB T4

E, SRR
E, E>0 JEIRER R
0
E_ _
E<0O
E 4 _
-V, E<0
-V,
0 a 0 a
TR B R A BRI HB
RAA SRS

E =V rn'wh*2ma’
n=123

B 3.16 HFRESTRES HB BRI LR
e 79



BB (n=1,2, 5540 LA RE AL IR AR (B R WA, SX VT AT RE B 2R JROR AR

* FTERITESH T(E) MR M3t T E. BiatiRigil 8o, X ILRER E,
B, E~En k' ~F, =nx/a. & Ka=nnte(e~0"), M sin’ta~ée~ (K — k). R AR

(3.3.22),48

B LA

Bp

_ 2m(E+Vy)
= _———hz
k/dkl — 77;dZE

k. (K —k.) ~m(E—E,)/#

(¥ — k)~ m(E—E,)/#*k, = m(E—E,)/k v 2m(E, +Vo)

Hilk, R (3. 3. 254K

T(E) ~

é\

y

E—E,,)

_ 1

1+Y_07ﬁ_a_2

T(E) =~

E—E,, 2 maz _ 2
= ) 1+ gig (E—ED

r, =2, /2 (3. 3. 30)
a m

I

(3.3.3D

% | E~E, | ~T, B, T(E)~— BB, T, RIS E, WIEE. EXFRN Breie-Wigner
AR, ERAESHRIBEREE (E~E) KB ERIR E W R 3SR LMENT

2 S ERAE.

'800

A 3. 17 Fia B R T, ATIE R T 2
fBE B RN

__ AR/F
TO (1+k/k/)z (3. 3- 32)

He
k= 2mE /%

¥ = Vem(E+Vo) /k
B EKV, (kkk) , 1

T~4k=1/ E %4\/3
0= E+V, Vo

BE BT (B AR 3. 14 Fin$ B Rt
e, R R B T O B R R R A R B ST LR, R




FHR T RBEZ BB R B 40

g=2a _2m _2ma o (E< V) (3.3.33)
v my kk

REBIBHRE RS RO To BT TER THB PR~ To" , BT LOR FET b IR A 10 B2 %5
WAN

~A 1 Ni Z_n_i
1, ~ 015" ~ 4‘/E,, (3.3.34)
B4 (3. 3.30),(3.3.34), 8
A

I A (3.3.35)

BEBPR BER TR B 5 F AR E E X R,
3.4 —YHEHRT

£ B RF T IZ R B 81853 3h. AR i R e P4 o B R R /NR 38, Bl A, 43
FRIIRSY AR IR R TR E IR 3 A R B G MRS, 7R 348 M 24
J& » B BT LA O TR Mg 37 i — kiR IR 3. IR BI IR AR B 245 3 A
AR, FEFEEA_E AT ARG BT LR T2 3 B 5T, TS 7E B0 L sR7E
AL BRREER. —4EIRTIRERAAE(E 8, 7£ 7 8 L 8560 Heisenberg
HYRE[E 1 AR, Ja R Dirac B FABH 7 54 HRER R GER 10. 195,
T HEE o B sh 1 . '

BUE SR 0 BN AR R R, R R K

FEEMFT S, N — 4R FHEEERT LIRS N
Viz) = %sz (3.4.1)
K RZIE R EERANBRENSE. RIEFRE
X 0% &
wy = «/K/;,c (3.4.2)
ERZHER T ARIR. X, —$i%iETF o x

# Hamilton B R FE RN
2
H= iz’i;+—21—m§x2 (3. 4.3)
Schrédinger 4
B E 1, _
(=5 Lt 5mis Jo@) = Egp(d (3.4.4)

318 WRTH V=K

Wz ———>0 (3.4.5)

0810



HERER, FIHTEHSHC

£ = ax, a =/ w,/h (3.4.6)
A= E/ —-ha, (3.4.7)

MHFRG. 4. OB
%¢+(A—§)¢= 0 (3.4.8)

EFTERE (R o), BRBATEEHE K, M 6= oo RFTEMIFEMZT A UTF
FotEE AT —F 6> Lol RAIHTETTA. & &>toolit, HRG. 4. &) AIHTE MR
ZN57

d—;¢—gz¢=o (3.4.9
AHEUERH , &> colit , I R BB UL AT R 2@
¢~ exp(+ —2—52) (3.4.10)

o gmexp( 56 ) RRBAREG. 4.5), 552 Bk, FEG. 4.8) l— MR IT
AAFRA
g = exp(— & )u® (3.4.11)

AR 4.8),18

du
4 2

BLEP Hermite 5. BT 6=0 B H R (3. 4. ) BIH S, 78 £6=0 BRI (| 8] <o),
A LIS ¢ BHF A Taylor ¥ AT LAEBA (% =), RE 4 SH

A—1=2n, n=0,1,2,- (3.4.13)
B, FR G 412D AH —-ANEZH RSB (Hermite ZIR). RAEXHEMBAAR
(3. 4. 1D, A BBIRIE ¢ W R | §| > oA M (3. 4.5). [HERMBF AT, mHE
(3. 4. 12)MBEREFEH,RARXG. 4. 11, iR/ B A &EG. 4.5, JHI, B4
%A (3. 4. 13D RE, A ER B HE E AFMNAE. KRG 4 IDRARGB.L.D,
GIpE

+QA—Du=0 (3.4.12)

O EXRFABRPALEINFE. o ' REE BRAENL, hoy REER B RBAL, FERHFA.
@ X é&>tooht, sb°°exp(i EZ) 'J¢°°+eexp(i EZ) ﬁ’ocezexp(:t—%-ez)fcexp(i%ez)oc
Ezexp(:t—é-sz ) BTl ¢’ —8¢=0. 2 Cohen-Tannoudji, et al. , Quantum Mechanics, vol. 1, p. 537, %F

TR (3. 4. O WIMRTE § —LooRf RYMTILAT A HITIR.
L] 82 L]



E=E, = (n—f—%)hwo, n=0,1,2, (3. 4. 14)
XA BT 7 K RE B2 49 7] BEBUE , Bl RE B A 1E (4.

TR ERTFRRERTAN, SRERAE >
DAHEG. 4.5 FHREN, BT URBRRT 00 o
ﬁ%i@*}ﬁ}?ﬁﬂ‘] HHEBRER M E A fiw, (LA 3 )
5.19). WAh BB MR T MRS, B o 572
BSG=08EEN : 3
1 0 172

o (3.4.15) = E,(hay)

RBED. :i;% ﬂﬂg?ﬁif‘(ﬁ A0 H]‘ E0—>O) 2
TR TR B T = S iR B . BER Dy 0 By
L6 BB R L.
HR, BAPE TS EEEARME R MK (3. 4. 13) W2, B R FEE R
(3. 4. 14) FO{E AT, FHR (3. 4. 12)B— B Hermite BT H, (&) (BA—BE T

FRED. B E LA Hermite BT L

Ho(®) =1

H, (& = 2¢

H, (& = 452 —2

H; (&) =8¢ —12¢ (3.4.16)

FIAIEAZ M R % =30 (A3. 1) ]

| T H.@H,@exp(—g)de = Jr2m1s, (3.4.17)
A DAIERH , 1H— AL B R 1 I R Bk
4, () = Nyexp(—a'a* | H, (ax) (3.4.18)
N, =[o/Vx2n1]F  (A—LEEO
[T p @ @dr =5, (3.4.19)

(EEEMNSBELRE ) BRI IJLARR ERIER TFREBAMTERE T (A
3.20):

O FTAERRBLE 191244 M. Planck 1. W M. Planck, Annalen Phys. ,37(1912),642, tiber die
Begriindung des Gesetzes der schwarzen Strahlung. % F Planck 5 i B S 66 #9i1i8,2 W P. W. Milonni,
The Quantum Vacuum. An Introduction to Quantum Electrodynamics, Academic, Boston, 1994,
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|G

$,(x) ,
4 XN N
WW s b "—-’r
< : 3)/\[\[\/L
—__\(' ______ (%:_\_"& T ——- - B ey Iy
! \ /
\ \ /
2__ XNl 2 XINANS
\\ 7 \\ ,’
1 X /\ 1 ) L I\—__
_—w ————— - 4—-& ____I.’._
\
\ \ /
n .\\ ,/ n \\ /7
0 x 0 X

B 3.20 EHRTHIBARILARMBEI B R ¢, (o) RALBHHRELE | ¢, (o) |°

¢ (x) =

o (x) =

¢ (x) =

BHEH

g, (—x) = (— 1", (x)

Ja

7eXp (- %azxz >

V2a

——{/; QL €Xp (- laz Z )
=y 2

¢ (x) = ;tll—m /% Q2d’x? — 1)exp<— %azxZ))

;{g?ax (%azxz — 1)exp (— lazxz )

(3.4.20)

2

(3.4.21)

Bl n B AR SE T IR T R B AL RPN FRRI T B,

EEEWNR—TES,

1
— ?k&)o

| () |2 = Lexp(—a’x?)

Jr

ALV 7 o=0 S RENER T HMRE K, WA 3. 21, (BB LM /1%, iR T

onT

‘Abo(x)z

o« 84

FE =0 &b, V8B &/, BhRE SR, RTEE SR, Bk
FE x=0 PR E B i ) B S, BI7E =0 KM R3]
RTHBRE/N, SBTHEEGREFHER. HME
HONTBERON O, MR T B =0 A

HU M TFEB R E =+ hoo, RS
% BT HRBIE | oz | <1 S EIHIEh, B W2 | ax



=14 B0 V(D) =5 Ko? = K /o = by, VT MEER. 0325, BT B
1%, RAERFAELE 2 S8 AR TR T ) 20 B, R UK [ | >1 o,
o ()N OCH 3. 21) , BIRL T4 — 2 MOMERAL T MBS, XI T HAER K

J:Oexp(-* ?)d&/Jjexp(- £)dea~16% (3.4.22)

RRE—METHN ERES TR RN, BEREEK (B, ERTFHMLE
BRI A B H B T 2SR T RS, B 3. 22 TR, B n=10 H T ¥R
FHRN BRI (LL) , BRR LB F M BMELSA. TUEH, BI1ZA
FE HCBARIRY. X n RO, IR AR LM A .

TES %2 EN

|‘/’1o(x)|2( R A )

K 3.22 BHRTF n=10 BHLBEHHERD

Bohr?iﬁ?jl @_L*‘J B4R thad W B SR Ekﬁ?’ﬁ*&l‘ﬁ? E?m

EIRTH uﬁéﬂ‘ﬁﬁiﬁ , EJﬁ%-/\1'ﬁ'JﬁE.

23 1 M A Hermite BIR ML R[MR=,R(A3.12)],5RiF
op, (x) = %—[4/—’2’—% () + "TH%H (ﬁ} (3.4.23)

#4,@) = S [/ D s + Cnt Dy + ST DGTD ] (3.4 2)
FEHMIERE ¢, BT, R TH

z=0

@ BH Pauling, Wilson, Introduction to Quantum Mechanics (1935), p. 76. {HA A#IFXF
R4, W, C. Leubner, Am. J. Phys. , 56(1988),1123,
@ B0 A. Messiah, Quantum Mechanics, Vol. 1, p. 29,1961,

¢ 85 o



V=E./2 (3. 4. 25)
% 2 FMH Hermite ZTMAKR FBHEAR[MF=, R (A3. 13)],EH

e ACEP (WA

2 2
L@ = S /=D s — @t Dy + VAT DGF D] 3,420
FHEBRTE ¢, BF,

ntl, ) (3. 4.26)

p=0, T=p"/2u=E/2 (3. 4.28)

%2 3 E‘,bn %E—F,ﬁ‘ﬁ Ax= « (.’C_E)z yAp, = (pz_;z)z yAx * Ap, =7 5%@%&
KRR,

0= /nF1/2/ay Ap=/nT12(h/@ Oxe ap.=(nt— )b
%4 g B‘Ji%ﬂﬁ?,%ﬁé%ﬂﬁ’?%%% SHIfER,
V(z) = 2 —wos 2’ — qéx

SREERALAEFAE K%L
B R T PR =0 KBB 2=z, 5,20 =98/ p.

%:En=(n+7)hwo—qzé‘2/2/xwo, ¢ (x—10).

%355 WHRFIENR ¢z,0) = AE( =) 0@, KA BB A (DR
(,b(x’t):?
%‘::Azl/ﬁ

=
Wz0t) =ﬁ§(

) gb,,(x)exp[ (n-l—%)wt]

*u.a

3.5 § #H
3.5.1 sBE2Z2(HMEFE

e 3. 23,k F (B E>0) NZEAS, #iE] & B4
V(z) = y5(x) (y>0) (3.5.1)

. V=) Schrodinger H 2N
—gp 2¢=[E—n@l¢ G.5.2)
. _ u RTFRE. =0 RIBIA KRR R
L, RIN ¢ RS
K 3.23 s¥&

HAHR . 5. DBy [ droe 0, Bl

—€

o« 86 o



& (07 — ¢/ (07) 2""«,&(0) (3.5.3)

Bl ¢/ () #E 2=0 E—MBREANELH RIE ¢0)=0). (3. 5. DEIR 5 Fizh ¢/
BRAS SR EAL TR & S I oh A A .
B 270 XA, FRG.5. 2) 4k

j;—‘f+k2¢=o, k= V2uE /5(5) (3.5.4)

BB RSB g~ ZRBI L AN PR &4, ABBATFT R
{ei’a +Re™, <0

Ppx) =< (3.5.5)
Se*, x>0

Hrp e* FRARAGTB Re™ ”“%z*fiﬁu‘{ﬂz Se”“%n*zizﬁa‘(ﬂz X B A S B R IR BN
LEXTHE, #K%ﬂﬁﬁﬁj‘%ﬁ%ﬂﬁ%%ﬁ%ﬁ%#% g x=0 4 ¢ LK
LA B ' BRAE 448 (3. 5. D AT1EH

1+R=S
1—R=5— 25 (3.5.6)
heik
HE R, 8
_ 1
AT RISR H
P /4 iy
R=s-1=1 (1+27) (3.5.8)
BT A S BB E A 1, B
V£ e — 2 _ 1 _ 1
3 2 _ #7 24
RS RE = |R| 2+ E ( +2h2E) (3.5.10)
Al I,
|S|*+[R|* =1 (3.5.11)
X RRLFHEFE LR E) R
RHER(3. 5. 5)F1(3. 5. 6), AT LAFH
$(0") = S
¢(0)=1+R=3S
¢’ (07) = ikS (3.5.12)

/(0 = ik —R) = iks—%s
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EE:BR ¢ x=0 FEs BT HERE

_ (e 3.

I___é_#((p s —95" ) (3.5.13)
HRESMN. FL b

(3.5.14)

.0 =% 5
M

j2(0 )=—%[s (lks—%ys)—c c. ] "klslz (3.5.15)

XEHTRBEEARFEAELANREHTI, BR ¢ KL%’E(E%’FJJ% e
WAL (EFTURRRAEN T. U, W85 B S I R Rt R
PO, ST Bl o(r) BILE MR 09 L2 A1, B Schrodinger FEEE,
RHE V() Bt R BE.

PZARR], 40 & 24Ky & HbF, (r>—7), IR (3. 5. DF(3. 5. 10 A LU F
H, BRI REEAE. BT ET], S $2 BP) BEERKER 8°/uy,
FRERBRY o’ /62 (R, R A 2). B BB AR 3. 5. D UKBT 1y/52k,
BPRAE R B 5o F A ST I K 2 b, BRA DB ST R B R (3. 5. 9) MRk T ASHhL
THER E 1 3 S AFERBRZ L. X4 EXuy? /8%, M| S| ~1, BB sER LA L
TeET s FL.

3.5.2 BB RIKRMASEESR

ZRBAFIE S BB AEEh (A 3. 24),
. V(z) =— y5(x) (y>0) -(3.5.16)
' ¥ x70 R, V(2) =0,k E>0 B, E<<0 MFT 8k
£ BERBES. UTFitit E<0BR. BT V(o) a2
BREARER,V(—)=V(z) , REESKEHLHEH
TR TEHES IS BRERSHETFERE.
B 3.24 3HpE Schrédinger FEFER N

2
d—%+2—’;[E+y3(x>]¢ =0 (3.5.17)

V(x)==78(x)

XA 5. DB} | dre > 07, THE] ¢ WA KA
¢ (0 — ¢ (07) = 2’”¢(o> - 3.5.18)
FE x40 X, TG 5. 114N

O HEETHEFFH EXNHAHRGILR @M, I W Duoxummes, B F 13¢5, M2 D.
° 88 L]



%—f—ﬁﬁbzo (3.5.19)
B= V—2uE/t (E<<0,85L)
R [ x| >0, g0 MRBABN LA, LRAE R AER

gz oc e (x3£0) (3. 5. 20)
1. BF#H&E
Ce?® ™, >0
= 3.5.21
¢ {Ceﬂt y x<0 ( )
C RIB—bEE. & ¢ BRAE &4 (3. 5.18) ,715
2
— 208 =— hizyc
Fir LA
B= py/# (3.5.22)
T
E—E =% & (3.5.23)
2u 2%
XA O BB ME—RRARER. T — k&t
[Tle@lraz=1c12p=1 (3.5. 20)

178 | C| =/F. Bt C=/F=1/VL (1/g=L= fjfy% 5 S BYRAE K ) , M IE— AL i
BT R R B

o(x) = J—Ilfe_lx'/L (3.5.25)
HERLWE 3. 25. AEHEH, || >L K
BHRBBLF R R ¢ (x)=/-%e'“’"L
2[:0 | p(x) | 2dxr = € = 0. 1353 //\\
2. FFHE | :
L 0 L x

—Bx
' ¢<x>={AeA eﬂ’z xig (3.5.26)  E3.25 5 HBIEAHEMN
A, &

H R ROE SR R, BRF FHRA ¢(0) =0,
Bl A=0, BrlA ¢=00f & X8). Bt HFFHREXRAS. EWE LXRESHER,

B & SBixt TR FHRENFEEER, T2 A BEsHERE, BAR
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BEE 1% 3.2. 2 WHITHE, S o #BF REE - FREBR, WHESER E.
3.5.3 SBE5HBHXR, VKT H

RO, S RERIER IR, B RA & SR BN —FELRL. & %
ATLVE BT S e — R BRIE DL 52 b, BT AW & & iR, JE I L &R T UM 5
- BAROUT MR BUR PR TS LU . (EE R & ook, AR ERMHEZ. 4R,
FET7 SR KRB BBt (BN IRBISGOTE & Bh T REA TR XM F o % B
H BRI T B R BN SR A E LR, RE MBI REL K. TERIIAF
Fli &, ERIRER T 2 o R L.

EETHITE2(A 3. 26)

Vo

v = (Vo0 lel<e (3.5.27)
0, |z|>e
ik Vo—>co,e>0, B K 2e Vo =y (50 , Mt F 28 F
1 SHERV(x)=y5(2).
o BRTMEAS, BB] E<V,. MZELLWE(|z|<
A 3. 26 &) » BL T BT s B,
g(x) = Ae® +Be ™ (3.5.28)
k= 2uVo—E) /&
B
¢ () = k(Ae”™ — Be™)
1]

¢ (e) = k(Ae® — Be™)
¢ (—e) = k(Ae © — Be*)
J &) — ¢ (—e) =kA(e® —e™) —kB(e™ — ) (3.5.29)
0", Vyroo, (BRHE 26 Vo FAHC 7. TEUHEBLF R were vZVs /b0, (8
& e>2uVoe/ B> =py/ %" THECAE FRAE , F b
lim[¢' (&) — ¢/ (—e) 1= lim[ kA (2e) + kB (2e)]
e>0" e>ot
= lim2«’e(A+B) = gEZc/J(O)
0" (X
Bp

¢ (0" —¢/'(07) = Zkizy

BEEPR (3. 5. 3) PR o BYBRAS S,

e 90
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3.6 WARKSBIHEIERANRR

BT 12— MbE X T — S B v A o 28 7 ) B R IR A ) AT
SRR, A AR R HEAE R R 2245 o 43 B R R 0 i1 25 14 3 R R & B Schrodinger
HEROEREBRRRR. LFE L HEEREINLE.

FE TS, RPTBRESHE I (2= too) HHGEE 5. WP F8EE E<<0 B, 7]
REAFTERABRELR , T BUH S X B FASHRL T E>>0 50, HIRE A A ST T3 8 k=

v 2pE BRSREEAEL. T2 SRR 18 B A S B , S5 sR Hh L I S 3 U W (P A
RLFRER E BIEK £ B9eR%0. AR, gt e E<0 EI(SA & FHD,
WTREFRES (E<<0) FTTE » b S S 01528 5 B R AR s BT AE. (L3 TR — R L

1 s#%Hpt
FIRRERN p BORT, LIBER E>0 WA A 5T & 4Bt
Vi) =—73(x) (yr>0 (3.6.1)
B BT RS R (k= +/2uE)
€ +Re™, <0
Wz) = {Se'*’, s (3.6.2)
XBEEEHRASEIER 1, XRRAGREE j.=hk/p T RFWEE j, = |RI*bk/u, B 5T
WEEN j.=|SI?hk/p. FTLAIRI =5, /j; RRRH RS =5./j. MEBH A
#5 3.5. L WM F B, AR HEH 5 K BRD O——7,

_ iy — S
s—1/(1 h2k>’ R=5-1 (3.6.3)
S RBITER T E<0(R B REE, TUE
k= iuy /¥ (3.6.4)
IER S MR=S—1 Kfaj BitR i (simple pole). Mif
212
E= % —— /2 (3.6.5)

XIS & BB hME—BRAGREZR [ 3. 5. 2 F5 (3. 5. 23) 1. FrLA & S4B i o 48 RE 2 BT 72, X
LT 2 5 B2 5 R B A e=1py/ K2, AR SRR B P B0 TE B8 b
X T 8 B8 V(x) =y3(x) (7>>0) WS, BHT BB R 3.5. 1 R (G. 5.1
S=1/Q+iuy/k) . (3.6.6)
HR A b= —iuy/5  FESURSH I, IR R A RS, 3. 5. 2 HhE it , T s # 4,
RAERNFERFARELR.

Bl 2 x¢AR Pt
XHFHHBE (T 3. 3 W 3. 14 Lk, 22 AT AL R A8 b J5 A BUFE S5 Bk B ).
“‘Vo, | II <a/2
V(z) = (3.6.7)
0, | Il >a/2

BT IZEASS R FRER E>0, N B AT Fm B
e 01 »



e +Re B x<l—a/2
$(x) =< Ae** +Be ¥, |z|<a/2 (3.6.8)

Se* , x>a/2
= VUE/k, k= V2u(E+V,) /k (3.6.9)
FH z==a/2 kb () F gb'(x)fbgﬁf%ﬁ:’_f%tﬂ?ﬁfz A.BF1S,HH
Se¥ = [cosk a—— ( + —r)sink'a :|_1 (3.6.10)

53.3.2 %R(3. 3. 24) L A8, EE%ELL)%{E BRK, BN EFIRIBASE AR AR
BUETTMEE. MR (3. 6. IO UE R, EE £ XF—ELAHWE S s, R B h THE,

coska——( +—r)sink'a =0

B
tank'a = 2/i( &+ 1) (3.6.11)
A=A mEE % tan22=2/ (cotz—tanz) , i[5
cot(£8)—tan(E2) = i(£ + &) (3.6.12)
XA PR, B
wan(58) =— /¥, 8 cor(E2)= /8
cor(E2) = /k, B an(E2) =/ (3.6.13)
BN AL
k’tan(% ) =—ik

k’cot(%ﬁ)= ik (3.6.14)

AT D) E<0(E BRI, 4 k=i8,f= v —2uE /#(3L) , W18

ktan(k'a/2) = 8

' cot(k'a/2) =—p (3.6.15)
AF '=V2u(V,—E) /b XERE 3. 2 A (3. 2. 20 MK GB. 2. 30O A, REF S LER
5, BILALK) 22T 3. 3 TRy £ AN 3. 27 TEFATR.

LA BB R R EBHTHE T IR RER E<0 SHBEH MR HEKIEBER £

T IE B 1 B9 k=i v/ —ZaE (E<O)MXRL. X Hoht— e 3 B Bt
1, S HCR TS EANC. EAR BRI O B BIRAE S £ P L

O YES (BTFHELTEMDCT, BEHE &R, 1999.

@ #in, W R. G. Newton, Scattering Theory of Waves and Paiticles (Mc Graw-Hill, N. Y. 1966);
H. M. Nussenzweig, Causality and Dispersion Relation (Academic, N. Y. 1972); D. W. L. Sprung and
H. Wu, Am. J. Phys. , 64(1996),136.
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B &

E | k= ZBEIR T k'= [20(E+V)/h
0
o
&
N
—al2 0 al2
TR B E<0
0 ______ 0 - — — —
I o) I (Vo*E)
E<0 — ‘ E \
)
Ny -
-V, = =)
-al2 0 al2 —-al2 0 al2

k= V2uE /h=ik,p= = ZuE/K(E)  [R3.2.2 FE 3. 4 PR k= —2uE /h

k= 2u(EFV5) /4 MY TFEESE)
BENE - tan(7)=ﬂ B= v2y(Vo+E) /%
kcot(kTa)=-—‘B Eﬁﬁ,ﬁﬁﬁ:ktan(k—;)=ﬁ, kcot(-k?a)=—ﬁ.
A 3. 27

?&H‘J?@?H@w‘hﬁ TSR 13.5 1.

3.7 LZHEHEL,.EHIY,
3.7.1 MBS

LIRRERN p WAL TFE TR LB (B 3. 28) i3],

o, <0
Viz) = 3.7.1
S >0 (F>0) ( )

Schrédinger F M
_ﬁi_dz_¢+p¢, E) (x>=0,E>0) (3.7.2)
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FRIEIE AT RA B RBP4 h=p=

) F=1,MF#EG. 7. 24N
2 V=Fx d?y
7 E_ L4+ 2AE—2)$=0 (z=0,E>0)
/. : dz
/ : (3.7.3)
g ! UL SLo)
/ | #(0) =0 (3.7.4)
7 - gloo) =0 CREABEM (3.7.5)
0 : e BF R, 4
| GRER ¥
. LHAHK J o, £=23(z—E) (3.7.6)
0<x<x, ' —23F < E< oo
| : H—2° E<e<0 RZMAIFX,6>0 HE M
§=—2"E §=0 £>0 B HFEG.7.DKEHLEMAEG. 7. OFMB.T.5)
K 3.28 LRVEHBH N £ 5O
— &) = 7.7
i & =0 3.7.7
g(—2*E) =0 (3.7.8)
¢(o0) =0 (3.7.9)
1) ZHEEX (>0
/717\
= .g_gw, ¢ =Eu (3.7.10)
M. 7. D4 RZER] Bessel I R RS
dPu , 1 du A/32\
—(Iz—2+z dz (1+ 2 >u——0 (3"7'11)

BHFARIERERAER Ls (D5 Kis (2, S BREE —, =K Bessel &
H AL BB — A Tus () =T (567 ) 6 th OB IR B W R 2K 3. 7. 9, BB
BEBUS — A, B

¢ocJ§K1,3(%e’/Z), £>0 (3.7.12)

2) M AKX (—2VE<e<0)
BT e<0, 5 G. 7. DE4L A

© XMFLRELE, B0 KRN
WIEKE B2/pP)YS IERE  GF/u)?
KFIERER  (WPF2/w'° R (uhP)YS
YSAERE]  (uh/F?)Y3
e 04 o



a—%ﬂ& lglg =0 (3.7.13)
Yt == €12, g— € u, W LU BAGALY 1/3 BHHG Bessel 2
%+%%+(1—(—1§)—2)u=0 (3.7.14)
BB T AR T BB
(£ 161),  Tas(5 161
e 6=0 L e 5 (3. 7. 12) Y s R R A F 2
e (567 )= VTET [ (5 1617 15 1 617) ]
=0 E<0 (3.7.15)
(3. 7. 1) BEK s (5877 )45 6<0 B HITIES.

BB, RIE N SR (3. 7. 8) ,p(— 2V E) =0, Al i F A E R B E SH B
§Eg& En=2~1/3An(n=1 92939"') 9/1;1 %—F§UﬁﬁﬂgﬁAn(>o)

Tus (%Af/z )T <%/\i/2)= 0 (3.7.16)

#F Bessel RER AR HRFTE RS, BEIE
A, = 2.338,1; = 4.088,13 = 5.521,A, = 6. 787,

AT LU , RSB 7. DR BR AR E, =274, (B R = (hzziz )

W53 —ASIH , BIRE n 38K, BB B LR
E tE,:EgtE ¢t oo =1 1,749+ 2,361 : 2.903 ¢ «
I FH Bessel REUBHE R IF R [A—>c0, B E—>c0, BLKF RN, Z(AS6. 13) JA] 4%

s (B0 )+ 10 (£377)

[T e b )]

— 3—3/4 23/2___71 . T
—Q/K/\ 2005(3/1 4> cos &

ST AL, FEG.7.160MBHTRAH

cos(-g-/ls/z —‘%)= 0

@ #Hin,M. Abramowitz, 1. E. Stegun, Handbook of Mathematical Functions, 1965,
« 95 o



a = (o= o= (s

4
A = [%(ft“%)n]m Gosn > 1) (3.7.17)

Wi E, =273, (4RELD) , B
E, = (h—zlzfg—z)l/s[%g(n—%)}m (n>1) (3.7.18)

th F 4R LT BB TR (i) P BILBUN KR TR E S0 R F A8 n > 1,
1 ST AR H o ZE SO T B 80 A (8T A0 J2 5 5 11 352 R
z30

"3.7.2 RUEBPHHEES

RAE—REFHASRREH L, MHERER E, 4115, Z 5 s .
TR TR VoK ‘

V(z) =—ebx (3.7.19)
R EWF « 71, BUREALHIEEE 0 3. 29). RE& AT Schrodinger 1%
2 32
7
; > E
/
&0
E X
%
H
2 V(x)=—eéx
7
Yy
V.
7
4
A& 3.29

KA BREL (h=p=e6=1), ]
¥ s E+De=0 > 3.7.21
i )= (x=0) (3.7.21)
é\
&= 23 (z+E) =0 (3.7.22)
T
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o e =0 (3.7. 23)

d¢’
R
e=Zen, g Vi (3.7.24)
|
%‘+%j_:+[1—--(—1;ﬁ]u=o (3.7.25)

XIER v=1/3 Hri Bessel HHE LI FEA). T —BETTLUE 1/3 Bl Bessel i
80 (Jyss s Nys, HES  HIZ RN R MBI Sk k. (BABER LR « Ny
G E AT R, BEBUN S —2K Hankel @3 HY (2) , B

(&) oc /2 H{} (%s“) (3.7.26)
T RIS 1. FH Hankel RS BHERLH 7, R (A6. 13)]
H§}g(z)oc./fzexp[i(z——?—’2‘)], | 2| = oo (3.7.27)
IRt
(&) oc 5"1/4exp(i %53/2), £—> co (3.7.28)

(EXPELRE FERIE KT, XX TN TR W) . AT 55 m¥okiHE
BFREE j B THE .

.k « d¢  dy*

=4 2 L)

FBRBM(FR de=27"3d8), 18

j= Zlizl/s(sb* %_Sb%): 91/3
p=g¢ g=¢"
A
v=j/p=2"e= 20+ E) (3.7.29)
XE5EMSIERITEERE2HR. BiktRTEeEE
S’ —efr =E (3.7.30)
1

0= Zg—e&#—+@=«/2(x+E) (EREARD (3.7.3D)

3.7.3 BNGHEEESR
NI B 13800 RAE R R R B 25 8] P S 0 1 i, 14 | b 93 30,
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B KFRNEs T RE%E. SR, B F =300 FEE R R EF R
B A FERAMEERT . EHTAESI D RERS. flnESRE TP, mF5H8
FTHIASIAEARA TR EMNZBINEEHEIERARER 107, TH 5| RN
EREPBMIERES ERT S FMEFRERRES, 22 NEEFTHT
I, T XEENEEHEITHR T EITTE, B AR LRSS RTIEL. A
115 B H15 , Schrodinger HRME F 1 NHMEAFTEY FHAES| G FiE
SRR FIRE A BRKE RS, XA RGRI TR EZEIESE.

Bl , Nesvizhevsky 28 A DHERBA HFIREAHBRNE G+, ERIFEBHF
BB E L RAEE  IESL B F S iE A T E AP Sk T8z 0. 1]
HHBR T FRETNTHE. (2 PFAWEA, 7T LAHER B EAEAXE 58
F#H. (b) TP REANFH, P FRER/D, X R de Broglie K
K, 85 W EETHR. (o) FFAERKNEMR,ETFLEWRR. E{UbRE Y
A5 BANREY B — R BB, AT, K E (=0 E —JF
T )2 5148 (reflecting mirror) , B FHRE T >0 X H,

oo, 2<0

Vi) = (3.7.32)
p8zs z2=0
p AP FRE. VO IR IREE 3. 28 #H{l. Schrodinger FHEH
2 dZ
*g—#@¢—|—(ygz—E)¢=O (2= 0,E>0) (3.7.33)
WERBAL (u=h=g=D, N
2
j—‘f+2(E—z>¢=o (2= 0,E>0) (3.7.34)
z

5XG. 7. ) A LM, &4 5K, 7.4 . (3. 7. SHHE. B,k #
WRAHREARIMEENFEE F=pg)
E, = (hzggz/Z)m/ln, n=1,2,3,°" (3.7.35)
ST T, BARK 4 ZIRERES A (S peV=10"%eV)
E,=1.41, E, =2.46, E; =3.32, E, = 4.08,--

IR REBAME R (BRI THFRERISHILRERE | ¢.(2) |2 A 3.30 BF
R AEBR D], 1peV JLFEFH Y FHABERS P E—-IPFHRMLERS
10pm FFBRRER. XA E VR B M B X TIE L P FEMBRE| P R ERE
KRBT LB ERARM.

e SEBRSER B, BN BB R A P FRIME , FHEE T, OB R4
TMERE = A1k, Nesvizhevsky LI, ib—RBER T FLUUBEE v~10m/s

@® V. V. Nesvizhevsky, et al. , Nature, 415(2002),297~299.
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Z(um)

50

40

30

20

10

0

B 3.30 EAHEBFREG. 7. 32) P P FRMILLRS LR FE

BOMILEREE | 4.(2) |2,n=1,2,3,4. P FREEKERHE (=

0OZLE(z=0)iz3h B A V. V. Nesvizhevsky, et al. , Nature, 415
(2002),297.

N(counts's™)

Absorber height/um

’l 3.31 BUH Nesvizhevsky, et al. , Nature, 415(2002),297.

7K 1) 5 18] — A K i B (BB 2= 0) B [ 5485 (reflecting mirror) B F 75, %
SRR 10cm, B 938 3T LA SR 1 3 B 1) 1932 3 R ERE | 7 OB )
AT T7 1] 1932 3 (B S IAERD . %S, 5K R S EAHEAT RS
N Az EIE T — A F R ES (absorber) , Az AT A B . BB W E, 9 F
MM EHREE~1 Tom/s, m/NF P FKFE 3 3EE. AL F7E ke R 5
B AS Z B2 [ J5 » B — > o PRI 28 (detector) iB % F k. SR HHH T
TN BER IR OB B A= THAE. 7E 3. 31 B K48 B 1 42 0 7 2 A FL 4
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R BERBE A BIKRBRIFEN T B R, T BRR B TS B 8RR R
BRHERNE T EITEER, BB FRR LRI

M 3. 31 ATUUEH G2 B P PR E T W PSS
ZR, SLRMMARKZN. Titt R FTEBEERNETFHETEER, M55
BMAAHLSHE. Rt RP FRMEEEAESR E Wi ESERENREE 5% 5
XA LI, SR T HERT | 7 Rk P R 588 T H AR B 3B (3. 7. 32) s g e
T AEWEE T M TR, BERARESEA L, TR 7E B Bl AE % > IR BKER. T HE4R1Y
Wit , A S0 Nesvizhevsky % A B30 EE K% 3075 | SCk.

"3.7.4 BFNEENEMNEHFE

A. Einstein )7 XS R XTI A 51 7 AT S A 360, & Xt il
KEE B AR AR BT st B Ye S ih A9 Sc e Wl 45 5, Bus TR K,
BrUARBUR BN B AN 78 20 42 60 AR, HiE 7 A, 3K FHEEE SN
R, SUHMBTEFHEBREHF @B Z MM A, T EWE R Mg,
I B EIE , 51 SRS R, KB4k (Big Bang) T8 #2409,

REBT M SOHM XA S LIS, 20 5IEBASR AR, HiX
S5 43 AN AR A AR R BE B 23 [B] B (1SR, B F 12236 % o Hb i BE T 1%
WMIRT R HAWRELEHRE, RS, TES KRS B RE
F s AE RIAE ) SE 2] LAZBS. T SCH S BUS SLSh B SR R b B R A R
JE 23 [A) FI et [B] 9 90 SR 32 30, (BAES KT b KRR K, IR I T e F TR B
R PR B 2], W R B F R ARSI T, B KA R R
REOTRGIUIER, BB X RER BE B2 b & A B BTUAB AR R T
B KR AE, BB XS 5 BT 14 & %0.

BT HFEST XHEMNBWTFIE, & H B RIE“SHFEH” (the equivalence
principle) , BLFR“55 5 SR H” (the weak equivalence principle) , &£~ X AT
WEREOZ—. IRESRE, £S5 E 5%, A YR ER LR R i hn 5 g
&3l (Bl INTE B BR R T M, B BE R 9. 8m/s). & B Galileo By Pisa #HEHI B
F VR AR SC TG , SR AR B X — EUAE. H S R R BSR4 FR & (inertial mass) & T
H f1 i & (gravitational mass). \

LB BHEREN m BT ¥ BN

mi = F (3.7.36)

® A. Einstein, Ann. Physik, 49 (1916), 769; The Principle of Relativity (Dover Publications,
1923).

@ BHLXNL( ML), BEHE AR, J65T,1987. ST AR, ™ SUERHET 1) B ) , L
R AL, 63, 1997,

® G. Amelino-Camelia, Nature, 408(2000),661~664, Quantum theory’s last challenge.
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W NATES 1, F=—VV,

V(r) = mg(r) ccm : (3.7.37)
sOATHTIHF . XEEBRENFHRERE S5 A REEMER. X, ETHT
HGPEMRF, FRB. 7. 3600 A E N

r =—Vg(r) (3.7.38)
KA ARFEHIR T RE. XRE, ETH NG FORT , NSRRI, BAH
HRETIEE. Fit, REGRE r(ORBIEE 7 (0)=0(0) MR, WA FE 34
E r(),r (O)=oOFHE, ARRTRERFTR. ©RYKFETH 5T
3B Bl B — T % B B A X Bij M (global symmetry).

EET /%, HERREET R ? % EHET A% PR FHE MRS
AREH, BRI B SMEREER T AP ARB? YRR s E 7O,

(1) E BT de Broglie Bk A=h/p=h/mo(FEMMEHE L) A SR F R
R A% PSR TH RS TRRAL

(2) ERFHRPGELR ro=n'a,n HERTFE, a=H"/me’ Jg Bohr %42, 4K
TR T . BB Schrodinger R RAE—RE N m BH FE—MRE
R T R M)A Bl 15 152 3, ML BB L2 (¢ 120 GMm) X
r.=n"k"/GMm® , A TR 7 R &

(3) AHEHERXR. W T HAB/NAHEENEE, AxAp=H4/2,80 Az » Av
=#/2m. ST RRFRE m (BT, 2 Ax AR, Av SERF , BAMY 8
AR,

MWETF S1 2 B A (i B A 4E 7 2 CR & Bt Schrodinger 72 X E , X F&
513 V=m¢ FHR T,

("2% v +m¢)¢n = Exn (3.7.39)
Al EE /Y
[— é‘(%) v+ ¢:|¢n = e (3.7.40)

Ko e, —E, /m. B BT RTFH 1 25 e, BT SR G /m). FFER T
BEBAENE E, =me, (h/m) L BAAE B g, (rob/m) B SR F A X TR I

N BFEER E=-pmv? tmg=m(50 +4),E/m W5 m Tk

HRTRZGAN, BB T 15 T 55 S8R B H AR L. BEL BARR T (>0,
B h/m—>0) , 35 30 B MU AR AL
AN, RERT 12NN 20 2 324 BRI AR B Sk, 2245

@® B, E D. M. Greenberg, Rev. Mod. Phys. , 55(1983),875.
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B FESUSERBAS TR AR (BB AHE &k, B & R A HHE . IR 54
—IER, 2 21 AL ARTEIGH— APk, 2 TX T HERIEL, TS 8 G Ameli-
no-Camelia Jy28:3 8 FEEHEA —FH FI4EFHRE BSCE I K 330 FTS | SOk

3.8 B # %

EANVHGE, X T B BT, e A A RES, e R s gL,
E = #k*/2m (—oco <k <t 0)
MF—HEH BT, RN BRI MR THTEINRT, EANRS
HCRREIIH) , lE B R AL,

E=E, = (n—i-—%-)hwo, n=0,1,2,

R V(x)ﬁﬁilﬂ_l:%ﬁff
Vix+m) =V(z), n=0,+1,+2,- (3.8.1)
BIX FAARF R o BB R AR K. T e iTie B 15 T 7 0 sl a0 4, R
eI BB TE 25 4.

3.8.1 Floque FEH

BT I RERAAE TR MN T H— e B AIEE E WH AT LR N
uy () R w, (), BAR ML IERR A —. BB AR HHES, w c+ ) B w, (x+a)
AT HE R AME MBI R BE R E)O.

R EATERFT LRAR I w () K w, () BB HES, B

@ G. Amelino-Camelia, Nature, 408(2000),661~664, Quantum theory’s last challenge,
@ B 5 L4V Ju) =Eul) ute) RIERAES. BRI E 5 R R 5.

AR —RIRR, 2 =zta EFAGET BEBATEH BN

2
[—;71@+V<x )]u<x’>=Eu<x’>

g
d«’'=dx, V(") =V(z+a)=V(x)

BriA
hZ

l: 2mde +V(x) ]u(x-f—a) =FEu(x+a)

B u(et O WMRBBERAMS, AMEEH E.
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w(x+a) = Chu (x) ~+ Crou, ()
w(x+a) = Chuy () + Cprup ()
FERATER , 0TI SRt B b0, WS AT LR BB AR, o B o, BB
T faj B

(3.8.2)

J(x+a) = Ap(x) QA FEO (3.8.3)
HE AR
& T BN
W) = Auy (@) +Buy (2) (3.8.4)
Hop A BREEf (o BEWER(3.8.3). XEFATRER? R (3. 8. HRAR
(3.8.3), f|H= (3. 8.2),1%
J(x+a)= (ACy + BCs)u; (x) + (AC1; + BCyp)uz (x)
= ALAu; (x) + Bu; (x)]
RIEFA w () K u, () IERIT—%, 5718

{AC” +Blq =24 (3.8.5)
ACIZ +BC22 = AB
XA ABRRMFRIBRA. ClEEYERNTELRG N
Cu=a Cu '= 0 | (3.8.6)
Clz sz —A

XA KRR, BB EMFEAMRE A 5 2. 48 K RARGB.8.5),
AR A\B BB, A EATRARG. 8. O, BISRASH R BB BB o1 (o)
Fegn (), ERTRWE R R (B. 8. 3) I, EIRIFEE.

it

(1) K (E. 8. D BARATHES MTF .

Jx+mna) = A¢(x), n=0,+1,+£2,- (3.8.7)

WX (3. 8. 7,7 A >1, ] n—>ocohf, | ¢(x+mna) | >0, BIfE Lo imAb, ¢ £

TAE, HW, [A1>1 BARAVFR. 5, #l A

J(x—mna) = A—l,,gb(x)

HY. B, (3. 8. D H Y A REERAEN 1 (MR T,

lal=1 (3.8.8)
(2) #IB3. 1 e 5, F—45250, B TR — e 8 A1 E BN A AE 5
B o5 g, SR T &4
hidr — oy = EE(G 2 TH) (3.8.9)
Hp
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() (x)
ﬁ o f L CFSS

BR#EX . 8. 3),818 D(x+a)=12.D(x),FFLA

D(x) =

Aidp =1 (3.8.10)
BA(3.8.8)5(3.8.10), AT A
Az = Ay
AYHEL '
A=e%, =™ (K3 (3.8.11)
X BB B BER A AP JARH 270 , N Ka BREETHITEEF
—a<Ka<x, BI-2<K< (3.8.12)

3.8.2 Bloch I

#% Floque 3, Xt TAHIH (3. 8. D BT RIRE B AME BRI ¢(2), BATLL
MEUE ¢(x+a) 5 ¢(x) RE—AER 1 WHEF. 1L, m4

P(x) = Pk (2) (3.8.13)
M & () 1 R R 8, R 5 R A ]
Pk (x+a) = Px(x) (3.8.14)
Her KEEBO R E, #R4 Bloch B %k, 11 EP Bloch & 2. 5% Ff 2 R i & #H 3% o 0K
>4 Bloch I sk %%,
HERA
#% Floque 3,
gx+a) =e“gx) (K5 (3.8.15)

F#3(3. 8.13), M= (3. 8. 15) B
W = Vo (z+a) = e P (z+a)
il = e og(2)
A
O (x+a) = Px(x)

3.8.3 REHEHO

R4 _ b e Rh &4, 7T LHEB RS R F B B AR 2 REH 45 4.
B 0<o<<a X H

(/J(x) = Aul (x) +Buz (.’13) (3. 8. 16)

w1 (05 w, () B 0<a<a X3 Schrodinger TN B THEEAMTEHENEE

® S. Fliigge, Practical Quantum Mechanics, (Springer-Verlag, 1974).
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PN XA, # Bloch B, a<<o<2a KRR ER N
P(x)=e“¢(x—a)

= eiKa[Aul(x—a)—}-Buz(x—a)] (3.8.17)

B (3.8.16) (3. 8. 1) R fE x=a &b ¢ 5 ¢/ TS, A8

{ Auy(a) + Bu;(a) = e[ Au,(0) + Bu, (0)]

, , o , (3.8.18)
Au’(a) + Buy(a) = e[ Au’ (0) + Bu;(0)]
EXR A BREHEFKRFTE,A.BEIELERUATESMER
u (@) —e™u (0)  u,(a) — e®u, (0)
, o , o, =0 (3.8.19)
u (@) —e ui(0) wuy(a) —e“u,y(0)
FIA 3 1%, @5, umu,—uu, =, E33HE, FRXLREH
B=U: _ _ coska (3.8. 20

2Cuyuy — uguy)
Hr
U, = u (0uy(a) +u (@)u, (0)
U, = u, (Du; (@) +u, (a)u), (0)
iZAT?:%XT*fL?ﬁEEZFE{EB@ — A~ FR . ﬁ:i: | CosKal <1,/\ﬁ %?ﬁ@‘?ﬂ@

e RO, %)ﬁl‘f’f% Kﬁﬁﬂ‘]?ﬁﬁl %ﬁ’ﬂ‘iﬂiﬁ 3'55'?~5LT£ cosKa—+1 '5 Rp
Ka=nn,n=1,2,3,*

Bl %ﬁﬁ?ﬁﬂ)ﬁ,ﬁﬂﬁ%%%% a+b) R (B 3. 32),
Viz+na+6] =V (3. 8.21)

B 3.32 A%

(D) &eZE E>V, 5.
X T P (—o<<a<<a), FRET]E A
ikx B —ikz’
H(2) ={Ae., Thel O (3.8.22)
Ce** +De %, —b<x<<0

He
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k= /2mE /%, ¥ = ./2m(E—V,) /4
A z=0 4 ¢ & o' ELEHZ&M:, 18
' A+B=C+D

ta-p =c-p
P NITIEE
c=3[(1+5)at (1-5)B]
D=%[<1—£)A+(l+fv)B] (3. 8. 23)

T8 Bloch 8, X3 I F B R ¢(2) ,a<<x<<2a+b, 5K T FH¥HE
B p(x—a—b), —b<(x—a—b)<a, HEFTHIXRRE[WR(.8.15];

iK (atd)

P(x) = g(x—a—b) (3.8.24)
EIZEEI?FHHB‘EE'-L(JC a) ¢ B WFESE, 15

Ae®™ 4 Be ™ — lK(a‘HJ)Sb( ) = K@ (o ~ik'b _}_Denkb) (3.8.25)

k(Ae™ — Be ™) = /X" (Ce™ — De**) (3. 8.26)

F(3. 8. 2R AR(3.8.25).(3.8.26),18%8 A.B i RHFRTHRN

e
el e -
2144 o 1 (1 4o
N <~f+1> Y -

WFR T BRE I PEBNRER MR RZEITHIRN 0. 240,15
(B+E)2cos(E'b+ka) — (b —k )?cos(k'b —ka) = 4kk’ cosk(a+6)  (3.8.27)
BsEb i 15

(B2 + k%)

coskacosk’b — Tkk——smka sint’b = cosK(a+b) (3. 8.28)
FRLL R Y
2 /2
coskacosk’b — %sinka sink’b | < 1 (3. 8. 29)

A 8 X R xR T RE B A AR (E B — 1 PR .
(2) XF E<V, H58.
R%&L

' —>ik, &= v2m(V,—E)/k
A
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cos(ikh) = chub, sin(ixh), = i shub
(3. 8. 28) W[4k K

coska chxb —
R (3. 8. 2D M4k K

kZ —ICZ

e sinka shab = cosK(a +b)

2 ___ .2
coska chxb——k K sinka shup | < 1

2k
¥ Dirac Hi
@ 3.32 EP 9'“.’. b—’09Vo“’°°,{B_ﬁﬁ bV, ﬁ#ﬁ Y
bV, =y

N|#F T3 Dirac Ht(RLE 3. 33),
4o
V(x) =7 D) 8(z+ma)

n=—oo

SuEe

A 3.33 Dirac i

HITE, S
Yy =056V, = (h*/m
R
mV, = hzﬂ/b

(3. 8.30)

(3.8.3D)

(3.8.32)

(3.8.33)

(3.8.34)

QBAAKE] . y BEREE 1L 6>0(V,—>o00) , i} k= vV2m(V,—E) /ha
V2mVy /5= /200/b , T chib—>1, shicb—>ib. WA}, k2 <i? , TR LA (3. 8. 3004k K

coska + %sinka = cosKa
Mz (3. 8. 31)4k K
coska + kgsinka <1

(3. 8.35)

(3. 8. 36)

K k= 2mE /. L XEDRF7E Dirac X FEHI5 + R B AAEME E 3

)55 RS
0/k = tanf
1l
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1
V1+0 /R

coska -i——']?—sinka = iCOS(/W — 0 = 14+ 0% /F cos[/ea — tan! (Q>]
cosd k
F.(3.8.36) A HE K

cosf =

cos|:ka — arctan(—'Q):] | < 1 (3.8.37)

k JITF/R
FAERER SR ka RVHERTLTEE. B 3. 34 44 Qa=4 WIFL T HITES
%- ka ﬁi@ZEﬁ%_ﬁmﬁﬁﬁfgﬂj ’ﬁ/l\ftiq:IZE@J:ﬁﬂj ka=nn=Ka,n=1,2,
3’-.._

FERAS ha RUFENTES, BB E=-P (ha)® B A VFTEE ENATSR M. 2501

2ma’®

R Sl o TR R R T R B WAL, W E= (ka/n)%

2ma’®

3. 35 45 th B B HPIR G A

.
16%
91=cos[ka—ar<ftan%] 1 (k 210 %
y=/1—+m)7 =32 97
| 77
01 = 52|1t 3t10 4n 15 57 ka (l)’

Al 3.34 Dirac HiRIBEH U E RIS Flugge —) Al 3.35 Dirac HBIREETSS
H (E R IR R 23

3.9 FERR

FERU T 4517 3R f# Schrodinger J77RR , #R A T RIFRR. BARFHMR
2 (DREYHE R ENERES TS H 3R BH R &0, Flin X RAESH
S, RIBRLT AS RS B AR BRI HES. (OERIRERT—YH
FIR S BB, FRE R LB B, ]y e 5% SRR St B IR T 4.8
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#.Coulomb #%. ()5 TWREBEFH¥ERMI%HRER. FlNHR S 2 Mk
THEZE SN W ENES, hERHLIRER. FTUERESEER T, A
TR AR R R KK Schrodinger HE.

{ELRE 48 Y, B B Rt AT LA SR AN B Fh R B A 54 18] B (431 a3 4R )
HBRZMALIRERSR F Schrodinger 72, R _EHIF, K@ B, B 1 E5H
(BIIMEAERD , RSB R R KRR, A 245 8. %t F—4k Coulomb ¥, 155l
AP, WIXS T — I F, Bl in B A B T B R, A AR R T 3h B %
V(p) , EARRLRZ R HESE, URASBRENE. X TR & H—LHE
2 BWAT AR S B RGOSR, (ERBSAE— 2. Wit F e, FshBR S k4
PR X BRB T . BT AR AS [R) 1) R, AR AR, L SREUE B IR

TEALARZS (A B V (o) BT Schrodinger 524

hZ dZ
- % i +V@ |p(x) = Bp() (3.9.1
I BRL ) Schrodinger FREATAITFR . o) 1EZE#,
1 [t IN ipT/h oy,
= 3.9.2
() mjm¢<p Yk dp (3.9.2)

RARGB.9.1),48
1

/

2 .t . 7
[Ty [ 2 4v Jpherh = B[ apcprer
Ay, -

v 27k v 2rch
BHTELL e =4, %t = B4, FI
+oo o ,
J dre 7P = 2nks(p— p') (3.9.3)
AJ18H
Pz' oo / /
s +| Vi) dp = Ep(p) (3.9.4)
HEREh &R Z A Schrodinger &, K
1 oo —i(p—p) z/k
V,y = V(x) dx (3.9.5)
W= j Ve
W V(ORI FERR x BIERRE,
Viz) = >, Ca" (3.9.6)
%3
xe—i(P—P')I/ii — lh %e—i(rt")r/h (3. 0. 7)

X (3.9.5)AfbRH
V= 2,C, (ih 9—)" iﬁm e P dx
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= Z_‘(,)c (lh—) 3p—p')

= V(2)3(p—p" (3.9.8)
A H
3
= i = 3.9.9
=ik 2p ( )

F (3. 9. O ARK(3.9.4), T{%tﬂ Schrédinger ﬁﬁﬂéﬂﬁ%%qﬂ B A —1 %
RE

p Kl

[z,frv(lh )]90(1’) Ep(p) (3.9.10)
filan, 3t FEHEH V(o) =Fx, LG H

(P TRE 3 )90(P> Ep(p) (3.9.11)

St F i F V(x)-— 5 e’ 2?3 (3. 9. 100 A H

(f Zﬂhzzd—>qp(P) Ep(p) (3.9.12)
7
TS BB LR E RS TS,

Bl1 ERT
SUIRERPHRIN =ik s AL EHRERTAFEERTR 2 =ik 5. T

& F CR A BR#ANL, s=m=w=1), Hamilton BA] £~

H——% CA Lo (RER) (3.9.13)

H=- ;b — % GHEXRS) (3.9.14)
MEEERLBHAL. EHEZERLPHRBEEENERRS) B SLRERLPHEMUL 3.4
). BIINFEA T RS, 2R Gauss B AL, FrLARLEIEATTHE.
B2 L

EFHBEEZP, EHEHRN 3.7 HRG. 7. D]PRFH Schrodinger FERFRRA

2
g—go(p) +itF Lo(p) = Ep(p) (3.9.15)
“

dp¢
(PRI BRR PP ER. LXK RN — 85T, N

o(p) = Aexp[—hiﬁ(a—l—Ep):l (3.9.16)
ARE LR, AR R, W E TN

g(x) = +_:(p(p) et dp

- J
Vv onh
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z/gt_hjmdpexp {:#F (x—%)p:l
_ _2A ([~ S[ ?’ +£(x_E]

v 2rh Y 0 0 F
A=
=J_EL cos (% + ) du (3.9.17)
Hrp
u= p(2huF)1 (3.9.18)
2 1/3
£— (x_%) (4;_“") (3.9.19)

ARFB—A—LER R G OIDHEL BRE—LER A5, R ¢ HERH Airy BH,
Ai().

FE 0 KR (ZHERX) , Airy BRI HE A3 K Bessel BB UL T5)

A = EK,s (£ 877 )22 «/_(483/2)1/Zexp(— Zgn) (3.9.20)
T <0 K (2B AFX),
Ai® = VTET [Ty (£ 1617 )4 T (Z161°2) ] (3.9.21)
R A ¢(x=0)=0, AT15 Hi 5 2 BE B AE (i 5 12
Vs (50 )+ Taa (£277) = 0 (3.9.22)
H
A= (%)IBE (3.9.23)
B
52 ()" .

53. 7RG 7. 1DMGE. 7. 1) MR, 2HEG. 9. 22) M (n=1,2,3,+-).
3 —4k Coulomb #.©

—a/xy, =0
V(z) = { (3.9.25)
oo, x <0
U sRERERER E(<<0). Schrodinger HREER N
2
(E=L)etrr —2op  E<0) (3.9.26)
y7i X
Al ATRZY L dp, 1
x ih ’
2
(E—%)go(p) =— ~jdpgo(p) (3.9.27)
7

O —ABTRMESBANBIFFEN LF >0 EH BRRETREIB S, DR T
R 0= >0, WA w AR,
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& f =—2uE>0,

(P + ) p(p) = %fjdmp) @.
=
o(p) = [ p(p)dp @.
il
o(» = 4ap) .
dp
2(3.9.28) 4k
do _ 2 _dp _
_ o ih p?+1f
Bk s ‘
_ 1 2
Ind( ‘[)) % 7 arctan( v ) (3.
Hp
By — = ayp| 22 1 y]
D(p) = Jgo(p)dp = exp[ o 77arctan( v )] G.
arctan(p/pJ& p HIZH K.
P\ _ [ ? :I ' _
t. - | = t Ik ’ k—19293,"’
. arc an( . ) arc an( . ) " '
EEH o(p) A O(p) B BAMEYE, IR
g&=2n, n:192,31°" (3-
A7
Bp
17 = s% [ (3.
T RERAIEH K
— =———i)- - az - 1 2 b 3
E En 2# Znth’ n 32935 (

XEREGRMB AR RS P — 4 Coulomb #f) Schrodinger 77 B EIA4 RAHR (WL 6. 7 37).

B4 BB '
Xt F & Hujl V() =—y8(x) , % (3. 9.5),

Vpp’ = Y/ZTfh (3-
Hitsh B FE L2 H Schrodinger HFE(3. 9. DK
_ 7 __ Y[ __ €
(E 2#>go(p) =L epdp =1 @
A
c=|" pprap @.
(3. 9. 37) A8
_wC 1 3.
o(p) b D' — 2 (
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. 29)

. 30)

.3D

.32)

.33)

.34)

.9.35)

. 36)

.37

.38)
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X FRAE(E<0),4—2uE=KF>0(B5) FLAR. 9.39) , BARAR(. 9. 38) , 18
_At_dp _wom

—~ pP+KF  wh BB #2B

E__KE __ &

3.9. 40
2 2R ¢ )

5 3.5 ¥R (3. 5. 23)—F.
3] 3}

3.1 RFE—HLG V(o) HiEsh, IEHHE T AR RER 0522 1 R L F A2,
3.2 w%%mﬁ%m¢@@mﬁ%mﬁm¢xﬁwz
=a/2, (z—p)f =2

6
5(1—22)
HAEBA Y nroo, 1 _F 265 154 Lk 1 — 3.
3.3 BRI FALTF ERREEBE(H 3.2) o, RE B ¢(2) =Az(z— o) ik, A=

V302 RIA—LHE R QR FRAFRER MR w,. (b) BEETHIE R,
"R 4

o) = Zﬂ:cn‘)bn(x)’ &n =A/—(21—sin%rx n=1,2,3,--
HH w,=|C [*. A

SV L 0, Sy
n=1,3,5, N n=1,3,5,- N
. "
=MV—MWH(DY
_ 2
E= Z’; }:Z’El ~ 1. 014E,

= VE-BY =5 £,
3.4 —HERRELBPR T, BE
== —1‘ X x
(x,0) —ﬁ[sbl( )+ ¢ ()]

Kz, D=2 z(t)=2 H=7 H: =2
o

(=]

$(z,1) = J%[gbl () exp(—iEyt/8) + grexp(— iE,t/8)]

16a E, —F 3’k
z(t) = Za—g——zcosamt, wy = —2 5 1 = 2:112

=—*<E1+E2> =%E1

H
=&+ =k
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3.5 —HEMBEFEHE 3. D FHRTF, BLT ¢ (O REFHBLHAHEEB. 4 n>1
i}, 5 &MU T 3 LB

%:
Jz |
7 (0 =25 exp[i(%_%)][fv(ﬁ—"—fﬁ)ﬂ— D= F(p+22E) |
Hr ,
F(p) = ————-—Si“;ap‘/‘z/ :h)

k B |2
(o= )4 — 1w F(p+72k) |

l¢(P)12=—

EHT p=i’%’il§ﬁi&(@ 3.36). w>1 i, A UHFTARIRA »

oo |2~ ([ F(p— ") + F(p+722b) ]

p=+E— o E FREERNE= E—"“EB‘J%,J&?Z}‘#E{E

a

4
&)
h h
- ‘nZ- 0 _n—na_ d 0 a x
& 3. 36 B 3.37 RXFFRFEBE

3.6 SREEARXFREBE A 3. 37) P HPA T BIRELR.

%R TRER E>0,{8 E<V, (BEUEHI , HEN 1,4 k= v2uE /&, & B FFIAEK
T RHRE -

ka =n1c—arcsin(‘\/‘;z——vl>-arcsin'( ZVZ ), n=1,2,3,
i b B TTREERAE , AT SR AR E Ay AT REIUA.

3.7 BLTFZEHER Vo, WER a FXFRFEBHHZESN(E 3. 4). 3K (DFERF O FHE NI H
H—&RBREE ) EXV) M. (ORBERSE,IH5TRESB LB HARHEERR
SE TV .

& (D BFORISTF IR BB R M KA N

2mV,d’ /K = n*n?, n=1,2,3,"

— SRR BB B — RN AL ”:’xzmv"a < b, AFE—KRBERBFR). 5

2mVoa = B}, BRESI FEB W BB — AT FIRELR.
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@ RBEEBBN=1+[ L /¥, |, X BESLAIFRFMIL A WRAE TR
BHEBHIST E<V, MIESLBE0Y
n= ﬁ VemVy = N—1

TERR IR B v 0 RE LR K52 L ) FE BE 7 KR IR B P e L 7 B S 7 — .
3.8 RLEE, BRFLATFER /l‘ﬁﬁj‘ ¢ 2B W VoS E,  HE R TR B AR,

& BT ESSN B R~ mv TN E B P AR,

3.9 BN TFE—GRRELGPE, BRR T TR L iF .
#n e B RARREY(E 3. 38) , RIGLLREE Vo—>oo. BT EERIVERI H

F(x) = ﬂ/—Vol:a(ac—%)Jr*o‘(amLi)]

2
B x=a/2 BE LT R

F=[Vos(z—2) 1@ 2z =V, [ () |" = 2B/
M) V)
|
: ]
I E
S o
-af2 0 a2 x ¥
3. 38 & 3. 39

3.10 FRBLF(E>0)ZETHE B (& 3. 39)BE (x=0) &b B2 5T R B

_Vo x <0
V(x)={
0, >0
5. :
Ve {V(Z)/(16E2), E>V,
(VE+Vo +V/E)t  |\1—4/EWV,, E<V,

3.11 HIEHIX FHEESH 2K 3. 40, B FHRFEB R REHNEBS HER+S=1
(B E>V,).

: - Vo 5 B
3.12 ﬁvu)—exp(z/a)ﬂ(@ 3.4, KRR BT RB R.
BR A #H &= —exp(—z/a).

_sh’[ra(K—A)] _ [2mE _ [2m(Vo+E)
CE R= e kFn N5 0 K=/ T 02
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K 3. 40 A 3. 41

3.13 EFENFXNFEH 2B, ME 3.42(E<V,).
(DB A3 8 868 5 18 3 expl i(kz—wt) ],w=E/t=Hkk /2m,
_E | SR ST RE. ()RASEIEG,

g (z00) = J:odkA(k) expliCkz — wt) ]

_______ H AR ke IXFRPOLHSHERENERE. 1% ¢ REE
0 BB RN REE, KR SRR B RS EA LS
B, IR R SRR

A 3. 42
2. (D) gt
¢r (z,2) = Rexp[— i(kx — wt)]
R= }’fﬁs exp[— i9(A) ]
E= V2m(Vy—E) /%
(2) REER
dr e = | dRA D expl—iCkz +at +0G60)]
RS EENZEs B
x+%t—§ =0, &= Im(V,—E)/h
R &t a )

L2 _2m _ & (E0=h2k§)
) S Eohko VE, (Vo —Ey) . zm
3.14 REEAN EMPATHRFIRLLO AR =0 F1E, WA 3. 43. 78 2<<0 KB, V=0,2>
0 B V=V,. Pk F R R S Fdr it

EFHAR o

Slnﬁ . YQ 1/2 _ :
s g oo it EAIBE _ = D* FEWRE _ b
¢ TASRBRE (o FDPASWRBRE (o +D?
2% J. D. Jackson, Classical Electrodynamics, 7.3 ¥, &R L&Y . BES (BF
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S ERE R ST, 55 R, HF(1998). & 1. 13.

y

R4t ,
- E
g P v,
0 X
N - Z

A 3.43 A 3.44

3.15 RT7ER 3. 44 Fim#sghiEs,
Vo, lzl<a
V(x)={0, a<lz|<L
co, |xz|>L
(D KEEZAR. O WHLHBRELR ,a—>0,Vo—>c0,{H 22V, =y(FRE).
%Z: (1) E<V, B8 BFHRERH TRHE
kcotk(L —a) =— & tanh £a
= V2m(Vo —E) /k, k= v2mE /#
HFRRAEG T R
kcotk(L —a) =— & coth &a
E>V, R0 B FRER T RHE
kcotk(L —a) = yptanpa, 7= vV2m(E—V,) /k
AFHRERHTRHE
kcotk(L —a) =— 7 cotya
() AT 2=0F - dHL, V@) =y, |z|<<L. (BR3.25 &.)
3.16 BBl m WA FHETHIABFESE.

co, <0
Viz) = {

7mwx, x>0

KBLFHIREZ.
%.:E,=n+1/2Dkw, n=1,3,5,7,

3.17 BE—HXRELHE 3. 2)431_251139552?%%1‘}%

va
o(x) = 4 sin ot 2

Ja a a
R, OB F BB R A9 7] BB {E K AR L B HE R,
& RERVTRBNEDY E\ =r"4%/2ma® R E;=9x*#%/2ma? , AR HEE S K 1/2.
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3.18 HHEFBRR TEIRTH Schrodinger 578, 33k thsh B#EE 1.

p'_ me? 4 _
(=" 17 ) e (P =Fug, )

2m
) 1 p \7
n( )| 2= — p*/mh )[Hn( :| ’ =0,1,2,
’? 28 2".n!m€Xp( P /mhw %> n

3.19 BRN m WRTATFERTE Vi (2= K (K>SO MBS, (DMBERRIER

WR—%, MEGRAER V, (2) =Kz* , BEEI I BB FRER SRR F AL T V. S5 S M4
R (DOHGH VI RERV, J5, F#TUE, 2 —BEE o 5, LB HEFRER V.. [ « |
H G0 B IESFR R BIRRESS Vi BEEA (HEZE 100%0) 7

% . (1) 0. 9852;(2)r=zm/—2%,z=1,2,3,---

3.20 R FIEEBE V(z) =Vocosbzr BEF, BEHE

V(x)

TE p EHRPH Schrodinger H 2.
%
{;m-i——%—Vo [exp(bh )—i—exp( bhaip)]}go(p) = Ep(p)

3.21 ##HBGULAE 3.45)
2
V) =Vo(£-£)  @z>0

a.

Al 3. 45 SRR 5 I . T I BRI R S R T AR AL

%.E, =2k %[n+i+i( ST \/8’”%“ )],n=0,1,2,---

a

3.22 EHBRFRTP, *ﬁS%‘@# V(z)=—76(x)%ﬁﬁﬁﬁﬁ%ﬂ21iﬁfﬁﬁ HH® Az 0p. B
AR LR,

0 a X

_ﬁ_lk’ MAP=%(>%)
3.23 TEFHERFPIHBERT(REE ESONTEHL2 V@) =@ MEBH R SLiFER
KPR E SRR
3.24 RIFEE & #Bhizzh(E 3. 46),
V(z) =— 7 8(z+a)+8(z—a)]
RRBEEELR.
% BFEHRERES,MTERE—F)

2
=—_,¢€

28
e B TR

= 1+exp(—%e)
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Hp

y B
my
4 2a>0 BF , BT B RA— KT FHRRAEER,
E=— %;Lze
€ Ehs=1—exp(—%e)%ﬂj.
V(x)
—a 0 a
X
~ 5
B 3.46 XS B Al 3. 47
3.25 NFEHFHWE 3.47)
Ve — {78(35), | z [<a
oo, | x '>a

Fia B (ANERELB P RAE —A s B 2) , REHAR. HFitie v ARRAR/ I AR FRAE B

ZAFHRERAZ s HL2H,
En = 1 (K2;i2>nz, n=1,2,3,--

" 2m\ a
— 1 (nnz
v/ —ﬁsm(n:x)
BFFREER
_ KE
E="m
kBT E T RRARA .

ke = (LVa 6= /my)

a

3.26 RLTLIBER E ASTE—A s $£(H 3.48)

V(D) =18(x)+8(z—a)] E
SR G2 SRR AR LA Je = e SE 20 5 B 45 ALk :
%4 k= /2mE /%,C=2a(my/k?) (EBH) L L -

6= 2ak/C = #*k/my

Ep A 3.48 Xo##

« 119 »



R = 1—i0— (1 +if) exp(2iak)
G+ 1D? + exp(2iak)
D= s
(6+1)% + exp(2iak)

A= R|" BEE= |D|". SELBIAMN R=0, 8 exp(2iak) =10~ C—Liak

3.27 FBX mBRTIRUSNNE p=hk N z=—co A8}, REBIFHH: s B2,

Vi) =y 8z—m), a>0
n=0

REETRERHHOSHERE.
B RESEERGIFENR exp(2ika)=1, B

chkzn%h’ n=192,39'"

Rk A=T=L 20>, FEBAHET ISR 5 38 % 4RO B ALAA L, B8 OS2
WS BRI , TIE BB RS 5 BN 0.
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ga4E HEBRAEGRE
11 BR—RE B

7 2. 1.5 i+ Eiﬂ‘i’r&ﬁéﬁ%ﬂ%é&ﬁ%ﬁ*B@?Hi&#{ﬂeﬁ%i‘bﬁqﬁgiﬁ
it , T ES | #HSIB B p = —iaV. 7E Schrodinger H BB T Laplace B4

¢" NOZE, S BUREST B R ¢ B— B S8, IS8 A V(X , BUE 288 R B
VR ER. TEIHRE T ¥ PREBINER N —BE R, R f s bt i
R, EHRERN— RS, RIS S BT %P ERNERF—OE, 38,
&, 3R, #8E, Hamilton B%—k #5RC.

1 AN

FLit R FIIEEAMER O , B HNRAEEAE,
_ O Cergn +c2gn) = a0y + 0 ¢y 4.1.1)
Kb g 5 g REBFAEEL ¢ 5 o RAMEEER(—BRIEL0. filn,
P =ik VILRRMIA, FAES | dr W RAKIN. HRTHEBARRR

HEAF, REEBARREEA. LEHE D, R T ¥ TR B BRI R
REHERAF (BN, i1 8D R AR ZIE ) ¥ BB AR R ER, X R
SERINFEGER.

2. B FAI

AN BARERHERETFASEER) A REE, B
Iy = ¢ (4.1.2)
o REZNIE—B TS,

BREAEG A f1 B dHARWIEA— RS ¢ WEBEEEREHE,

O XTFEFHZEP B MR E ™ BT, 10, 7T 5 J. von Neumann, Mathematical
Foundations of Quantum Mechanics,1955;M. Schechter,Operator Methods in Quantum Mechanics , (Elsevi-

er North Holland, 1981) ; L B A XS ARHESH .
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>
SN

Il

wu)
S

(4.1.3)
MFRFA B H%,A=B.

3. HHz A

BHA 5B ZRENA+E), X,
(A+B)y=Ag+By (4.1.4)
o RATRBH, BV (A +BOXHME BB R ¢ W BIEERS A g+ By MR, 4l
#1, Schrodinger 782 81, — A4 F 9 Hamilton B4 H=T +V (r) = p*/2m+
V), RafEEA T SHEEH VO ZH. RIS
A+B=B+A Chngk3s )
A+B+C)=A+B)+C (ka4
RER A 1L DR 1O, THE RSB 2 AR B .
4. FRZAR

B A 5B WBIEN AB, EXT
(AB)y=ABy (4.1.5)
B AB XHEBB RS ¢ WEBSR, STEA B X g BHGE By RAFA A ¥
m;%;@@ma#%,—f&ﬂe% VAT BN R RS, B

AB = BA
SR B E AU 5 SR B — R 2 4. B A A AT
SRS B A PR,

5. EFAFHEAASFHX

Ao _Q_
xp.p =—1hx ax‘/)

A ., d . ., 3
pxp =1k 5—1—5(:1:5[;) =— k) —1hx Ec‘b

O NEABEFHINMERFUERERARNAS LM E—1 48 BERLEIRBERIER
T BB EE, EHE A e
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BriA
(xhe — pox)p = b
¢ AT BRI RS, FrLA

Th. — pox = ik

RABIIA AT LATERA
vby— by =ihs  zh.— Pz =ik
=
zpy—pyx =0,  xp.— pux = 0,
BIEER, B2

xaﬁ\p - ﬁgxa = ifisap (4. 1. 6)
ﬁ* z,(@=1,2,3)=(x,y,2) ,ﬁﬂ(ﬂ=1,2,3)5(£x 9£y 71/7\z) ’_tﬁ%§¥j]%%§
Ax B NAZIRX N NERZEA SR, THERG L OFH. —FERT
RAREE A—HHAATETHREBEFHEEL2BIN%HREA, 513X FH (com-

mutator)

[A,B1=AB—BA (4.1.7)
MR (4. 1. 6) AT ER K
[xa ,ﬁlg] = ih&,ﬁ (4. 1. 6’)

AXEIER , 3 5 AR T HIAREESER.

[A,A]=

[A,cJ=0  (cHEEHED
[A,B+C]1=T[A,B]+[A,C]
[A,BC]=B[A,C1+[A,B]C (4.1.8)
[AB,C]=A[B,C]+[A,C]B
[A,[B,C11+[B.[C,A11+[C[A,B]] = 0 (Jacobi fE&)

%1 iEH

O K. 1 8XFFZH Poisson {5
{A,B)= Z (aA dB 9A 3B )

e 23E M. 7T LAES
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[ f(2)] =— ih%

6. AHFTHAHX

BB Msh BEAE XINT -
| I =rxp : " (4.1.9)
Rp
A A A d d
l. = yp. — zp, =—1k(ya—z—25)
Uy =zp, —ap. =— 1h(z{5;—x é;) (4.1.10)
A A A . 3 d
l. =zp, —yp. =— 1h(x5-&—y5;)

FAR @ 110 ZEAST 5 (4. 1. 67) , 7T LAEH |
[Z\x’x] =0, [z\z,y] = ikz, [z\z,z] =;ihy
[0,,2] =—ikz, [L,y]1=0, [l,,z]=ihkz (4.1.11)
(1.2l =ihy, [L.y]l=—ikx, [L,2z]l=0

H(x,y, )8R (@125 ,23) s (a5 L, 5 1)IB Ry 5 Lo 5 1) , ) _ERET LAKEFE A

[?a ’xﬂ] = sap'yihry - (4. ].. 11’)
EE‘P €aﬂ7% Levi-Civita ?Tyf% ’%—‘/I\E%ﬁxd'%%ﬁ ,%Xﬁﬂ'l::

Soby Sy T (4.1.12)

g3 = 1 )

K @B 7=(1,2,3). ey M TAEMI BN EIR X 2, BUEERS. FHilb, 5/ WA
?Eﬁ?*ﬁﬁ 9'}-[“%7 0 ’ﬁjﬁu »€112 — €121 = 0.

KBl AT LLGERA
[7,,55] = euyitidy (4.1.13)
(1, 0,] = eyitly (4.1.14)

KU LI1HBABEH, B
| (0., 0,]=ikl., [0,,0.]=ikl., [I.,L.]=inl,
[1.,0.1=00,,0,01=[1.,0.0=0
R4 1. 1O BADBREFOEEM SR, BREEW, THAADREFN =14
B 1,0, LR S, R4 1L 1) P RIBHSARTFEEEER N

N

I %1 =il (4.1.15)

(4.1. 14"
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%32 4

/l\i = ?Iil/l\y
kB
1.0:=Tu(lotm
L
[/l\z9 /l\;t] =:l:hf\i
7. RHORE
B A 10 R A
A=A.A-A
B—w—/
(D
i, g A=t A= A= g
’ dx’ dxz ’ dl‘n y 4

Amtn = Am o An
[A",A]=0
551
EEBAT
T = p?/2m = (P2 + p% + p2)/2m
RSB

A

P= 0t D1

FAR (4. 1. 14) BT IEH

[fz’z\a]=0 (a=x,y,2)

(4.1.16)

(4.1.17)

(4.1.18)

(4.1.19)

(4. 1. 20)

(4.1.2D)

UL REASHBH=ZADBBEEARNS, A BV SASBRESBHEN

5.
%33 iEH
| [7,,”]=0
[1.,5*1=0
[Dorep1=0  (rep =zp.+yb,+2po)
%3 4 A
Tele=12—12441,
[14,0-0=281,

(4.1.22)

(4.1.23)
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%5 iEH

A A *f ., afn
2 _ 2
[pi, f()] =—%& 322 2ik axpz

# FBRAAR (7,0, ) RFTR , FIF AR B R

r= vt +y + 2
= rsinﬁcOSgo 2t
{ y = rsinfsing < § = arctan [_T
@ = reosd = arctan(l)
4 x
Al DAERA
2\ = ih(sin i—i-cot(9cos _{9_)
¥ ¢ a0 ¢ 3¢
N 9 a
< 1, = ih{— cosp a(L)-Fcotﬁsmga 8¢>
Y ey 9
le =— 1k 29
2 _g2[ 1 (s pd 1
! h [sin@ ae(smﬁ ae)+ sin?f 3¢’ ]
%36 LHA
[:i\ ’V(T)] =
V(r) R r R
%37 EH
A__ K 12,0 I* _pt, T
T= 2m 7 3rr2 ar—i_ZmrZ 2m+2 2
K
P 1
pr=— lfi(‘é?‘l_T)
8. #HHF
"

Ag=4¢

TR ¢, REGHE— ML o, AT LUE LA A Mg A

Alg=y
e 126 »

(4.1.24)

(4.1.25)

(4. 1.26)

(4.1.27)

(4.1.28)

(4.1.29)

(4.1.30)

(4.1.3D)

(4.1.32)



ARIFEEARE I G0, B HRTB R % A 2B, A
HEH

AN

AA =AAT =] (4.1.33)

A

[A,A"'] =0 (4.1.34)

%318 WA M B ZHEREEE, ER
(AB)! = g4 (4.1.35)

9. A Au K

BE—EBH F() , AN SBETE. B —NER A, T LEH A 1
E F(A)}O
A . > F(n) (0) An
F(A) = ;}) TA (4. 1. 36)
XHEFP(OOHTXLH
Flz) = E F(") (O)

B, oy —e=, A =3  mimrse ¢
_ dy_s1a &
FA) = exp(a dx)_ Z(}) i (4. 1.37)
%39 iEH
exp(a L) f@ = fzta) (4.1.38)

P (B BAF I R B AT 2Bl . Bildn

A A F@™ (0,0) A, A,
F(A,B) _,,;o_—*n'm' AB (4.1.39)
Hr
Fom (1, 5) = a",, ﬁF(x,y) (4.1. 40)

(BRI BRLA . B1=0 mEm 50, iR e U Ao 2 Ak, B A B2

O #HAU L3OEBEXHNERFEL, A —E#HEE XL
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FTAUFr A E Q. Bln, — Mk,

10. FAFeh B340, 3 B R JE R L4
ARBIE, BEX—NBTFRANENMERENBEEL ¢ 5 ¢ BIFR (scalar

product)
(o) = [y ¢ (4.1. 41)
K | de SRR R IR AT, dr RAKR B9 2 AR FABLT, b1

0, FEAL R
oo
XMHF—EhR  [de=| d

-
W F SRR fdr — Jﬂdxdydz

BRI TR AT IS B R R (BHAMARS) PRITE GELSE 8 2). H#ERM
BYRUE, ISR ARBR B B0 B A S (B SR A

BT SR
(o) =0
(G = (@r ) (4.1.42)

(Prarr T c22) = c1(¢rp) +c2(Prgp2)
(Cl(,bl _i"CZ(,bZ 9§D) =7 (()bl 9¢) +cz ((/’Z 9§D)

B75 O MEISER O RXRMRE, BHE O MR P HIE ERBRE
SR B, TEARRR T,

N . i /\* — i - A
Px - lh ax7 P.r lh ax px
FrLA
=—p (4.1.43)

s O MEBEROE N
(0, 0¢) = (¢* ,0¢") (4. 1. 44)

O EEBTHEP BTFHRERFKFEARKERER, —BiER, ARARNNEE. RESRER
T EMARER— 2R BEN-M2RO%E, REABERRR, EREEREER T, MRAKF
BH LA XS, RENRAR—MERX, ERITESR SR HLERRR.
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Bp
Jdu/;* 5¢ = szgo(/)\gb*

LR g 5 o RFMERRRS. B0,

d __ 39
T =3z (4. 1.45)

S
3

+co oo .
m‘L‘W 2z

4_00 a * *

dea; =
oo d v _ [, . 3
f dog 509" == | day 227

—oco

oo 2
Bf5E X, Etze= | dap® Lo, hlid
[ Zam (5 e =

BT ¢ 55 o RATRM,FTS-+-2 =0, BIR(4. 1. 45),

% 10 IERATE z REH

z = Pz (4- 1. 46)
#4311 iEH

(AB)=BA (A58 BREEAIERD (4.1.47)

B O WIEKILHEZ O 2 N
($,0%) = Oy, (4.1.48)
B 4. 1.42) 54.1. 44) , 718
($:09) = (9,09 = (p*,0"¢*) = (4,0 p)
Hp
O+= 0+ (4. 1. 49)

%312 iFW
Pt = b, (4.1.50)

%4313 iFH
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(ABC-* =A*B*C (4.1.51)
(ABC)t=CrB+A* (4.1.52)
11. X EH
WETHIXRNES O
Or=0 B (40p = Oy, (4.1.53)

FRMTEKRERE. B0, . 2.V () (0) BB EJE KRBT,
RHMEEH , A ER B2 BB, ERANEREFZRHR—ER

RS AT . 05, g AT =A, B =B, URER 4. 1.52)

(AB)*— B*A+ = BA
AWIA,B]1=08t, 475 AB) =AB,B) AB WERBEL.

%3914 B T=5/2m, T =rxp RIEKEA.
%315 WA fB REKER, M
+AB+BA R 2AB-BA
WRIEKEAE. HILEN ETER O TR
O = O, +i0-
o 0. =5 (0+0%),0- =% (6 — O WREKER.

RFJEKRER A FHIEEME.
RE RIS T DR TSEL N TR
HEEA

HIEKRBRFHE R @ 1. 53 UKR . 1. 42) , TR TR R UL E TS ¢,
0 = (4,09 = O¢yp) = (¢,0p)* = 0"
E 5.
BEE  ERROEMR TS T FES LB BHEKER.
HEBR
HBRE,EEBREFES 9 T,0=0",H

(0,09 = (4,09 = O, (4.1.54)
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o= ¢ +ape (4.1.55)
5 ¢ BREEN,c BREEN. AR U 1.54),78

L1 ,0¢) — Ogrrg)] = c* [Odrgh) — (g, OgD]  (4.1.56)

I ENER BT E LR (4. 1. 53) FrER Y, i BAEE.
igﬁ_l:_ﬂ«‘liﬂ?ﬂ]%jj E(E@ﬁf%ﬁi%?ﬁ%ﬁ* 3?)5?’7@75%%5,

#it &8O ﬁ}ﬁ.ﬂéﬁﬁ,wﬁ:ﬁ:ﬁ%?%ﬁ ¢ T,
0% = (¢,0Pg) =0 (4.1.57)

%316 ZIEKEH O TS FHRFHMEN 0, O =0(RER), B

Ogp=0 (pIER
%17 & ¢ AE—ILRBE RS F RBEARFIEH
FFF=($,F"Fp) >0
Pia & e I AYAIE I
% . HY Fy=0 0}, %54 s

4.2 JERBEAFHAMEE SAAE K%L

BR—MERLETETE & HAMNZWBER NEE ORF, — KUK, ATRE
H AP AR B ZER , MDA —E R, TN T ¢ KR HREH R B
STRAMFEKE R, B R LR (ensemble) , #4172 R M B ML RAFHE, BET—1
B {H. Wi — WA BIER, BLE FHEA — K. ke LA

207 = 6 —0) = [¢* O —0>7gae 4.2.1)

BN O NEXKEH,OMNIK B O -0 MEEXRES BEFHR
(4.1.57) , AT LATR H

207 = [0 —0rg| 2dr =0 (4.2.2)
RMINRE R T —FEEARE T, MENEZE OFBERETEHE

19, BNSKIE 207 =0, MK FORAFR A H1 3 B O B9 A AEZS Ceigenstate). FEX AR

o ——"]1/2 '
o Eﬁt##'ﬁﬂ[mﬂ”z:[(o —0)2] RHEN A0, BH O KTk,
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Tl 2. 2) BREH , MG EEONE, B ¢ L7505 2
O —0)¢g=0
(1%
O¢g=Cy | (4.2.3)

B CHE ¢ ZTUE O IBER. A TEITEHE, BHFHFREICH ¢, 0
EHEEH O,, FRRU. 2. DAHE R

Og¢, = O (4.2.4)
O, RHEH O 0 — A, g B K A BL 49 4 4E & 3 (eigenfunction). ik

(4. 2. OBER O WA B, RFBENTH MK 12 RO RAE B BRI L
WL EHEL.

B 4. 2. 4)—IUE-'£ éﬂzk,%&tac O WARIES ¢, B, z'ﬂli O WISEBME B K
O.. B

= (¢s0¢) = 0,(gns ) = O, (4.2.5)
L —W B, EXERFEEAAST B EE A ZEL BT UE ¢. & F
W R L. L, ABER 4. 2. 5 AT LI H
BRI DRE ORISR
AT IRATSRAUEBA JE KR BARF B AT BB — A A .
EE2 JEKREAKR T ARG A K% FULIER.

o R TR
B g, F g ABRERERO WA N O, MO, MIAMEFH

Og, = Oy - (4. 2.6)
Odm = Onipm (4.2.7)
FHR (G ) FFE. R (4. 2. DREISE,FIAH O, =0,
0" g = Ougpr (4.2.8)
L% ¢ 5,15
(O s ) = On(ims ) (4.2.9)

FHEXBRARRE,
Odmsgn) = (GnrO¢n) = O0(dims )
RARU. 2.9),18

(On —O0,) (fnsp) =0 (4.2.10)
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B, AN AAEEATR , 0,70, s ML (g » ) =0. EHEHE.
FEARSE T JEK B A R 3 A — ﬂﬁlﬁﬁZﬁu,%l‘hﬁfL/l‘?%’ M1 # B
A1 R %L

Bl1 RANBRN 58 . =—ib %a@zmm&.

BAEF BN
—ih 20 = I'0 (4.2.11)
¢
U N, ERATCH
%—f — ill/k
5 Tg
&) = Cexp(il'p/h) (4.2.12)

C H BB T B — LA PR 2. M58 = WS —BBJS , oo 2m, BT 1 B ER AL B MY
— A RN B, .= ih%az@wmeﬁ.ﬁ.ﬁmﬁ;@cmﬂeﬁ,azﬂwm%ﬂ
FEI S 310 26 e O CRAR B 4 1) ,

Do+ 2m) = d(g) (4.2.13)
H LAl 18
U/h=m (m=0,%1,+2,) (4.2.14)
BifzhE = BN
I, = mh
BT, HRL I AE R R
&, (p) = Ce™

PR — 2
[ 1 @t rdp=2x1 C 17 =1

O & LEEREBERG, L =(T2p,0) KB 4 5 ¢ WRTFREERE. 0I5 RE P27
3%, B

AN 2x . k a
(s Do = [ dgp (0 2 Foh @

=—i-f-¢*(¢>¢(¢)‘:"—f dso- _99__)¢

& 2n A
= Tg&* (@Dl | +lgr)
0

A
$* (2mg(2m) — ¢* (0)g(0) = 0
Bp

¢Cm) _ ¢* (0)
¢ ¢*Cm)

M HOAE R B A 2 R -+ BRI —HERY. TR T 12 =0 MIRL A ARAE R ¢ () = B B0, B3R HAE ¢(2r0) /¢(0)
A LB 3 FAEM—MERE ¢(p)  H ¢(2m0 =¢(0). MBI RBIH: &1,
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1 .
D, (@) = —=e" (4.2.15)
4 «/Zu'ce

25 55 HE WA A R TE AT —
@00 = [0 (9B (pdp = b (4.2.16)

B2 SKREFEER U 2 #) N FRERAMEHE.
LR MM TR N L2 /21,1 HESRE, L. AR EEF %P MM
15 F 1) Hamilton BN

A = Tz/21 =—§—ZI;—;2 (4.2.17)
AR
K 3¢
—E = Ey (4.2.18)
Wi B R PE D & 44 I — AL B R U
dm :«/%_n . m=0,41, £ 2, (4.2.19)
AR I RE & N
E, = m# /21 >0 (4.2.20)
BRI 2, X F— BB AAEE E, , BB NAE B (m=0 BRFP) , B e*ilmle, it | m| =
21E,,

12 (|lm|=1,2,3,-+), BIfER B _E & FH A9 (2-fold degenerate).
B ] SEEEFHEERAMTEASLB M. 2. 1) ME], I BHBUN sin mo Fl cos me? M
Ht?ﬂ%@%ﬁﬁ=—m%%¢ﬁ§?

B3 SREHBE x4 5, = —ih - AR

ALEFT
., d ’
—ik 5}5& = pa¢ (4.2.21)
P RENBAME. B
Mg — iple/h
Frik
G, = Cexp(ip~x/h) (4.2.22)

C MRS BB ER T B SZFRE] W p7 AT LLBULAT SLHUE (— co<<pl,<<-o0) , RELEAL,
(9. 3R (4. 2. 22) BIP I, B RAREIE — LY. X F i 40 A ALK “I0 — 40”7 R, K 7E 4. 4
W iig. (B8] BB

L exp(iplz/B) (4.2.23)

' () =
(@) =

RAEE B
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figb;; (D) gy, (D)dz = §(p’. — p7) (4.2.24)
B4 —4%H E{ﬁ?ﬁ@ﬁﬁﬁztﬁ*

X F— B H BT H—f’f T T L
hz aZ _'
~ 5y =Ey (4.2.25)
Hg BN
Je(z) oc e, p— 2;’55 >0 (4. 2.26)
AR I BE BN
E=#kF/2m>0 (4.2.27)

A BABCIE S — S SC A X B RATARR ), SRR BRI,
BAE 2 A BT HRERAMES, BIJTR (L. 2. 25) W, TABLY goosinkz, coske? I

HEfREERE $I=—m——mmm ENTRBEEAREOTHR? MM THEE j. =1

FEALIRR T 712 v ) 2 B A AR (8 DR, % 51 2 Hlamilton £ B9 2% 4 (L)
5, %% IR R AL I, BN F— MR R A, AR E— e R AT

X SRR HE B ER. IR HR T, ﬁ*ﬁ%f/’“ﬁ%ﬁﬂ@ﬂiﬁﬁ
A BRI A AAE ST E T 3R oAb, Rl — A AE AR R A4 T8 H AR —E 15

MIERZ. B, BHA O B TAIMEE O, AT X MAERSHE LA B

Odre = Opre (a=1,2401 £) (4.2.28)
MFRALEE O, K f, ERMIFH. BHIAEGHWFELT A E O,, ALK A A
T T LA B, A BB g, F—SEWICTERE, AT REDH, fE
18 Y EFHREE N , o MR IERR. 4

g = Zawm (B=1,2,s ) (4. 2.29)
BR, mﬂbﬁ:O HIASAE BR i@l}%?ﬂi{ﬂﬁ O,,,lﬁjsl

O s = Elaﬂﬁ e = Ongam = Oupng

PEFE g, i mﬂ’ﬁﬂifiﬂﬂ—ﬁ , BIER
(dng s ag ) = Oy (4. 2. 30)

BHST 5 o (fo— D+ =g fu b DA B RE a0 38 £2 4 % £,>1

s 2> fulfut D) B BT HRE (2 a B4 2. 30 .
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E&bﬂ;&lﬁ:lﬂ@ﬂf ﬁuﬂiﬂl“ﬁf—m‘ ﬁTEﬁEO RIABIESHE TR, A

@Jﬁ@y% XL KA (B2 1F BRI l—]zliﬁlfj‘(snnultaneous eigenstate)
E‘JH:@ ﬁz&&%ﬂﬂ@ﬁ#ﬁ%ﬂﬁiﬁ%%g.

BEE 3 A RN 556 2 Ff 4.

4.3 FL[FAMEREL
4.3.1 FREEX RN R IER

BRERATI2EE A MARGES, WX ERE A 5 B3 — s U1E, Bl
RIALEE, A LBk . RN EFAS T EUMES — %R B, A WRER
B —NRENME? XA—E. B0, 78 2. 1. 4 T, 2 BRI HOR F 598 3B+ 5
SR FHIMNEBESHERARFRN T2 E, MEE Ac 5 Ap. HHER TS
KER:

Az » Ap, &~ % (4.3.1)

THERMIEER TSRS REEEH I%2E A5 B, ZEBTHHSA
%it:

1® = [lehg+iBy|tdr =0 (4.3.2)
o JRR MER— M URHL ¢ HERES Y FA A f B KRR ¢ A5
B, AEREDFTRRR
1(®)= (A p+iBy,eA ¢ +iB g
= &(Ag,Ap) +ie(Ay,By) —ie(By,Ap) + By, By
= &(p,A'p) +i8(¢,[A,BIp + (¢, B )
HITE, 4
[A,B]=iC (4.3.3)
BAR C HEKRER, BT IAETRARMA T P BHEAT R LE. Ha
I(6) =g AZ—C+ P =P(e—2%—2)2 + (ﬁ—4%)>o
APiBL S e=C/2 A%, N

—=2

= C
B —-<=>0
4 A?

Hl
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A? -?;%C | (4.3.4)
RN,
—1IrA, B]} (4.3.4")

EIIRERM FEERMERER A M B B BRITEED,A 5B ¥y
¥, BT L

M =A—-A, AB=B-B (4.3.5)
HERERER, B 3. 4T A 5 AB tuRr. 23
[AA,AB]=T[A,B] (4.3.6)
A it
(aA7 + (aBY =+ [A,B]
.15
V@AY - /@B =1 |[A,B]] (4.3.7)
HEN
aAsB > 1 |TA,B]| 4.3.7")

RBRIERHAEE A5 B EEAETHRELTRENLRR. HEHL,

A=z,B=p,,mi Tz, p.]=if, B ER (4. 3. 7) A B!
AxAPI =%/2 (4.3.8)

bfl]Z?ﬁEﬁ;#ﬂzl‘iﬁEi‘
BiZ %WAJ—*%%A ‘33 XTE'J EI][A Bl=o, NUTH&@JE#E@ L

Bl1 FHEp (p.,p,, 0 HERAES.
B H bas pl=0 BT (Brr by » p) AT LEA AR , I EE
gbp (n= g[lpz (x)(/pr (y)gbpz (2) = T}-‘,)?’/ée){p’:i(wpl +ypy + sz)/h]

= (Zn_i)mexp(ip s r/k) (4.3.9)

FRLHIBLELEN (b » By » )+ (—00< o s o o (BE)<-+00).
B2 RRETFUFHSAE 2, vy BIEFAES.
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2 2 ey, (X052 =8(x2—20)8(y— 30)8(2—20) » FERE B ZAEAE R (20 5 ¥0 520 ) s (— 000 5
Yo » 20 (FB)<]+00).

BEE 1 ERNEREAERXFRARTES, RF MR 57 & A—)

BEE 2 EWAIERANS, RER—ERALFARES? & A—8). HERIERN
5, REEFAS T ENHRERN A HEE?

TEHERRBIA S22 B R A AR — R BN 2 B, STt — TRl sh B A
2. BT BN S BBIRN S, — Rt RAE A, £ 12, 1,]=0G
—=2,y,2), TR 125E—BIIERAES.

4.3.2 s (12, 1,) RERER, BRik BN
REBRBIRE, 12, 1L AT ERR

fz=—h2|:—1~—~a-(sinﬁa>+ L 2 :|=—[*‘2 2 (sind =) ?5]

sind 99\~ 30) " sin’f agF sind 36\" 30/ sin’f
(4.3.10)
[=—it 2 (4.3.1D)
do
1 B ER A — LA AE AN 4. 2 9, R (4. 2. 15)]
= L m, =0,4+1,+2, (4.3.12
@, (p) me m +1, x )
1.0 (0) = mh®n (@) (4.3.13)
B DAREREEERH YO 0,4 |
1°Y(8,0) = 2Y(0,9) (A BESD (4.3.14)
MR (4. 3. 10 BEH, TR @ 3. 1DFTUSEEHR. <
Y(0,¢) = 0(0)D,(p) (4.3.15)
XHRITEZER YO, Rt 1 MRES. R4 3. 1HRAR A 3.14),%8
1 d(. ,dO _m o _
QrTﬁd_e(sm‘gde)“L (2 Sinza)@—o, 0<o<n  (4.3.16)

SORESR HL B R Y (0, )W (12, 1) BIERIAE . 4
cosf=¢ (J&l<D
M (4. 3. 16) 4k K

$fo-0 L=

1%
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. d’e de m’ .
SE b ed&.+( —1_52)@—0 (4.3.17)

XL R % (associated) Legendre HHE. 7E | 6| <1 (& 0<<<O) R+, FEAHW
ANENZ 6= 11 HRE R E A FTLHER (MR, RA

A=IU+1), [=0,1,2, (4. 3.18)
FRT, FRBUJIDE-NEBHRE (B —BATLFTRYO, BIEH Legendre
PRIEK

P7(cosd) , | m | (4.3.19)

B8 <UER << EREFTEA RN, EYWHE AR #IA Pr MEXH
—HAR

x : N 2 (l+m))
JO P7 (cos#) P7? (cosf) sinfdf = GI+D U=m1 '811 (4. 3. 20)
B LLE X —ANA— RO R B

e awm (201 —m))
O, @ =1 5 UF )'PE"(COSQ)
(m|<D (4.3.21)
il
J:@l”‘@l’"‘ sinddf = &y (4. 3.22)
FIH
o 1ym U—m)!
P =1 aF )'Pf" (4. 3.23)
AXEUEEA
O, = (—1D"Om (4. 3.24)

R 3. 2D, it m FIEHFA, WL, EHREP—8 0 BB EE. H—4k
HF A —AMEMAEE. . 3. 2D) fHEFHBEER—# % F# Condon-Short-
ley BOBGEQ. He A FBUE:,

Yr0,p) = (— D [ 2 Lpnoipyem  (Im| <D

AFm)l  dn
(4.3.25)
EAIEA THIMRK.
P o= DY
[ Yo singdgdp = i B (4.3.26)

@ E.U. Condon,G. H. Shortley, The Theory of Atomic Spectra,1935.
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12Yr = 1L+ D&Y
1.Yr = mb Y (4.3.27)
[ — 0’1’2’...
I m |<l,EDm =_lg _l+1""9l_19l

B ARAEME S LU+ 182, D ATEAE K mk. | BRI SGE £ 5 BB T8, m 7R R
T ERE LT . m TUBRQI+DANRENE, BIE QI+DAS, AR QI+ E

3, T Yr EERF [ BAEE m Xt L MR QI+ DA H ARG A%. 3
R R kAR, LM .

4.3.3 REFFRERH—MREN

BIA,B]=0. BERITE—FR A 5 B 93t RAEA 0 —REN , &
Ag, = Angn (4.3.28)
Bl ¢, B A BAIERS MR INAAEE R A,.
(1) %% A, RE3H. FFALA B =0, 4
ABy) =BAy, =BAg, = ABy,
B By, iR A WAIES, AIEE N A, BB, A, FEHE, L B¢n 54, B%
ﬁgﬁ”—‘mﬁ®¥ﬂﬂj‘j Bn9E|]
B¢,, = B¢, (4.3.29)
B g, AERERA 1B HItRAMES , AMEEBIH A, 5 B,.
B0, — 4k ¥ Hamilton BHAER ¢, BAREIHE, Hy, =E,p,. Ti[ P,
H]=0,P HZ B R4, ik ¢ (o) 2K P WAL BLE Py, (o) =

¢n (—)=(=1D"Y, (), B ¢, () BBEFHERFR(—D".
(2) & A, BREFF (f. 2,8

A = Ae (@ =1,2,,f) (4. 3.30)
B ¢ BRI, B g FR—ERE B WAL, 2583
ABy, = BAy, = BAy.. = A, By
B By Ak A BATERS AIEEH A,. B, B g BEROGETRR Y
B¢ = Z,B,,/a(pmf (4.3.31)
o "

= (g »B ) (4.3.32)
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AT, — R, g BARE B AMER. HRITADE b BHEEBM G EE), 4

3= > Cathn, (4.3.33)
RARE a ~
Ag=DCAp. = DC.A e = Arg (4.3.34)
B ¢ 3R A WAER, T EX RAEE R A, RAERETHEE B WALS
87 ENBRZSWE R

By=By (B & (4. 3. 35)
We? THEBEATIER, X2 REMBIM. B4, fAHR 4. 3.3D

Bg=>CB¢. = ZC,,Ba'asbm'
B¢ = B’ZC,{([)M'
AL, MEERE] C,, fik “
>1C.B., = BC, (4.3.36)
RIRATE E BBEEI T, ERTHE R

A
> (By, —B'8:)C, =0 (4.3.37)
X C, WERMEFRABS R, FIELERNWAERGRE
det | By, —B'8. |=0 (4. 3.38)

ERR f. X f. IR, LRE B'# £ WERSOF®. i F B =B ,8 B, =By,
A RIEB O f, WRBOT BN BEEERN. X f. MRAHHEEN B,(8=1,2,-,
F). 1 By BER, S BIAE 8 B, RAR (4. 3.37) , Rl — 448 Cs, (a=1,2,
ooy £ » BRARL G BE BRRIEN g

.
d = > Caithra (4. 3.39)
ﬁ#%ﬁ&& ¢nﬂ;:t‘ﬁ fn/l\(,8=1929'"’fn) ’%E
Aguy = Aupog
By =Bgy  (B=1,2,0,1) (4. 3. 40)

s ERITERMA 5 B WIRAES.

@ & E. Wigner,Group Theory and its Applications to the Quantum Mechanics o f Atomic Spectra ,
1959.
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i B, HEAR, MEHMAELEE. WNT RIS A f1 B #3551 5 4
(51228 C o, R(A,B,C ) L RAES, BRI H SR ARDER N 1E.
4.3.4 WMBHhERESE

PR — SN ST T B AN B R B A (AL Ay, ), BT RIAAE
AioH ¢a,a%ﬂ*~ﬁﬂmﬁ%ﬁ?ﬁ ﬁ%‘% —HBTH 25, ﬁtﬁ%%ﬁ%ﬁi%

ooooooooooooooo

%Cb(complete set of commuting observables,féﬁﬁ“h CSCO) ,ZE‘:F' )'C?;U‘I ':P » R
AN G 1R, RERA T ERETLE. NH N ¥ETL2ENREEEKR
B BT A S BRI, |

HESEMEE, EE &9&1‘1 —RZ o T ¢ KBTT

Za e (4. 3.41)

A ¢ BIERH—H#, Lf*ﬂﬁ%%%ﬁa = (g P ABHYIEH. [a.|* TR ¢
ST MENEE ARE A, HRER XRFERENSTHERENR—BHER (X

BEERTH o BHER A, FESEL. 5 o« ML N ) — [do , THARRHOR

FFRBIE T ARREE. 10, R RE AN BE RS MRS, BB IIEA. )
A & A Hamilton BAREEHE t(0H/3t=0), ] H X<FEE L 5.1 ). &
WAESL T, 0%t 5 1 B 2E P8 F KR M Hamilton &, N5ELE P L T2
BEEFHEE (LS. 1), XFTEE XK AN 5 FHEE2E (a complete set
of commuting conserved observables, f&jic A CSCCO )@.ﬁH EW K-FERSES
EILFRAEDS, YRR ES , Frim B@ﬁ?‘ﬁ#ﬁ#ﬁjﬂﬂﬁ?ﬁ EXF R+ R

w ¢ B2, |a,|? AR RIS (R 5. 179).

B11 —4ERT , Hamilton B (BB A SGHMB N ¥ BT LE. SERFML R ¢.(2) ,n=
0,1,2, , MR—MERH—5E& KA, —FigiR T HEMN — ST R ETIREIR.

o x) = Ean‘/’" () (4.3.42)

® P. A. M. Dirac, The Principles of Quantum Mechanics , (Oxford University Press,1958), “Let us de-
fine a complete set of commuting observables to be a set of observables which all commute with one another
and for which there is only one simultaneous eigenstate belonging to any set of eigenvalues, ”
C. Cohen-Tanoudji, et al. ,Quantum Mechanics ,vol. 1,p. 144, “By definition, a set of observables A,B,C, - is
called a complete set of commuting observables if (i) all the observables A,B,C,+** commute by pairs, (ii)
specifying the eigenvalues of all the observables A,B,C, *:+ determines a unique (to within a multiplicative
factor) common eigenvector, ”“++, it is generally understood that one is confind to ‘minimal’ set, that is,
those cease to be complete when any one of the observables is omitted. YR ] A&} A. Messiah, Quantum
Mechanics ,vol. 1, p. 202~204, 273 FiR .
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la, |? RFE g S TWBNFHRERE N E, FIHEE.
B2 —HEsh T HBERMESCFEBON ¢ ()~ HBP%E b Fourier B EH 4
fAI—ANE AT AR R T B B (B A. Messiah, Quantum Mechanics, vol. 1, p. 183)
oo 4
W) = s | glpreidp (4.3.43)

Rt B R—N F R — N FEELE W T 24007, WHBEM=0B (P, p,, 0
HW—EX 5 1 E R R R. Bk, AR =08 (2, y, ) W R — 4% 5 R 2E.

XF CSCO, BUL AL
(1) CSCO R Fi/MER  BWAE R b AL — A AT I )5 , A HH
AR Z i CSCO. FFLIER CSCO w145 Sl B B e i < 1.

(2) —PMAEERFZR CSCO #, T MBS E —-RETHRREBENHEE,
HBATUKXTERRIHENSEE T4 1.2.)

(3) —MAEERRABEAET LI L4 CSCO, 5 CSCCO. 7EALHH B 8] fE
RN E 5k AT 1 8. — A CSCCO M RRBL LS , B Bk R AR .

%31 MT—HH AT, b= —ih = REMR—F CSCO? UL 4.27%,413). H=

iﬁiﬁf%ﬁij@—ﬁ\ CSCO? (W, 4.2 %5 4 4.)

A E RSP, P¢(x> o(—x). BR, P2¢(x) Py(— ) =¢(x) , FF LA Pr=1.H
Wi P AEE R+ 1, AR B AIE S A BIRR B B RS A THRA. M F—% A BT, TER
(H,P)H—4 CSCO? MBFLL,RE t HI FALLZ.

%32 XFPEET TEE L.=—ik iﬁ—’u‘ CSCO? (W, 4.2 %, 41 1. (&S H=
—ﬁﬁﬁ—ACSCO? (W 4. 275,84 2). AEkH, P )R—A4 CSCO? XH P RTE zy FHEP
Xt x%ﬂ@%ﬁfiﬁiﬁﬁ,f’w(@:%—@ > BY, Pq,gb(x,y):gb(x,—y). A] LAUERA Pﬁ‘ﬂ‘ﬁfﬁjﬂi‘l-

%33 MTSHAMKT, A== 5L+ 5+ 5, H REMB— CSCO? (5. bys

PORBHIB—F CSCO? (H,E , TR BEBER—4 CSCO? U, 4.3.295). (2,5, D AT BN

— A~ CSCO? R, B M ENRERARES. (z,y, p) ABER—4 CSCO? MATLL,F
HENTHIEFRAAZ.

FA— B tex 5 i Sy B SE 2R IR AE Bk RIT, R R E W R 5 &
PEIR) . X — MR R 2R RO, ZEHRECE 24 R TAMES &R —

@ Hian, S W A. Messiah, Quantum Mechanics,vol. 1, p. 188.
@ ZEHE (eSS TYEZL 3, BH# R, 65, 1980.)
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AEENER, GEER RZHRER ).
FH W H AR —NERER, W TR RKE—S ¢ (0 Hp /(g OH

THREPBRATR-EENE o HEEF, W A WAESNES, ﬁﬁi%%
2525 ) R B — 55 4 BDER R B AT — R T A 20T LTI — LA 5
ERETT.

XBAPRERRE . (0 BRADELHFAENYEER K Hamilton BEFF

A #8500 E A RIEFT G SERAEE X5 JFERA T R R E T RER
FHEEK, EARAPREAXMED. B, KRWE—-BEFSBTBCHAL

& H FEWNH—4~ CSCCO Mt RIAMEAZLERBI. (b7 H A EH N

HOF 3 T4 R, AT A M R0, it EEFAA S Hamilton & H
TEH B —A CSCCO, BRI TN A T I AT A 5E 202 T3k, LUEFXHEME
FABITHRI BT,

"BRFIEF T 4.3. 1 - EHEZ .
FE 4. 3. 1 WHERBL AW AFRBULXT 5, WA AR IR SERALE . Kk,

A DAGEBH, %A 5B AHXRAFES, EIJA(/;,,, = Anna » B¢,u, Bughna » T EL e MR TR RZS Y

e, MLA, B]=0. (BR 4.3.1%, BHE D
R BN g WRSE S BT LI R ERRS T BT 1R BRI

G= "D Cratina
H i
(AB—BA)y= ECM(AB —~ BA ¢ = 0
BT ¢ REES, BRERAB-BA=0,80
[A,B]=0

4.3.5 BRFNHERHERRACKERRIZE

TE5E 2 EHRRATCHS, MEERRRRS T REoEHE B0 TBE,
IR ERIT MBS, B B AR R R AR IR, T R e RS R E B A I
R. [, 7E Schrodinger HFEH, BBt T Laplace B F. EAZEF , RN R4
WA T H2 BN B2 R E I X K. 5 Schrodinger HRER T H2%H
— A E— # BFHE %Tﬂ%ﬁ(ﬁ%ﬁ)}ﬂ—/‘&ﬁrﬂéﬁﬂﬂéiﬁﬁ #

ooooooooooooooooooooo
ooooooooooooooooo

@ Hifn, 2R A. Messiah, Quantum Mechanics yvol. 1,p. 162.
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() TR ¢ 2T IR A TR A SRS
A= ($ AP/ ()
(2) 7ESL EMME S1% B A, bB‘J—IﬁEﬂ{E A'ﬁ%ﬁﬁ/\ B 5 — Aﬂiﬁ

(&, o1 F 2 B R S8 BT AT SRR B A JE K A
(3) JF BRI A MBS R B AF 2 Rl i 56 78 S B b 3. 30, B4 72

B A 5B, fE— ISR T, 7 LA RS R # g VS b B & 25 A , B ]1=o.

Rz A, BI0, Rk, 718k A 5 B RERRAAWENINE,
BARMT HAE St R, — 2B ARSETER, TUREA 5

A REssRAgOLs 1%,

4.4 FEZEEARLE KB “IH—4L”
4.4.1 EERKTRYEAELT LD

BT H#RARERNIANNERE SR VB, AR, S REERE, K+
(B, 3 KRS REREUE CREED R ES RN, A B N RERRELR, T
FERMAMEENEERMA Z, REKFR GLEMP e, ETE%‘MI]«I%E@J &
SETR I AE R BCR A BRI — 1L .

oooooooooooooo

LASTBAES AH], AEER p S BAIE R, EIJXIZEWEZ(‘*?ET%&%‘)

¢p(z) = Ce™/t (4.4.1)
P A LABL(—oo, +oo) SR — VI SLBE (L 4. 2 75,41 3). RsEFE H
[Tlp@l7ar = lclt[ de = oo (4.4.2)

Bl ¢ RAREIH—LH). XNERRAH RN, BEPEER @ 4 D#ERYRE
T BREENEE BA TS R & SRR R M. 7 (x, 2+ do) FEE
PRI T BIBER | ¢, () |Pde=| C|*dxrocdz. RE|C|#0, MAEL23 H R BB

@ MR FELENARERBEREE—HN BIEEE TR, =85 2, EN#R7E Hilbert 25 [a] 2 4,
BETH¥EHRT S EAESENATESERNRREBIF. ANERRNSHREERE , RITA LB &K
W, BR— R ER AN R TR, MABRETRNRL y TLON R RN
0 X ASXTG R RS B E . flin, — 4R TR B AIES ¢p(r)—J_exp(1px/h)%Z<§Eﬂﬂ —4kt .8
%88 Fourier BUMEW AE M H ATRERE () WA ¢ () RFF B

92 = [dpo(p)y (2> = [dpp(p)
le(p) |2 REFBAIHEE, o(p) AL, Bl
1
= [dega
o(p) = [dzg() =
Z W A. Messiah, Quantum Mechanics, vol. 1, p. 183~185, 249~250,

/Zigexp(ip.r/h)
w

exp(—ixp /)
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THIHER , WERTIT K.

AR, TEAT AR SRR R AP H B B R B, BN S A B SR TR IR TR FE AP TE
AWEL, EREZAEARXBF AN 0, BN FERFET —E= HEH
o, AN, 7ESE I X AS B PUBE 2 . X AR AT AR A S P BN, HE AT
FEH—AL R EXE. [EANRX AP I AT A R BB R K B K8 &, T ATt
R HPRL T i 2 TRV AR K FEL o 45 A A ME SR AR ), TR 3 P P T BB SR iR R
A, GEFT R AR, B R RAX BRI , F IR BT R %
RARXEEREMEITE . ) XS E F AR ER, BRI BHR T IH—/k
A ERIME.

4.4.2 SR

KRt SR A SR B “H —4L” B B, TN B A B R %, 5 A
Dirac B 8 RERE T FEHO. 2T & BEH: R ABAFHRTHE, WM.
S RBUE RN
8(x—x0)={0’ 7 (4.4.3)

OO, I = X

xyte +oo
J a(x—x(,)dx:f S(z—z)dz =1 (&> 0)

ﬁ%%&&ﬂgﬁﬁﬁ 9X?‘|‘3:E X=Xy Wiﬁﬁﬁﬂgﬁﬁﬁﬁ f(x) 9ﬁ
f(xo) =J+_:f(x)8(x—xo)dx (4.4.4)

XEE, Bl B Eh B A A CERED B “IH—4b”, ST L EH & BRBUCRER.
% Fourier FIA, M T B EZEE (),

1 [too | [t o
f(xy) = ZJ dxj dif () e*== (4.4.5)
5§ BHE R 4. 4) B, /T4
Sx—xp) = %t dekeik(x_xo) (4. 4.6)

Hilt, F RS BAIESRH
‘ ¢y (x) =

1 .
( k) (4.4.7)
o owlip =/

y
(g s gs) = E#Jexp[i(p”—p')x/h]dx =" —p)  (44®

D SHECFAREFBEXNTHEL, MAMR—FoMH. R ™AHE, ¥ &7 Bt (distribution
theory) , 7E A. Messiah, Quantum Mechanics ,vol. 1, Appendix A 175 i H&i8E.
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MERAEZNH—Ib” RIEB TR P A R s BEEREINRE =, &
(A2.24)]

(x—2)o(xz—2') =0

Hp
wd(x—2) =28z~ (4.4.9)
Hit,8(xz—x )%QE x BAIES (RIEERN 28R
g () = d8x—2") =8 —x) (4. 4.10)

FIF & eRECHESR , L B AME SR IERS“IH— MR N
o o) = [0 — D8 —Dde = 82’ =) (4.4.1D)
T A4 38 BR AT AR T R
(@) = [p(a)s —z)da’ (4.4.12)

“BIFZEH
P& = (@ — ), ()
i lg(a’) |2 REFERLF AL BRI HBE.

4.4.3 FHE—
FEBA A", E LR ACE ROk, EBER T RRTA
WS —L/2,L/2)HiE5h, BUR AL Lo, HARESRER 5. = —ih ol

TR AR BEAY , BRI R B0 2 A &40, shB AR R
¢y (x) cc exp(ip'z/h) (4.4.13)
IR &

O MERBREIXNTEMBERE ¢ 5 0, BR

Jole 4 e [, (435 Jpaz =0

Bp
L/2

hLZ

A L pdr=tgry

=(
-L/2 dx

—L/2

B
@* (L/2)¢(L/2) — ¢* (—L/2)¢(—L/2) = 0
Bt FAER o F1 ¢, B3R
@* (L/2)p* (—L/2) = ¢(—L/2)/¢(L/2) = BH

X ERE TR ¢ W2

¢o(—L/2)/$(L/2) = exp(ia) (a LEO
MR T o« —ZBUE, W%t BTA R B,

5t p'=0 MEHBARES J(O~HERE, BEX =0, L
¢(—L/2) = ¢(L/2)  (Apshss
- 147



gy (—L/2) = ¢y (L/2)

Y
exp(— ip’L /24) = exp(ip'L/2k)
Bl
exp(ip’L/%) =1
57
sin(p'L /%) =0, cos(p’L/k) =1
Bl
p'L/t = 2nn, n=0,+1,+2,- (4. 4.14)
Bl
p = p, = (4.4.15)
A AEH, Wi sh B BRERARESN. 5 p, MM IE—AAE EBECh
&y, () Eexp(lp,,x/h) - éexp(lZnnr/L) (4.4.16)
BEE A LBE—TF , XA R ER IE 33— 1R, B
|7 45, @y, @z = b, (4.4.17)
A ¢, (258 EﬁTU%ﬁ‘ﬁE[?EEW%Z,f\(AZ 32)]
Mx—2') == E expli2an(x— ) /L] (4. 4.18)
Y [—»oco,
h

Apn = Prpr — Pn = 'E""O
BN sh B AMEE R TRk, 18

t‘*|=~
Q..
aY

" o

- h
EAPn——f

n=—oco

(17

+oo

LJ dp

n=——oo

Hi, X4 4. 18)8BT
da—a) = 5| dpexplip(a—)/4] = | dkexplik(z— 2]
rI—x _Znh_wpexppx x 7] oo P

(4.4.19)
5504 4. 6)FIF. FEAL R LGN , 20 4 F I A9 I — B B U T LA
FIECIA — L HOUE B ¢, () BATHHE, TIFERUT B4 e ik Lo,

W B =B, H— LR B (V=L%)
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gy (r) = iexp(ip’ e r/h) (4. 4. 20)

vV

Hr

/o _h_ 7 — i 7 — _}i

PI - Ln! Py Ll, pz Lm
Nylym = 0, i‘]., iZ,---

ENTHEE ERT—%

J(V) pr*l (r)()bl{’ (r) d3x = Sp;p’; Sp;p'; Sp;p’; (4:- 4:- 21)
T & BRECAT AN T A AR
3r—r)=8(z—2)s(y—y)8(z—2")

1

=V, > exp{i2n[n(z—z")+1(y—3")+m(z—2')]/L} (4.4.22)

m=-—0C

% L—>OO9P;\PIy\pIz)I%j§§@{’E’hs/Ls_)dplde,ydp,z’
I 3 (oo ,
X il

nylym=—co

/ 1 Foo 3 ./ . /
dtr—1r") =Fj_oodpexp[1p- (r—r) /%] (4. 4.23)
5| 1]

41 W Fp) = DA (A, THORIERNA

n=0

2 GEH 3 A BEETDD (A gl RIEKEA.

nym=

4.3 &g, pl=ik, f(Q £ q BITFT SR %, iEBA
(1) [g,p* fl=2ikpf
2 Lg,pfpl=ik(fp+pfH
3 Lg, fP*]=2ikfp

@ [p.# f1=Fp s

) Lo pfp)="pf'p

©®) Lo fP]=21p?

4.4 BHAF AMB 5EMMNSRLA, BIEN 5, iEH
[A,B*] = nB™'[A,B]
[A",B] = nA™[A, B]
4.5 EBA

n—1
[A,B"]= > B[A,B]B~"
s=0
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FF 1 e
Lgsp"] = nikp™
g-p R—YEPR R B 1E W AL B B A B B IE N Bh &
4.6 % F(x,p) R o 1 pp BB REL, UERA

(g, F]=12E

i al‘k
BEREE F(z, p) WTUBIFR
F(z,p) = D>, (D) Cratpt)

men k=1

Cr REMERH.
4.7 iEHEhm

HH A, @) B(p,  REMEMFR p FIAHT g HREK, Liﬁ?jﬂ%ﬁ T HIEAE.
4.8 GEH M ooty BT 0.0 (£ x) R REKEA.

LA hB] (A.B)

4.9 BHEEA HENRERORETEN
fA) = A"+ CA™ + GA™ 4+ 4+C, =0
Ci\Coveee G RERBL I A B n MR, EATERER f(2)=0 K.
%% P. A. M. Dirac, The Principles of Quantum Mechanics,4th ed. , Oxford University
Press,1958, $ 9.
4.10 EXRMBRLA,B]l+ =AB+BA,iEH
[AB ,C] = A[B,C]+— [A’C]+ B
[A,BC] =[A,B]; C—B[A,Cl+
FHE5TFH R
[AB,C] = A[B,C]+[A,C]B
[A,BC] =[A,B]C+.B[A,C]
EFARBUIELERAEHE Fermi FEARIN SRR NA A
4.11 % AB.CHREBER, A WEALIRSRICEHN AL 0=1.2.3, HRAEH. A.B BIHHR
MEFRE SR
A-B= D> AB,, (AXB),= D epA.B;
&gy A Levi-Civita HE. REHE ’
- (BXC) =(AXB)-C= Zs,,,,,A B,C,

[AX(BXO], =A- (BC)—(A B)C,
[(AXB) XC],=A+(BC)—A,B-O
4.12 H ABAREBER F I BEA,IEH
[F,A*B]=[F,A]l+B+A-.[F,B]
[F,AXB]=[F,A]XB+AX[F,B]
4.13 & FRiir 5 p WRMREER,EH

dF
[ILF] = h——Xp ltha—r
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4.14 EBH
pXI+1X p=2ikp
(pX1—IXp) =[E,p]

4.15 {FB§
rel=1.r=0, pel=1lep=0
(Xp)-p=0, p(pXD=0
(p XD « p=_2ikp?, p e (X p) = 2ikp?
(pXD-1=0, l-(UXp =0
(UXp) +1=0, le(pXD=0
PXUXp) =—UAXp) X p=TPp
4.16 EBH
(L ]= it/ [p,7*] = 2ir
e 1] _,5,21 3 —- 9 _
e
Y 2 I (_ r,r d 1
[PZQr:I— Zlhpa [P ,T:I—th( 3+T2 Ir TV)

417 ENRANREN o=+ (Lr e prperl) iEn
D p7=p,
2 p,=—ih(§;+—1‘)
3) [rp. 1=ik

— — 32 139 >3
@ ==k (3 i) =K 35 5
4.18 4t
P=7rp—(rep?+ibrep
2__l2 2__1_2 __.__a_
P_rzl+p'—1*zl (r2+r3r)
4.19 EBH
r__ ¢
(lXp)'—r-— -
r __r 3
*r—'(lXp)— r+2har
r r .. 1
7X(l><p)+(l><p)><~r——21hr
4.20 EBH

UAXpP=(XDP=—UAXp + (pXD =Fp’
—(pXD « (X p) = FEp*+ 45 p?
(UXp) XUAXp) =—ikl*p?

4.21 FHAAHEEXRMETBERTFHOESER.

4.22 FAAHEEXRHEHREFEFPRTHRSERGRETFEF R+ Z0).

4.23 FBAm MR TFHESG V) =—21/7"Q>0 b3, R HREE XA GE LR

SHER.
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4.24 FE—HXNHEBP BFELHFE—PRESOL 3. 29, EAEHHEE V, BHR
TLRANBHRE o, ff < /mVo. FIBAHEE 2p<vVmVo , ML BAHEE Ar~a,
Bk, FHERRMUPRL : Az » Apa~ VmVo alb, AP EAHEE X EETE. U HiErss
RATLE?

4.25 FHEREEENBEREST,sHBEFLHER o.

4.26 EBAX FAEMANRFS ¢ X ¢, W FHE Schwarz REK

| (@ | < V() (s )
4.27 & HAEEWEXBMN v 5v AZEES,IEH
| (u, Ho) | ? < (u, Hu) (v, Ho)

4.28 KIEN¥B z 5F (o) WAHEERR
V@ - GFy >4

IF
dp.

4.29 RIEZE 1 WAMEST,L=I,=0.

SR 1, L— L0, =7, PR T,

4.30 BRFLTF Yr 6, R3S, RAZKAL.

B AE=AE=[I0+1)—m? 82 /2

4.31 BERLF ¢=aYi+tcY) &,K )L KT RENE K F51E; (b) P ] BEI (& &
AN RIHEER; (o) L. & 1, BV BEMIE.

B g BIHA—L. Bl P+ [2=1, M), WAEEME N £ 5 0, D B BER 43 B K
ler 2 5 le |25 L= |1 |%h; (D BRI BEMME R 26° U=1) 5 6K (I=2) , ML R 5] K
ler 125 ex |25 ()L (L) BYRTBEWAEL R O, =4, 24, MR RIAER S HIN

Flal*+tiale,  Lialr, el

4.32 SRUFZE 1. WAERT, ASBRYS = Bk 6 M 877 L 55 BB EHE N mh cost.
4.33 WETERE EHSAEHE b ) HILBHT X, BRERZ. Rkt =
M TE AR I — LA . BT R B R R

BB g =V (adn)
fr=¢= (g by =12/ V(ferf2)
fi=¢a—(1ogd 1= (e g des =1/ vV (fasf2)
4.3¢ B AR—AVNE, B A 2 ATV RIE
A—1B)'=A"+)ABA '+ A BA ' BA + -
4.35 WEM A ORBT—ESBRISE 6 T ¢ HIHE LN
—‘iﬁ<5>=1ri_rgﬁ(5+€)e'ﬁ(9

dé

EBQ # A5 B @t s,
dan,_dAa  AdB
GAB =GB +A
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(2) A ZHFLEA X TS, M

drsa Ny _A_ AR
dEA =—A dEA
(3 :

dieexp(ié & = ia exp(i6 9]
4.36 WRANEEBARF . c5y hBE EX

exp(EA\) = z %A\"
- n=0 ¢

HER (D |
dieexp(&&\ ) = Aexp(eA) = exp(€A ) + A
@

exp[ (6+ 77);4\] = exp(éA ) exp(v;A\)
4.37 BEEFAB,4 C=B,Ci=[A,B],C=[A,C;]=[A.[A,B1], iEH

TASIVAN A had 1 N
A Bet = —=C,

#£

4

Al

FQ = ek Bk
A BEBURT RES =1
£33 WA 5B Fxt5.4C=[A,81, % C 5A f1 B #Mxt5,8[A,C1=0,[B,
C 1=o. M
[A,B] = nl B
[A,ef ]1=2Ce G H2H
cZ]

f(D) BT URRR = EREEBURTT I R4
4.39 FL&E,ERAAR,

eﬁ\+1/'3\ =e.{1\ eé\ e‘%é\ =eé\ e‘{t‘\ e%é\
E—#ER
e"(f\\+z’3\) = eu(\ ef‘é\ HE = @b e’“/‘\ e%"zé\ oL 2.9
4.40 RUNKIEBER,IEH.
(D U LS @R
U=A+B, A=7U 4D, B=3U -1

A*+B=1, TWH[A,B]=0
(2) H—BUEH U ATURR A U=exp(iH) , H HJEKHER.
& FLA, B1=0, A IR EATH L F AL B3
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ESE HEERMHEMAREESHRE

5.1 JiZ=BEHErtE K EL
5.1.1 =FiEik

BT 12 b 2 BB TR0 UL, 5528 901 3 TR L. 02, 4
F—ERE T KRN TER A, MR R, S — N ARAH —
WM. BT HES BTFREFS ¢ FOKER, 8 M, FFRRIA NERBR
A, — IR, — R R FLEA B SO A AT

St I BT TR B, SR A WP ER[8 ¢ BHE—
]

A@) = (¢@),Ap()) (5. 1.1
BrEA
A7y = (2¢ ¢ dA
th @ = (at ’A¢)+ (‘b’A at >+ ("b’ at )
FIH Schrodinger 72

ik 2y = Hy (5.1.2)
M H ek, %
A= (G m )+ (0ATE)+ (v 5w)

_ 1 1 dA
= == (p, HAY) + (g, AHy) + (¢-5,%)

_1 9A \_ 1 IA
—ih(¢,[A,H]¢)—|—<¢, = )—ih [AHI+Z (.1.3)

N A RSB t U FAARRRIFEY , BRI R) , D=0, 1

ditz = é [A,H] (5.1.4)
B Ehrenfest 22RO,
mAL5HXE
[A,H] =0 (5.1.5)

® ZMEC. W. Wong,Am. J. Phys. ,64(1996),792,
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g

dx _
A =0 (5.1.6)

Eﬂﬁﬁﬁiﬁﬁﬁiﬁ’“ gb(t)ZTE‘JSFfQ{E%ISTI‘ﬁHTIﬂﬁI ?ﬁ:& */Hﬂifﬁ 232

ﬁ%@EH*ﬂA %EV\]E@ ﬂﬁ%ﬁméﬁ(dﬂﬁiméﬁ) E#FJZMI IE.'jb
¢ (b R—AHSE R B THERID) , B

H¢k = Ek(,bk’ A(,bk = Aktpk (5.1.7)
XHE R R — gOBFTH ¢ R
o = Dar Wy,  a(® = (grsp(D)) (5.1.8)
k
1 ¢(t)?l§—F9E t TZIMER A B A, FBERORKa,.(®|%, 1

4 6@ 1= (B o, + g3t = (252,0) (g, g0 + H 3T

— (E"b(t) ,¢k>(¢k () + B ILYEIR
— —ilg(sb(t) s Hop) (g » gC2)) + B FEHETR

=2 4, g) 1* + HHHT = 0 (5.1.9)

- ERTHER,MNFER ACRES © 5 ARK Hamilton Xt 5, MFK A K
%%B‘J——A’—’Hﬂi@ ?Ejzﬁéﬂﬁ E?ﬁi%\%ﬁﬂﬁﬁ TR EMt AT ERTHIEE

ﬁ'l 1 lﬁﬁi% HABE:, BR,[H, H] 0. ETIJ H R~FiEg, BRERF1E.

5 2 E EE*Q\LL¥,H=P2/2m. iﬁJZP’H]:O- B4 D y‘]%:ﬁﬁ WA DLIER,
[I,H]=0,fAzhE | h2FiEE.

B 3 qj‘t‘jj%tpﬂg*j‘l.¥yH:P2/2WL+V(r). AMEUEE, [19172]:09 [l»V(T)]:
0, mLL, H]1=0. frlh | BFHEE. HEFEE,[p, V() 1#0,31E p IFAFE.

N L5, B F 1 EF ST EENSS, SR N ETRTFHEESSARHE
[7]. 33 SE b RS E B Ok 2R i ST k.

(D 52 ﬁjj%?fﬁgxﬂ,giiﬁig %?Tﬁﬁ%x~%ﬁlﬁﬁ${ﬁ EIHZIK/%E’J

O BTFAMAN¥BABRFMBLT,A BIER A, PR, SEXN AR FHCRM, B TRE AR
A5, 27, Cohen-Tannoudji, et al. , Quantum Mechanics,vol. 1, p. 217.

. @ HHFRAZE (invariant). 3T H B & AR (OH/9:£0) , BB A RFER. B LUE XA AR
& (time-dependent invariant). ﬁE%A =—il£[A, H] -I-%I—? =0 H%EB, HKISHATE. TSN,
H. R. Lewis and W. B. Riesenfeld,J. Math. Phys. ,10(1969),1458.
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CH, P L) B3 RAAES ORI » 2 — M T RAEERS. S0, 1t J1 35
TR L RTAER BT M0 RO R — R R | MAIES. — MR R7ERA
5 ¢ BB TRTERGAES, BREDRIEIE, BNAH G R T ER
A IS ,A_Mz_l:,@gﬁ%j@zi?z[:@# m??tgﬁﬁlltﬁﬁ,?ﬂﬁﬁﬁﬁﬁ%?b

REF 1 8= A T 1. mxtz ,Tﬂgmg@sge AT B
R (=0 MG 2B

FERRETNEFAMEAEEOBES. BYEEEANE S S SRR
K. BRI SRR RO, DI, mHE R

H—TBTFERALTES ﬁ‘ﬁﬂﬁ?ﬁ B@ﬁ%ﬁlxﬁﬁi%\%%‘fﬂi A RED
FE A1 B H (B FRE 404 e B 8] 2402

5.1.2 {7 (virial) EIE

LR RA TREAT X TR 003, — A P, BV R

. BpL ?Mﬂ‘%‘i}‘y V(r)FP Hamilton B3R K
H=p*/2m+V(r) (5.1.10)

HI8 r « p KV {ERER A B AL. #3510,/

ih%r_-17= [rep,H] = 2—1”—1 (rep,p*]+[r«p, V]

1 _ ,
(zl-p re (vv)) (5.1.11)
REFSER 7 + p=0,Fi
Ly om (5.1.12)
m
=
T =7 (VW) (5.1.13)

e T=p"/2m RRLT ZRE. LB (viriaD 2 2.
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1]50 X V,y, )R z.y.2x B n IKFKREE P Vcx,cy,cz) =c"V(x,y,
2) ¢ AEHO. IEH
' nV = 2T (5.1.14)
il 4n

(D ERFHn=2,H V=T;

(2) Coulomb #,n=—1,F V=—2T;

(3) 8 #,n=—1(5 Coulomb #Hi[F),V=—2T.

5.1.3 BEZEHFSTEEBHNXER

SpAE B A I Z T A E A B (A, B S BRI 2, BT BR
FE L K B 5 R e AR T, 5 L 45 B P R S8 <P B R R A (8
Wb, EERY KA, P A (OBARBRIT (DR
HITEUL T, MATHRIC A RIFA.

= &w%ﬁWAﬁMKXTEHQ%ETEEFﬂG WL, H1=0,G, H]=0,.

1E 1 Eiﬁ[F,H] 0,F5 H ‘IU%#IEJNE?S ¢, %
Hy = Ej, Fp=Fy
ZE3[G,H]=0,8 HGy=GH¢=GEy=EGy, B Gy 2 H HARMES, XK F
REEAME(E E.

B Gy 5 ¢ RER—IBFH? ZEI[F,G)#0, — KD, FGy#GFy=
GF'y=F'Gy, Bl Gy RE F AR, fH ¢ & F A%, Bk Gy 5 ¢ RER—4
BFE HEMXER HWAMEERN E (ARES, BB RRIHH. GEE)

iE2 W Hy=Eg. ¢ RAE H ERNN—AFERZ2ENILRARERE.

FIRLF,H]=0,"% HF¢y,=FH¢=E,Fy,, B} Fg, 2 H MRS, Xfh
AIE{H E,. FI3#,Gy, 2 H AEZ, 5 AMEE 12 E,.

WEELR E, AEH M g, Fg MGy, BAF—TBRFS, B Fg MGy, 5
¢n REEE—NEBETF, B Fg,=F.¢, .G =G, . F, MG, HEH. Xk

(FG —GF)¢, = (F,G,—G,F)¢, =0

B HERNE—BTFS, EEAT LRI R

= D0

O BFISHRES FRENE ¢ HELF,Glg=0. 3t F[F,GI=¥H+0 MR, XER & K&, BI[F,
Gl=K@&FD , WA T RFEEMEHERNE ¢, H[F,Glg=K¢=0. Bl L =28 1.l . [ RXt 5, e
PO HGHERT BN ERTFIER, TR —BRERHN. BXMF s EU=0,L.1,... HBHEEMH O,
Laps=lyps=1ops=0, B[ 1Lz, L, Jp =Ly » L Iy =12 » Lz 1 =O.
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WA E, BREEA R I, W
(FG —GF)¢= >,a,(FG—GF)¢, = 0

B ¢ RIEREKN, BRLF,G1=0. X5 EBHBRELF,G]#0 F&E. FrA AR A

F 4 A BE S AT BEA 1R 3
?Et%l ﬁﬂ%ﬁi%ﬁ—/\‘?‘fH%F ﬁ‘ﬁﬁi%\%%ﬁsﬁﬁﬁE AT 5 B XL Fi2%

oooooooooooooooooooooo

HF¢E — FHy; = FEgr = EF¢E
B Fye ) H BN E AL, (BRBE, B4 E XM, BEL Foe 5 ge
RERA—RTH, BHEN RS TURE A ERET,IEX F B Fgr=
F'ge BTUA g 2 F BAIER (FEDAE(D).

PN — BB R T V(@ = maf* SRR HIRESLRA I, T RIS P
Hptaf, [P, H)=0,F A RERAM ALK P WAMLS, DEWETH L L%
TFREEARMRS ¢ (DR P () =¢,(—0)=(—1"¢, () , FHRA(—D".

Bik 2 AR ULE.CI=CORE0, Wk R P SR AEIF, M ELRFE
HEITK.

¥ %, WA E, R, iE 2 hEIFH[F, Gl¢,=0,1H Cg, 70, F &, FT AR
Al BB BRI HAIRE S, B BT RE R ER 14 3.

ﬁb\’&ﬁgﬂ&E %Aﬁ#gﬁfn(fn>1)9$ﬁ£#§iaﬁ ‘)bnv 9V=1929'"9fn9mHE
It f. 435 §|§J43221259

fa
tr(FG) = 2<¢n,|m1¢,, ) = E<¢,,VIF|¢,,,,><¢,,,,IGI¢W>

tr(GF) = Z<¢n |GF |¢n) = Z}<¢n |Gl ) < | F I
t,{l]%ﬁ%ﬁ/‘ﬁlﬁ?ﬁ*ﬁﬂﬁz‘?ﬁ wn f. RE FE U!'H?:ZE %Pﬁ/\ﬁlﬁ?ﬁé'ﬂ%&?%%,

Bl tr(FG) =1tr(GF), /i tr((F,G])=trC=0. {H trC = 2<¢,,y | C | ¢) = .
v=1

fa
CZ (o | ¢ = Cf, £ 0, FJE. FTLL £, REEBCE BRAE, BIBE G oo BE TR 5F.

- ARz s, Ehrenfest i #

BRERN m KR TEEG V(D Hiash, ARA ¢, ok, TEIHRREH
B HEMPFEINRER. BR, o O AEES, B FESHR FES
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FIB B IE | 6Cr o) |* RRRERHRIAS L9, 52 M08 F LIS SR R B 7 750
2‘3 5”5%7&@ T8 Hamilton &8

pz
H="—+V( (5.2.1)
2m
# 5.1 R 1. O B F s sh & B4 ERER R A L an T .
%? — .l [r,H] = p/m (5.2.2)
dtz—) 1 . [p, H] =—VV(r) (5.2.3)
’Eﬂ‘]'%ééﬁ*ﬁ%iéﬁﬁﬁﬁmmwﬁ&
dr _p dp__
= 4@ \vA%4 (5.2.4)
L KRG 2. 22RAKEG. 2. 3,78
m éi;? = F(r) (5.2.5)

I, 18 Ehrenfest ¥, HE X 52 # Newton FREALL. (H R Y4 F) A LR
Rz A F(rit, A F0 r EshHlEA 52 80RFHE. TERE, 4%k
4 B] AR F AL

B i, B — AN AOR AR F A 3, LR E, IE K/ ShL
FR/PAEY. BEAh, RESR S V(D) 2 AR ES , 3R 0 T AL A E
B V() 5RFRZAMNE V) MEL. HEXBAE, B — Bk, K a SR
[ AL T 8. 0K Ik BB iR 2 OB T 1935 3l , W AFE ATV A 1E 3h
HRPHEAY BAKTEE. MHEAY BATIE N5 a5k TR XM
K. FHEREEES—T. A ERL, B4k anizag.

BRI AL« BT V() Taylor JE}F ¥ g=a—z,

2

BT (R 6=0)
o
(2Y) = [dap* ao0) gt = T 4 2 TLLE e (5.2.6)
A, 2

F(x)=—(aV(x>/ax)7r‘I:EURZ;b F(@——aV(Z&')/aE B, & (5.2.5) 4
281 Newton 5 EHMA. ERRA (. 2. DFEBANE ST R, ER .

@ C. Laubner,M. Alber, and N. Schupfer,Am. J. Phys. ,56(1988)1123,
® P. Ehrenfest,Z. Physik. ,45(1927)455.
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(1) WRRE,MEEESHEBRPY ARG E.
) VEZEZEARE ERAEE P BB, & V) =atbzt+cr? (a,

brc WD TS =0, (5. 2.7 AW SFLUN T H BT, R BRI T

&AM 2. DR R M. X — X495 A B AR ORISR S 2R T
HIBLEE ShTR AL ©

Bl o R XTI F R BT (E 5. D).

BFHRERBAN a~10"cm. RABETETTZEHH
B o B FRER AN (3~T)MeV. B E,~5MeV, Al {55 1
HE p.= v2ME,~10 g+ cm + s , B v,=p,/
M,. ZEX R FHRBSTEBS, R F AR E 244

At =~ a/v, = M,a/p.

B RN T BAN ax~npit/M,~alp/ p,.
: AHEFERR, Ap~h/Ax~h/ax~10" g cm e« s7'. 1

BS51 RFMEFORE ERESHIBSITENHNESHRER o« RTF, 0
M Ax<a. FRUAER Ap/ p K1 W FRABSHET R RS HE o BF, B FENRE M, ffeR
B, 0p/ p. K1 R RWERH. WRETHEHE X EFOEST, i FRFREBR/D, Blinxd Fae

B 100eV BB F, p.=+/2M.E,~5.4 X107 ¥ g+ cm * s7!, Ap~h/a~10"Pg s cm+ s}, 55
p. FIBE, APUEBSRER B FHBIIMAIBYT.

5.3 Schrodinger B4, Heisenberg B2 S5 E /E FH R 5

&4 BATHENZR CRBE o B8 K I8 i 45 5 43 7 B A 1) (38 4k, 52
LRZTFTERE ¢ FEnT R AL, T %8 ER) A& 5 B RBERT R AL Y. X R
R F R, FRA Schrodinger FIR @ (picture). 31§ |t # #R K% Schrodinger TR (rep-
resentation). £ TF7ELIWH MM H AR BB MBEFA LS, MTENEEREF
A] BB{E CANEED BER 23 7 5 3918 , K HLRER 18] B 384k X R T HE Rt
RN REEMARBERNEKE TEASNNE=FEHYES, B
Schrédinger E]4% , Heisenberg B 140 B 4E A B 45 (FR#k & Dirac B8, =f1 &
B F

5.3.1 Schrodinger E&

& Schrodinger BB H, (K R FPIRZS K B (state vector) 2 BERT A ALY , S

@®© C. W. Wong,Am. J. Phys, ,64(1996),792.
© “picture” MNEEL R BUFERE OEL, B A H. BIGEERR, ERSIRBRBHELT, A
19 B2 EAR N TR F (representation).
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Schrédinger 5 #8
ik 29(2) = Hyp(®) (5.3.1)

/?\,\

¢() = U(z,0)¢(0) (5.3.2)
U (2,0 R Bt 18] ¥ 4k (time-evolution) BAF , BT # Ry 2 2 4R 25 Bl B 18 (AL B i 4228
e, (B RTERZ ¢ BRE ¢ O 5HIERE g(OBRFRER M —FhELZDTHR. K
{RIEAE SRR, () , () = (¢(0) ,¢(0)) , BxR U H L IEA#e

U(t,0" U@,0) =U@G,0UG,0 =1 (5.3.3)

Nl

UG, =U,0™ (5.3.3")
ARG 3. 2RAKG. 3. D ,15

ih 2U(2,0)¢(0) = HU(z,0)4(0)

BT (O RAEER , FTLU
: i %U(t,O) — HU,0) (5. 3. 4a)
R G 3.2 &G, 50
U,0) =1 (5. 3. 4b)
R (G.3. O HAREE),89
U(z,0) = exp(— iHt /%) (5.3.5)

7= Schrodinger B4, hZ#E (B, ABE o) NEEREIEAL, AT RFiTie
P AR A5 BT 18] RO AL, Btn, 28 F (9918 F RERtEEAe AL
5.1%5,%(5.1. 4]

dr - 1 [F.H] (5.3.6)

Hrp
F(t) = (@) ,Fp@)) = (U,0)¢(0),FU(£,0)¢(0)) (5.3.7)

= (¢(0),U(,0)" FU(,0)¢(0))

= (¢(0), F(£)¢(0)) (5.3.8)

H
F(t) =Ut,0)0" FU(t,0) = exp(iHt/#) Fexp(— iHt /%) (5.3.9)

© EHEE:N

_ — 1 [P gayay
U@,0) = Texp[ - JOH(t ddt :|
T H I E S (Time-ordering operator).
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5.3.2 Heisenberg B &

Fl‘ﬁﬂl‘l‘ﬁ]éﬁiﬁﬁt BATAT LA 53 50— ﬂ*@%ﬂéﬂﬁi EIhJ: F(t)FﬁHTI“]B@E&’E{

X FRE R A Helsenberg @%(i Helsenberg %%) EEJC(S 3. 9)&5:15&5(65
B UTUWARENSEN, FEERES t 2%

AF @) = (SUG07)FU@,0 + UG, 00" FAUG,0
FARG. 3. 42) ,78
dr) = é(— U* HFU +U* FHU)
FARKCG. 3.3),18

EF(t) = —-( U™ HUU* FU +U* FUU* HU)

EE%? U+HU_H,ﬁ
d _ 1.
EF(t) = iﬁ( HF (¢) +F(t)H)
BT
d _ 1
EF(D = ihl:F(t),H] (5.3.10)

A FRH Heisenberg 2. ‘EH#RFE Heisenberg B4t J7 22 8 (B4F) W 8] £9
HAk.

Schrédinger {85 Heisenberg BB L% .

&= Schrodmger Ef%ﬂlﬂ, 7‘.}9% ¢ (1) Fﬁlﬁlﬂ] E 4k, 1%—]— Schrodmger 73“&

(2) 7t_%Schrochnger IEH%EP Ha?ﬁ%’ﬁ(%fr—’ﬂmﬁﬂﬂﬂlzﬁw ﬁ%ﬁmé%
HIFE R AMES (FE24 Hilbert 53 [A B92E50) R BT E] AR , B TARA— A S 22 B (&
P TEX B R 2Z 8] 58 BT R BERT 18128, ([HES R A R SR B (FEA KT
] b B A ) 2 B R AR Y. 5 AR R , Heisenberg B, 3 38 1 R
SRR BABER A, Bl T 5128 CERD) B AL, B, ¥ Rmasmit
[RIAAE AR ()28 , T BATAT—A 2 B 7 W — 435 S i & 2 0 2 () AR e Tt
BiE B} [ 3 £

() PR 1. ST E T4 AR 2 IR R R R I
RepfEs, BLF, H]=o0, % Heisenberg B H [HEE: H(t) =U(t,0)"
HU(t,0)=H]
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[F@),H(z)] = [/ itis JH] = e[ F, H]e i/t = 0
FORNER. FUERT H%¥d, A N2 BREFERIFREELRR
T 5.
(4) IR R , T ARG % 0 R A 8 1 2. 308 3% A 380 1) B, e B R
i Schrodinger BR. 7EI41E J12% & (BAD 25 R AE BT RP B8 2 181 6 B i, 5 I A
THR“S”f“H” X Schrodinger Ef§F Heisenberg B ({0 HfER—Fh % ik
ALERRIRR T, W) 58 2 T b ED).

Bilan, X F H1¥&,
Fs(t) =Fs(0) = Fs  (S5BfFE%)
Fu () = eH/hFgeift/s (5.3.11)
%FHQ:) - é[FH(t) JH] (5.3.12)
NFARE,
I () = g (0) = ¢ (0) = ™y (1) (5.3.13)

i a%gbs(t) — Hys(0)

2 gu( =0 (5.3.14)

AT 26 A BTS20 F k2% & — T 7€ Heisenberg E% A kb 28 /5] 55 (75 1k
Bl1 BHERNTF
H=p*/2m
HFLp, H]=0,p H<FEE, BTLL p()=p(0) =p, Tfi

2
S =0, 1] = et [r,z”—]e—mt/ﬁ — ot L nn . P

m m m
B A
r(o = r(0) + 24 (5.3.15)
m
Bl 2 —HEERT
e p_-i i 2.2
H= 2m+ 5 mw'z
(1) = elft/h g gmith/h
D (t) = eft/hp mith/h (5.3.16)
5K H
47O = e L Hle o = - (5.3.17)
%Pz (0 = éeﬁ/h[PﬂH]e_“"“‘ =— mw’z(2)
B 1,
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1 2 (t) 2
dtz () = T o’ (1) (5.3.18)

5% #— g R T8 Newton TEERX EHR. #2Z.5

() = ¢y coswt + ¢z sinwt

p. (1) = md%x(t) =— muw¢1 Sinwt + mcawCcoswt
B RH
I(O) =0 = X
$.(0) = mcaw= po, €2 = po/mw
|
- Do
x(t) = x,coswt + mwsmwt (5. 3.19)
p=(t) = pocoswt — mwxosinwt
5.3.3 HEERAE®
w
H=H,+H (5. 3.20)

EH H FRER SR ENER, W H, BAERE S (5N FTAEERE
S )i Hamilton &, A B &HFE 2. 5 (5. 3. 13)R[FH, 4

() = exp(iHot/H) ¢ (2) , BP ¢ () = exp(—iHot/B)¢n(®) (5. 3.21)
B 5

it —¢1(t)— exp(iHot/#) (— Hy + H) s (1) = exp(iHot/5) H' s ()

= exp(iHot/#) H exp(— iH,t/#%) » exp(AHot/%) s ()
I

i Lyr(6) = Hi (D gn(0) (5. 3.22)

K
H7(t) = exp(iH,ot/4) H exp(—iH,t/%) o (5.3.23)
1 (O FRNHE A F B4 (interaction picture) FEFI& HMFERI, BYS Schrodinger
B RETA g (DMEZRMRG. 3. 2D Fik. Hi (0 & H EHEERERZT
fFERR. — VIR, Schrodinger FIRFMBAF F FEMHEAEREGHRRR
Fi(¢) = exp(iH,t/%) Fexp(—iH,t/#%) (5.3.24)
=5

d 1 '
L@ = E[FI(t) JH, ] (5. 3.25)
. (HO>I=H0 m (5. 3. 22) F1 (5. 3. 25)‘1&%& Z!EFFHEYEFH@{%UF,
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e (HEMA H M%Jﬁ%)ﬂé&lzﬁﬂlﬂﬁﬁﬁf‘ﬁ%f“ﬁﬁ 9 R BT () A
Ty Ho R ASHRF SR T4 B 19 Hamilton 8 , H' 2R A SR F 540
BLF A8 AR GRS BR)D .

5.4 SFIEE-SXFRMEIIE R MBI

FELBITEHR, — AR B 148, — B 2 Bl 1) T R 24k B , {5 BT 6
FRALS %8 BB SR P EHERAS, X 22 B 0 SF a8, % 55 2
o Bl OGBS T, A B ETER R THRER —E
B, A AT LA R A BA S 4K 450, SRABRE F 19 Newton J7 2 (& B A — [}
FEON, MBER B —AFE R GESHARS) , W AT LA AL 28 3R e % Bt 16— i 244
F.

ELBI1%T, FEE B SRR R 2 0 M BB R, & 4528 Jacobi A3
2| (1842) . fibtk 34 F—MAEFH Lagrange % L #5REMAR , 0 L 7525 Al A6 AR
VB TEARENE, MARKShBFE. I L /2 M5 sh T BA R, Nk Z R
MBhESFE. JFk,J. R Schitz #§H (1897)9, L ZEi [ B8 T BRAE#: , ¥ S35
KR BERTFIE. X TELSMAF PFIERESWHHER BB S, £ Landau #
Lifshitz Br & f12)— B , B RIFHFE RS,

T E R SR EF R AR 22/, RERTF 2 RRIUE A4
ERE FBLEABYHENEARE PR, X—HE5BTFH2NES I ER
ARAMK RS, SRMSIEM, BF N 2L FHBRERTIR, K KET THT
ERBINR R R BRI (R T EEABREIEZIN , B R SEK R
BB R. FRie—MER B ST B TR BT — MK R TR R
BRAMEFEEN, BRSEARNOERMMFREA HENX RO, Wb, R T
Ty AL B TSR B REE , B He SR AR EAR D, BN R T 38 L e e e
R, AR MR AR, (B A0SR AEHR )4k 28 B b X Bk M: , 390 T LA 4ok ) BB SR 70 AR
SR LR XERAEAR B 1 PR, B H, A S Sk, N

C. G. ]. Jacobi, Vorlesungen Uber Dynamik , (Werke, Supplementband. Reimer, Berlin, 1884).

J. R. Schiitz, Gétt. Nachr. (1897),p. 110.

L. D. Landau,E. M. Lifshitz, Mechanics, (Pergamon 1977).

FHUHE, W TURBE AR LB BIRT 35 0 R B fst.

R. P. Feynman, Lectures on Physics ,Vol. [l ,Quantum Mechanics. (Addison-Wesley,17-1,1965. )
E. P. Wigner, Group Theory and its Applications to the Quantum Mechanics o f Atomic Spectra ,
(Academic Press, N. Y, 1959).

© 0606 e
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B TR R BIMRREE T, TR b KT #5 KA# Schrodinger J7 8, B AT AR i — 1R
FENLS. XERAET Y EE PO, BT R T, Rk &Y
B RRL T3 ) R AEER).

A — e R, B0 2s 1B R G X AR, ZE S 1 AR AT A SPIEE#E, 1T
TERF 26 S ECFARSPAE e KO R A R 8 8 12 0. 3L e 4 [RDRL 7 24 A
(128 F & , H Hamilton X FAEIBMRLF BB R, XL S E I+
REEH B R A IXHA R AE SPRE B T AERARINR, [BIER T/ X0t
SFRVERE 8 1 R AA ZORZS RO T BB LA AR 38 A BR A6 (O 5. 4 9D &2 JR A9 Fermi Sk
R, JELF p A B AR R TR R R TR 451 K T e A R S K R ST v
PRIEA A BRI R.

B R PR A B BB o 158 , B RER 3 F AR 4L &2 Schrodinger J5 2

L, d,

% B QURMKHE T H] , FEFES 2 #: Q7). WAERH Q T, W iR B ¢ 2
wmE

g ¢ = QY (5.4.2)
KEM TFERNAREUERERN ¢ HES ¢ HRERMZEHHFER, BPER
ik 2y = Hy' (5.4.3)
Hp
it SQp = HQy
AQ =g ,1%

ik 2y = Q' HQy
5R(5. 4. 1) ik, B3R

Q'HQ=H (5.4.4)
Il
QH = HQ
19
[Q.H]=0 (5.4.4")

£G4 DR EKRZR A Hamilton B7EA# Q TR EARBAGE,

WS, ZERFEBMEI,Q N AR MER, B RFIMETE,Q M X ERA
QR =Q Q=1 : (5.4.5)

M QR LIEAH#. FLHRERG. 4. OWBBIR VAR EZ TR, YHET

(@ V. F. Weisskopf, Physics in the Twentieth Century,p. 295~301. (MIT, Cambridge, MA,1972).
* 166 -



R 2R BRI X PR AR e B R A B — B, R M1 2 R FR P B (symmetry group). 75
B P WHRZ A Schrodinger £,

Q LI S AR W (F— R — A AL S Bk ZIE , )40, 25 A1 B .28
[BIBERE) , AT LA Ay 43 37 AR 4 (0 , 23 1) S 5 L I 8D S 380D . W Tt s 6, 1T LA K5 5
TGS NS, &

Q=1+iF (5.4.6)
e RZIE T /PNEBRKSE (>01), B3R Q WL EFBM &N

QQRQ=U—-ieFHA+iF) =1+ie(F—F") +0@?) =1
%
Ffr=F (5.4.7)

B FONJERBER, R AELTH QLS /NEF. T F RIEXER, TUAE
HE L — 5254 Q HERR K S8, BRI ESR, [(Q, H]=0, A8

[F,H] =0 (5.4.8)
F 2532 Q MM H-HER.

E L ERMER B Hamilton BFERAAS BT WARZS MRS R #6 FR 4RI SFE 2 4.
BRARYL, N ERARR TR R WZSYEB T LR, MR R — SRS He. 8
KRB —REA ¢ Hid, 2 FEFSHRUBERE, RS ¢ R, FRe, KRB —R
A ¢ Wik, LA FREMII BRI BZIR U ¢ 8. SRR SOR R B RS 2 IR L 5 R
AT FRBTIENGIRRE, WRER| (9,9 | =, ¢) |. G RERFRBIH
K@E. )%%‘ii’l\%ﬁi ,Wigner e far :Xa‘%‘t%f}l‘ﬁ&ﬁﬁﬁ% ZIE@zﬁeEJi}i zIE}Z#e Xﬂ‘ﬁﬁiﬁ,

........................
.......

..........................

...............................

plzcatzons to the Quantum Mechanics of Atomic Spectra, (Acadmic Press, N. Y., 1959),
chap. 26.

5.4.1 ZTEMHAK(EBRLTE)5FHEFE
FTH B — R RRTS /M (B 5. 2),

> =x+dx (5.4.9)
i o4
x x'=x+0x
B 5.2
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g—>¢ =Dy (5.4.10)
BR

¢ () = ¢(x) (5.4.11)
Bp ‘ '
Dy (x~+8x) = ¢(x)

7 LRI o #h  —dx, WG
Dy(x) = ¢p(x—dx) (5.4.12)
XA 1E Taylor I, %4

Pz —82) = g(a) — 8z 3L 4+ = exp(—dz = )g(x) = exp(— idzp./m)g(z)
K

P =—ih 2= (5. 4.13)
RAKRZ ARG « D) RES/NETF M EBERF R
D(dx) = exp(— idxp./h) (5.4.14)
Her B = s AR R IS5 /NERS '
r—>r =r4+or (5.4.15)
BB RN
D(Sr) = exp(—idr « p/k) (5.4.16)
EF/NETFH
p=—ikV (5.4.17)
BN sh BB AT
%1 F B b F, Hamilton &4
H = p*/2m (5.4.18)
B%R,D'HD=H, i
[D,H] =0
XL B Bh TR BB AR A B 2R, IR RS /NVERR RS p R
[p,H]=0 (5.4.19)

AR SR
5.4.2 WEGREY(EBRREE)SEHRTE

Fo s B —A BB, BIMA R G Bl (U = B ROBERE , A 2t
p—>¢ = o+ dp (5. 4. 20)
R R ORZS U R K
g—>¢ =Ry (5.4.21)
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XTI B ek T I R (PR I iR 0 , 35

¢ @) =gl (5.4.22)
Bp
Ry (p+8¢p) = (o) (5. 4. 23)
ERAPEEE o>0—50¢, M7E
Ry () = ¢(o— d¢) (5. 4.24)
EXA B Taylor BIF
= gb(go)—Sgo%g—F'" = exp(_&P%o)Sb(?)  n
= exp(— id¢l./k)¢ () (5.4.25)
Hr
I, =ik 2 (5. 4. 26)

I¢
BIARSE = BIBERE M TCS5 /N T, T 48 = A TC35 /e
AR
R.(8¢p) = exp(— i8¢l /k) (5.4.27
B =2 e (| 5. 3),
r>r=gr=r+or

Oor= 0@ Xr=3pn Xr - 4.28) A 5. 3
n N BERE R JT 1 B BT B AT AR
1 —O0p.  Opy
gdp) = | dp. 1 —0¢. |=1—1i8¢ s/ (5. 4.29)
—dpy,  O¢. 1
Hrp
0 0 0 0 0 1
sz=h£0 0 —il, sy=h[0 0 O]
O 1 0 —1 0 O
0 —1 0
s, =Hh|1 O OJ (5. 4. 30)
0
FEMZS R BERE T B I AR fL I T
¢—>¢ =Ry (5. 4. 31)
- |
¢ (') = ¢(r) (5. 4. 32)
Hp
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Ry (r—+or) = ¢(r)

B A
Ry(r)= ¢(r—38r) = ¢(r—3¢n Xr)
o (P — dp(n X 1) » Vg(r) = (r) — %Sgo(n X r) + ppr)
~[1- L3¢ - D Jpcr (5.4.33)
Hr
I=rXp=—»irXV (5. 4.34)
R BTG5 /N BT, ISRV EE M Sh B E AT, T LS5 /IR B EF RN
R@3¢@) = exp(—id¢n « 1/%) (5. 4. 35)

%o T2 [0 £ e Rl AR 2R (lan, B B+, Hul iR
[R(5p),H] =0
Ep
[I,H]=0 (5. 4. 36)
fEhE I=rXp IFER. | B— K& (axial vector BFERERD , M p IR
& polar vector, FFFEHRERD. BEEHLREEMER, AshBAFER.
FEARRE A —ERABNAFMES, XERFBAER BB SRR
PE. BRB L =A BB S BIP,L]1=0,a=x,y,2, 3 T H & 1 [F
R R, HEEB AR ST FE#E R (H, B, L) WILRIAER, —aRFR AT L
FARREMNRLEEM. AshE 0, L) MR ESES R T EERARE
PR, R R 72 B AT DU B e A 17E 2 [ e T Mt e 74338, PR 5 HEAR
AR EREFHBS. XEEAEARE I PiFgN 4.
STFRBHEE AR 1,80, 6 FIAW , FEEERERET , MURE R
B r e — MR RE R A > = gr, TLE A K EHEN— R E AR
H%?é%&%ﬁz@w:,

Alr) = A ) =gA (5.4.37)
EX A'=RA,
RA() = gA(D (5.4.38)
By |
RA(r+3r) = gA(r)
i1}

RA(r) = gA(r—23r (5.4.39)
FAR(G.4.29 5. 4.28), 8

RA(r) = (1——;—8¢n . s>A(r—8gon Xr)
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HAUR (5. 4. 33) WIS, AT
RAG) = (1—pn + 5)(1—~dgn + 1A

h
= (1——;_:8gon +JJA () +0[Gp)*] (5. 4. 40)
Hep
j=14+s (5. 4.41)
ROABRERN. KBRS /MEF TR FR N
R(3¢) = exp(—idgn « j/h) (5.4.42)
s EEIEMAShE, RBERBWAEAZIE. (6. 4. 30 8 H
1 0 0

0 1 0
0 0 1

AIEAE 282 00 sGHDRL B s=1, BiER 1(R). X TF Eﬁﬁﬂy%ﬂ@ﬁ?%)‘ﬁé
(spinor) Jf; REETE 25 R HEsE T MM IR, B T4 3% 1T Fitig.
5.4.3 TERHATHSFEHRFE

§¢ =2+ 5545t = 247 = 247 (5. 4.43)

TEZS ) 7284 PAERRT
J(xyy52) > Pp(x,y,2) = ¢(—x, —y, — 2) (5. 4. 44)
P REMBEARPERN. TIEHERIEKRESR, B
P=P (5. 4.45)
iE. FR

+oo +oo
J_Oogb* (NPy(HNd x= Loo"b* PNe(—NEx(RHEEr—>—r)
—— J_oogb* (— Do diz = Foo [Py* (DD d x
oo 14 - ?

= Jigo(r)[ng* (N]dz = J+_:¢* (NPo(rndx

BT LA |

P=P (5. 4. 46)
NBER(G. 4. 44) , B8R P* =P, LA PT=P. R(5. 4. 45)15iF.

MAh, #R(5. 4. 44) , K/

P =1 (5. 4. 47)

BIWIR I 3155 THE A #e. f (5. 4. 45) . (5. 4. 4T) A[HI
P'=P=P" (5. 4. 48)

Frid P2 L ERA.
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P B AMEE CEBO TN T 3R, 3

Py = Ay (5.4.49)
HH P WWiNEE, £ih=Py=¢, FH=APy=1*y, i)
AP=1, A=+1 (5. 4.50)
B) P BAGEME RATEA, Bl 1. A= +1 X R FAAE S , B
Py(r) = ¢(—r) =+ ¢(r) (5.4.51)
FRABFRS. A=—1 IR AAES, Bl
| Py(r) = ¢(—r) =— ¢(r) (5.4.52)
R FIRA.
W R REBA 2 ) G, B
PHP™ = H
IR ]
[P,H]=0 (5.4.53)

WFFR P RspER. o, HERNERAMES AR, WIXEBAESLE #E
FHR(EHS. 1.3 35,18 . Bmse%A 535, MERAMTEESH A —EBAHETF
RS AT AR I R 2508 MR B 0, R F AR AR, Blin, X T—4k 5 Bk
¥ ,Hamilton &8

_ 1 _,__ # 3
H__Zmpz—_ 2m dx?
BRE

FI P RTEE. HAESTURSR ™ 5 e R RERAE 5742 /2m) , Ef]
AR « IE A5 RN FE M, WRE p. WS RAEE R + ik,
—hR). XANTEARFERG AR (h=0 BRSM) , B LUIEFHMEHIT RS

b 45 2 R FRR A AAE RS , B
%(ei’“ +e*) = coskr (FHE)

J-(e™ — ™) = sinkr  CFFRA)

X F—4EEM B BT, HTFRERNSTEE—3h & p. RFRP, ML X
At 5

[p.,P]#0
BT LA BB R — 2 TR 19 (R =0 Z5BRAM) (L 5. 1 F3Hie). M F M =4 s 3 A
HIRF, A RLER R HEER.
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AR —EFHREE, BT LIRS 2, — 80 BABFR, 5 —W5
HA 277K, B

o= gitg (5. 4. 54)

He .
g = +(1£P)y (5. 4. 55)
Py, =+ gy (5. 4.56)

Bilan, —4 5 R FE R g=e* R EHF —EFK,H
elr = —%—(eik’” + e *) -l—%(ei’“ — e *®) = coskxr +1 sinkx

Hr coskx FHRAM, sinkx FFHRHAE. K (5. 4 5O ¢ I RFHRAAESRREIT.
AR T HZ FFR A A7 18 (B AEZS 8] S 58 T MM D R 428, BAF VT IR B
72 [A] 5 T PR 432K,
BRER AWRE
[P,A]=0, Bl PA=AP
FAH P '=P,1%
PAP =A (5.4.57)
XFER A RNBFERER. Glin, A BER I=rXp, S18BEHF T=p"/2m &
REBFHRER. BRBEFAHBLE
[P,Al,.=PA+AP =0
BT -
PAP =—A (5.4.58)
MFR A RBFFHRER. B, shE p,NE r.
—RERF A A—E BAXFME R, BB LIRR

A=A +A_ (5.4.59)
Hep
&=%Mimm (5. 4. 60)
ARHETEH
PA, P =+A, (5. 4. 61)

AL P HRBFERME FIRER.
XBRBER RIS, B T FHREFEEN. B, |« BREFEHRR
7 5 " BIZS, IR (G, 4. 61), M
(' |AL | 7"Y= (x| PAL P|x")
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=777 | AL | 7") = Sy’ | A | ) (5.4.62)
ERFR, REFHRMRINEES (=) Z 8, BFHRER A ERETA TR N
0. AU AT LIES -
(' |A_| 7"y = 8y, _v{x |A_| 2" (5.4.63)
B HEFHRME R PSZIE, & FHRER A- WEMETTA ATREARN 0.
R RBE A A AR AR 3 T B PR TR X B A4 RSB IR A I, XX
THREMETHA T, FRABE.

5.4.4 HENHSEEERTE

DA B TSR R K2 [ FR itk i 2 4 , #0-5 i [R) TR 5% K it R] i 28wl 43
i} (] - B FIA ] [ 3 (time inversion). Fij# B THELEHR, R—F X IEXHR. FH
Uﬁ%ﬁiﬁliﬁe _qu"EBB HTIEJEIE}HEZE’IE& ﬁﬁ%—ﬂﬁﬁﬁ’lﬁﬁ% Hﬂlﬂ}i?ﬁ'

ﬁkiﬂfﬁ‘ﬁ ﬁ.
M8 Schrodinger 518,

ik —</; Hy (5. 4. 64)

& HADE ¢, WK FRSBEE [H) B AL R S i AT S EIREK, AR EA
RIS M. T, 25 BERT [ AL ] RoR b (JL 5. 2 59)
() = e /g (0) (5. 4. 65)
e R AR R BEAT I ()RS ¢ BOSEAT. X T IE55 /D[RR ot
¢(8t) = D(3t)¢(0) = e M4y, (0) =~ (1 —iHdt/8)¢(0) (5. 4. 66)
H ¥JektE H" =H {RUET D (3t) =exp(—iHdt/#) By X 1IE¥E, H BB A T 55
INEFRREFE.

H AR, B EERAAERS. RN Y&, — N EA B AR R
KPR, HA—E R EEA TS, RERRTRRNVE. HH8 ¢(ORL TH
T HAEAN—HFEHETEENAMES gk B—HEZETH SFEEESE
{8 E., U

G(t) = e Btlhy, (5.4.67)
RZ,EVERE TRERESKE,
1l
o) = D ae By, (5.4.69)
k
A
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ar = (¢ p(0)) (5.4.70)

5.5 2[Rk R 5 R BXTPRME
5.5.1 £RNFREHZHRITHRE

ARAPHFESFARFRER T, B, B Jm T FF T = S T4
[l —Fohs T B SE 2 AH R 9 8 R 2 LR o , il R L B L AT L B e LR R
5. 5L EANTIERAR SR S A [R] 49 P9 BR 1 2 LR AR 3 3 &5 T AR Rl R SR kL
NATHEJE T IR — BT F5 22 F] (identicaD B .

L, B—FMeRET, REEMNNNERE MR, FARRE
fiTEy“AE” (individuality) , By 28 $0R0 T 8938 30 A 5 1) B0 PLIE , ANTRT ARG R —
i ZIZER — 3t s B B 2 DR F #4796 5 (numbering) , FFAR 8 2R J& R — B % 7E
BB B SRA HoR T R T T, B2 AR, HEATEERR
(BEERLF M) , WA U015 S EE MR & R £ B B AT TR AR — A %)
TEI T2 A REAL B —A 2R T 34T 90 5, AT A BRI BT E 22 P — B IR 7
Hnf B — R BRI AL T ER T ¥, -1 2RATEeE
RTERME”. —RFOLT, 7EEN EAMAEE 2B G — 1 2FRAT, X E
fi#rims. ©

Weisskopf 258 H%, 2 RS SR T SHNE THAE R RNEKR. LM
Yy ERE R, B TR B BURLRZS (Bl qm, &, TR, KN AT A 2228 4L, IRA b
AR T2 . BB T 3Bt R T LIME BB , (52 2 R
HETR/MY. FERT H1%H, i TENE T, AT B T SEBE MR, ZHR
AR, BB ELMTE. AR, Hl, WMRE T, AEENE3taTEd
R4 R, 8 A T ERAL TR , AR R Y 38 o i (B 1 380 Skl » BT LATRAT]
BHEMR2RFHMC.

TE AR P2 E B RN TS R T R, Bla, B F 50 FFRRT
2 BEFBRHHETRET TR, ERPRE TR, P T ES FIATHRA SR

@ L. Landau and E. M. Lifshitz, Quantum Mechanics. Nonrelativistic Theory, 3rd. edition, (Perga-
mon Press Ltd, U. K. ),p. 225, “by virtue of the uncertainty principle, the concept of the path of an electron
ceases to have any meaning. ” “in quantum mechanics,identical particles entirely lose their individuality. ”

® V. F. Weisskopf, Physics in the Twentieth Century, (MIT, Cambridge, MA, 1972), p. 24 ~51,
295~297. }

® HEEFZEERT,BETH2RAGEARXN, BN ETHLTES, ARBABIRTRERGE
% FRFEHESED. BERR @GN T~10°K) F, BT FRERSESR, B TAFHBESHETH
FIRATE. ZEH BT, 0 TRAREEH 2RSS, B0 TR shfndksh B b B vl sl , B4
FRFEL TR B FENBERER/DM.

e 175 -



H = p%/2m+p§/2m——2flf~—2-§+ e
UF TR (1—>2), H BRRFA, 1]
[P, H] =0

ﬁﬂlﬂ PpRRiF 1 5RF 2 H’Jiﬁ&%ﬁ $§EJ: éﬁ*‘?% E‘JETI—IX%?BUEX#T

o(r) = Ea<r—r,->

Jjr = 12[ S(r—-r)—f—S(r——r)p]

2 FRF R Hamilton 8RS HITFRYE, R BLBIH R & ZOR S 000 BELE , S0
TRBEZIRZ. B, 5 TFRRT, Y AMERA BT f— i T, B FRA4
BTN BB 2 MR, IR 8BRS E ) FI e 57 22 FA B 7 5 i 8 —
A &“‘Z, ﬁmmﬁ@m—/\aﬁmm W N: ) b%wa/\qua@w——/\ i+ F

%B@m%l&@

rm% SRR SUR— R R, B PR — T
i, CO%?)TF] F 2 B R4S SUR T2 F (BN, C, 2 F) B9 3h 6% sk
A AR B B R, A — L SRR AL, i TR TR A E
thi B, [R5 h G LR BE R b D 2 B4R A AL PE (B30 14. 2. 2 39). Xiam,
PR R 2 I H R RO 13. 3 99).

EREWEFRRTHRAER, HEER (g, ) R RS, ¢ 5 ¢ &
HREFARLT B @ FALAR (B0, AHE 2 B L FR S B IEAFR). MR T #H
B, ¢(Q1’QZ)“*P12¢(C11 ’fIz)—(/J(CImCh) iﬁ?ltﬂﬁﬁ"ﬁ@ﬁ#ﬁﬁﬂﬁ%?j‘ﬁﬁf
7 ARA B E, B — 0 B R A A A2 5. R HAH 2R

® P. A. M. Dirac, The Principles of Quantum Mechanics,3rd. edition,p. 207~211. Dirac 35 , % F
2R T %K , “the Hamiltonian shall be a symmetrical function of the & ,& .+ »&» 1. e, it shall remain un-
changed when the sets of variables &, are interchanged or permuted in any way. This condition must hold, no

“matter what perturbations are applied to the system. In fact, any quantity of physical significance must be a
symmetrical function of the &,.” {RE] &R, Cohen-Tannoudji, et al. , Quantum Mechanics, vol. [, p. 1372
B R .

@ R P. Feynman, R. B. Leighton and M. Sands, The Feynman Lectures in Physics,vol. 3, p. 3-9,

(Addison-Wesley, Reading , MA,1965).
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7, AR RS L ANRF5E 2 N RFHRRENAEXET —-TmE.
fELE T PR T YR 52 S ] X PR AR 0L 00k X 4. BT LSRRI o
)3 oo HOEDER— B2 L AR TR R
. E—AF oL, Z 8 N M 2RNFARMSER , RS A A
(g1 5925 5qn)
R, Py 25 i BT 558 7 BF3c8mB R, B
Pig(qis=s@is s @iroosqn) = (g1 s s@j s s @is*sqn)  (5.5.1)
PR, Py 5 ¢ MANB TSR BREMNRZTUE - EREF
A, B
Py = Ay (5.5.2)
Al P, B, 18
: Pig = AP = 2*¢
2 P;=1,FrLA
AP=1
B
A==1 (5.5.3)
Bi P; AW B REBA) AEE A=t 1. 5338, £ FRRF R R0 2 T
FIRRAZ—:
Pip =+ ¢ (5. 5. 4a)
Pip =—¢ (5. 5. 4b)
(i j=1,2,+,N)
i 2 (5. 5. 4a) B, BR A X BRI Bk 8 W6 R = (5. 5. 4b) Y, BR A SR FR I BB BT
LA, 2 RPRT R B ST FRPAES T B R — MRR R, B ESR B I FAR M
AMBLF BRI, BE BXAR, BUE R ROHR. TH . BT

[Pij7H:|:O (5.5.5)

r 5.1 q:a%@],' Nﬁ?’ﬁ%ﬁsl’%l 'ﬁémﬁsré%x — AT R R
AAEZS. B, — N ERXFRIE R AR IR — 2 B SR AES, Ti— A B
25 ] R AR RO R , BRSO — 5 B 0 IR, B, i T
BT Py 25 =1,2,, N) IR ER BN 5 109, [ I — 33k, — > 2 Rk
FRIOWER §(q1 - q) FR—FREEA P, WAES, ERA—EREFTH

O BERRMEN (0, A B MBI ERYE, Psg(0)=214(0).  H RBE £, W ¢(z) =e i/
¢(0). ZEBI[P;, H]=0, 4 Pyg(t)=Pj;e H/hy(0)=e H/HP ;g (0) =2e H/y(0) =ag(2). FTLL $(0) 5
(0) B A8 IRl Y 32 e o R 1

® #%5.1.3WNEE, 2FARTRNBRAES, —BBIK, FAERIF, F BRI (exchange de-

generacy).
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E’J#EI—JZIK{E*(I@T%EREMk*u%) {BFE?MI]J%%@J FJ?%P E‘JJ#I—JZME

P,-,. G#j=1 ,2 yoe ,N) Bﬁ;cérﬁ‘lzsﬁ?&, Ell ,E\E-mﬁ%%s*cwmﬁ. Ltt% , i@é\ﬁ}f?ﬁ
—UISEE R, X T2 T, BT £ R I R B A0 38 e 0 R 1 2 52 2 1 S 1.
540, B F 22 B 0% BB B, X T A B o, 1 B R R RR 4. T Y6 B 28 1A 35 R 6, T
X FRE.

SRR R, 2 FPRL T R B B S B B ST B IR A E R (%
:J:EB%IEJ@ 4%?%9511‘ 2. Raﬁﬁj@h%ﬁfﬁm*ﬁ?u 0, h Zh, ) B R %K

/2,00, @E@ﬁiﬁiﬁiﬁ@ﬁ?é%fii{ﬁ?ﬂff i, 'EH' B P, B
#F Fermi 483+, Fk K Fermi F. Bose Gt iT¥: Ml Fermi Sk RER T 1%
Y ZHIMER N, R T /%R UUF, & Heisenberg 245 # 4 MBI Bose 453 1
Fermi &5 2R T RH BT ANHAIENLR (BRI 1.5 %), O

h “HA R LRI R BT, I, o B F SR T4, ITETHE Y R
SRR, PR R , BOSLPOER B e R SE R, ML AT 1L 24— 2%
R TRA . MR TR Bose T4, WAL Bose T, BHEN & %8hs. 10
AT A B Fermi FLUR, W34 Fermi T, FHEH & H92K45 50, (52 118
B Fermi T4, W% Bose T, B HEH & B EHE. 140, 1H, GRED R He, (o
BT, BIEED & Bose F, M H, GiA%) &3 He, WA Fermi .

FEHFEAE QORI T 2 1A T4 P B A8 50 F 207 2P AR EL A e 0

R SRR TFHRNAR, REHRT LR THRE.
5.5.2 AALARFARNER, Pauli I
BHBA S FRT T TR, BT 17 24 e, % 2 Y

H ) , Hamilton &R F/mR N
H = h(g:) +h(g) (5.5.6)

O ISR B R BRISE & R X BRI UE B FIREATE &, BB R — A JE Abel B, BRRA
AFRAI Young EIRAFIE. STAMBRER (—4) M Young B | |- |47ic R B2 2RIRRA, BIFF

A Py ML RIAER, RAEE K +1. B2 R FRFER (—48) A Young EE*&&%% BN SE & R M AR, R

A Py R AR, AMEE N —1.
@ ZEIFRYEST AR BT AR E AR, RRGE T (Bose i3 3K Fermi 45i) A45.
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H i bR ERF Hamilton & ,q (R T HI-SERLIR (2 R AT, E HERIR
%¥),h(q) 5 h(g)BR LB —#, AR 1«2 Z#H—TF. BR[ Py, H]=o0.

b Hamilton & h(q) IAE T B K

(D @ (@) = erpr (@) (5.5. 7D

B o E'IEBZ)3~’FB k ﬁ% —HBNTHESHEFER BHNRFHAE— 4t
T Pry 7 %—‘/\51133: Pk, 785 DIIJ Pr, (¢ )gokz (g2) s Or, (Q2)§0k2 (Q1) j% l:‘ﬂ-]ﬁ’jﬁ‘:%%
PEB N, XoF L BE AR e, e, GXFI 5 R FRLT R B2 BN FRUANER R 9 B3
FRAZEHEITI). E3 e B SRR — AT ACHR R L.

%} T Bose F, BR X FASH BN FREY. X BB BRI .

ky ks 9”3_‘1'{3%5({['%&@&7;1[]?%52

Pk, (q1592) [ [Sokl (gD @, (@) + ¢, (@) r, (q1) ]

:«/——5(1 +P12)§0k1 (Q1)§0k2 (qZ) (5. 5. 8)

1/V2 BI3—LEF.
ki =k, =k ,UE[—‘%B(JX‘"J'%&@&%
g (q15q2) = @ (q1) e (gz) (5.5.9)
Xt F Fermi ¥, B3R 0 F 3 H IR, 13X FiBz R BCAT 40 T AR -

(/Jflkz (g1 9Q2)=J“%‘(1 “"Plz)gokl (Q1)§0k2 (gz)

1
= —Low, (@), (@2) — @, (@2) g, (q1)
ﬁ[qokl Q1) ¢, \q2 @, \Q2 ) Or, Q1 ]

1 |on (@) @, (g2)

(5.5.10)
V2

o, () g, (g2)
Pauli JR I
EEJC(S 5. IO)TUEEH %kl—kn}\ﬂsﬁ“ =0, EUJX#E"JR %TﬁTE“J E’JE

ﬁﬁﬁﬂiﬂ Pauli EEE~A$&%JE§E’J Efﬁfﬂi BRI TSI i EEA,
RIER T HFRAZ AT B8 FIRMAESR P & B E 1 MO, % 8 Bohr 7£ 1921
FEABBHNIRETEWHED, EEFH, BT HRE TB, SRR T
AR RS T BIER. §—BE FARME TR (LD #RGER 6.4 3. &

® W. Pauli, Zeit, Physik,31(1925),765.
@ N. Bohr, Theory of Spectra and Atomic Constitution (1922 ,Carmbridge).
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BEFAFANRERG S, BB H R T m R RE AN . KT 44
YE T IT R Y B R R Ak 22 M R Bohr B2 1 R MY JR F 45/ B 25 I B O
EH R, BRAEISAGRNE R BEFLTFESE, I ARNEFRE
I TEA TR AEREE? Bohr E 258 T XA, iR FeHiTie T HIEF
BHEHER BB HRE, F AN SRR F LS FEREL TR RRE
B 4. 2 WA REARA AR ER.

Pauli %o} 24 b JR 4 P A SE 0 K BESE BT AR AE B R JE AR T R 2R 4 4. BR T4k
TR RARBRZIN, B B R E Zeeman BN K& R IR F G RNL M I 9. 3
). R AT B2 — M TR RE AR T SR A
J& 3 (exclusion principle)

EETH, 58— 1 HENHE FRES L, &Z HEAN
— AT, B — R TRAENANEFECRHR. FREMEN=EANETH(,
l,m) R 5B FERETFEIEEHAE X SN ETFEERE FASER X/
. T XAN AR Rl —4E (1925) 8% G. E. Uhlenbeck #1 S. Goudsmit ##ge (I 9. 1
), BV TR 23 [F A bRAb , B F B HE, T Pauli 58 W82 FHEEUE R F B iR Z
HIETFE m,, BT LAELE1/2 W ME.

A5 122 58l 1 AHAk R . Mﬁfﬁ%*‘&@ﬁ%ﬁﬁ%ﬁ%ﬁﬁ@
Pauli JEHEAY, I & Heisenberg,Fermi 1 Dirac 25 A # TAE®.

Bl1 BABHEER A BT, W TSR AMES (RIEER bk, ik , BAH =F1E 0
S B ATEESS 6] AR B 4 A B , B2 16 B B« (1D B SR AR AEAR O, (2) 3 T 388k
RRXFREOL , (33 F BRI FRIF L.

i (DERT RIZH RN, B B Boh F B R AT R=m N

i (rsre) = o h)3exP[l(k rtkger)] (5.5.11)
r 5 r, SHREFRF RS B LR NE TR RSB AR, S
r=nr-—r; (XA R)
_1 .
R = 2 (ry +r2) (AR (5.5.12)
K == ka +kp (hKQJE!\aE)

FRAG. 5. 1D AR

‘/’kakp("l"'Z) ———exp(iK+* R+ik + 1) = =5 exp(iK+ R ¢ (r) (5.5.13)

(2x h) (2x h)B/

A

@ W. Pauli, Nobel Lecture ,Dec 13(1946). %F Pauli IR KW HLHEHR LT SR W. Pauli, Sci-
ence, 103(1946),213; E. T. Whittaker, A History of the Theories of Aether and Electricity, chap. 4; F.
Hund, The History of Quantum Theory ,chap. 9; D. ter Haar, The Old Quantum Theory ,Pergamon,1967.

® W. Heisenberg, Zeit. Physik,38(1926),411;39(1926),499,E. Fermi, Zeit. Physik,36(1926),
902. P. A. M. Dirac, Proc. Roy. Soc. London,A112(1926),661.
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e (P) = (zn*;)mexp(ik - P (5.5.14)

AR AARE ST A B R R LT RIS B R, B S RO E ST F ¢ (DA
U E— BT R LB, r+dr) Z B ERFE R R 5 — AR T R

4’ P(r)dr = 2dr| | () [7dQ = 2 dr =21 (5.5.15)

(2xnk)?
FrUMERERE P(n=1/Cxk)* IER.5 r TL.
(2) X FIRER R FREIE B, B R ¥ h

W, (rire) =é(1_ﬂz)¢&akﬁ(n,rz)
EE: Y 1«2/, r>—r,RA%, ERXAERR
Py (riom) = o=z exp(K - R) VZisinCk » ) (5.5.16)
B IBE B AR R AR , M XHE SR 40 SRR
() = W J2sin(k « 1) (5.5.17)
B AT A
4 P (D dr= 2dr| | g (0] 2d0 = (22’;:; sin? (k » r)d0
- (22:::)’3 [ dg["sint Chrcostrsingan = g";‘ig (1 sinzer)
Fir LA
PA) = s (1— 22 (5.5.18)
(3) X FAZHEXTFRAE B, AT UK H
PS(r) = s (14 02T (5.5.19)

AR, ZME TN BRI RRF M. BERLEEMERAET 1/Qrb)*, 4
z=2kr, M|

1+%§—” (HFRIE B
P(») <1 (TLXFRIE L) (5.5.20)
1—%“ (R R BL)

oooooooooooooooooooooooooooooooooo

(z=0)HyEHR Y 0( 5. 4). B2 200, M P(r)—1, ZREBA Tott 225 51 , MR bR BT FR
PERREW BT LA . XA FLR G 7 1T LU 28 SR OLT , B4~ RORL T 9 M B 194046
BERRARAARIRI , 3R — A AT L 6 B 28081

B2 WA AREATHFRT , FALRSTUABNEE o (05 @ (@R RE
W BA—HRE). B o 5 ¢ EEFREE G 5.5), R FHRALERR V(21— ).
AR TLAR P S .

e (D BAZERPRTRERORN Y, ERF 14 F o S RTF 24T o 5.5
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BT R AR ECH
W xy,12) = g (1) e (x2) (5.5.21)
i
V= ngI* (x1) @z (x2) Vi1 (1) @2 (x2)dx1 Az EX 2 (5.5.22)
Px)
Pix)
0 x
& 5.5

(2) BB FRLT R HE REHI N FRAE , K B BER P> 2 FDRT BB R B

& (z1,22) =é[¢1 (z1) @z (x2) + @1 (z2) 2 (1) ] (5.5.23)

A
V= ¢ @z Vg oz dada, = 9+ ¢ (5. 5. 24)

Hp

9= J@* (xl)@* () V(| 21 — 2 | )¢1 (xl)@(xz)dxldxz
(5.5.25)
6= JSDI* ()@ @)V 21 — 22 Dge (2 (22) dz1 Az

DEFHE TS, RN BT (B R T BRI TR, % o 5 o RAEEH
YRS 6 —MANE. AEEEE (D5 g DEZARESR, BE o (D RAEHER,
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@ (DN, RZMB—HE, BT of ()@ (21)=¢5 (x2) @1 (25) =0, FH itk €=0. peit V=9, 5
AT BB BRI A e X FR R Bt TR 45 SR AR .

BLF XA FEoR , B AT AR 455, B T O R R R R A S B T B o S o 7
AR, W — B 6740, BRB B FRIER LA 8. ERTHE, % T Fermi FaL
3. B (AR STEAE) 7E4r TR B RS P RBEEM GER 14. 39,

5.5.3 N Fermi F{& &

FeEB=2F Fermi FHMAIER. BT Pauli FH, =MRFRELF=
ARFERTA o, s, T gr, . BB R HBRILE =R T 0 T R
@k, (q1) Pk, (gz) Pr, (g3)

Sb;?l,kz.ka (q159293) 2/% Pr, (q1) P, (qz) O, (gs)
- Pk, (CI1) Pr, (gz) ©r, (gs)
=J%[¢k1 (g, (@) 1, (g5) + @, (@) r, (g3) @i, (q1)

+ o, (@) or, (@) i, (@2) — @, (gD r, (@) i, (1)
O (q2)§0k2 (g )g0k3 (gs) — Pr, (¢ )gokz (QS)gok3 (qz)]
= Sow, (q1) @i, (q2) g, (g3) (5.5.26)
He

sl =—(1+ PyBy + Py Py — Py — Py — By) (5.5.97)
/30

R A PRI E F (anti-symmetrizer).
#)B N N2 Fermi FAAR, & N A Fermi FATF by <lky<lo<lky H L,
W] N B+ 7B RTFR B R BT I SR,

Pk, (ql) oo Pk, (qN)
,(qi) e , (an)
Sbfl"'kN (Qla"'an)=\/Ti]__' P P NN
o (@) o o, (gn)
=21 ] (5.5.28)
—ﬁ ;51)})[@1 (Ch)gokz (g2) Pry (gn) . O

He PAUE N MRFHIFEA B (permutation). PLgy, (q1) g, (gn) RFEM—
MRHEHES R
o, (@) o, (@2) >, (gqn) (5.5.29)
M, 2B PERBHBRN—HES. N MRTE N A& ERARRHSIEE
. 183 -



N 4,8 & WA NI AAE#. Bl R (5. 5. 28) il NI s %, 7% st ER 2
EAZH). J%%Uﬂ—ﬂ:lﬁ% Bt P A LR B T4 % # (transposition,
FLFASH) Z . MARUEHEFI (5. 5. 29) B &, B B 233 T BT e 4 A B HEF)
Pl (q) e+ gu, (qn) 1, XFF P RN E (odd) B, XX F B, 0p=— 1. HEHREEL
AHEFK T A K BIHES PLos, (q1) -+ gn, (gn) 1, X HER) P FRA{E (even) B #, Xt
iiﬂ’ﬁﬁ,&s:-l-l. EIUﬁE% ’%E N‘ /I\Eﬁqj 9%%&5%%&% [Jj‘_‘iié‘. Ejﬂfn
A.(5. 5. 28) K Fieh , 5 — A IETR, — 2 R FUIR.
R A=, (5. 5. 28) BTk B EL, FR N Slater 1751, Al & A

&fgokl (Q1)§0k2 (qz)"‘gakN (gn) (5.5.30)
[ii1}
1
A= ——)> 0pP ¢5.5.31D)
/N1 ; ]

BEFRALE F. AR X FRAGSE R HH Slater 475 AT B B & i, AREA A
Fermi F4bF R — 18R T3

5.5.4 N4 Bose Fk %

Bose T A% Pauli JRFERRHI, 7] LB EE L1 Bose F4b T4 [F] A BLALF 4.
’ILH N 4 Bose T, HApH
m /I\ﬂ‘a': k1 ?59
ny /I\&Jlﬂ: ks /ju%,

ny /I\KLI\? kN AjuE’
N
Dym = N (n; A —ST LK 0, F—8ALUKTF 1. B, HHRA 2k o8 37T
i=1
AR B
ZP[gokl (Q1)'"§Dk1 (qnl ) Pk, (qnl+1)"'§0kz (q,,1+n2 )oee N ((IN)] (5.5.32)
P ' " v
n, n, n
SR PRI FXH AL TR IR OB 75 R THE AT R R T A A B 4, B R

BB, (5. 5. 3 RMP WA TA R R BEBIE

al R (5.5.33)

nyleeemy leeony | al
L7
i=1

A~ B, 5 — R R BRI R BT R R

N

n;|

N 2 Plen @)y (g (5.5.30)
. P

Sbfl”z'"”N (ql [ R 9(1N) =
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Gl N=2{kF&,B75.5 2 X5 5. ) F(. 5. DIHELT. L FOH N=3 #9425 Bose
TR ENERFEFNEICH o @ . 5 =EFER

(1) m=—n; =n3=1
gﬁgu ((I1 qu3)=J%[¢1 (qﬂgoz(qz)@(qa) +¢1 (%)@(Qa)%((h)

T @ (@)@ (g s (q2) + o (@) @2 (g2 ) s ()
+ o (@)@ (g (g3) + @1 (g3) 1 (g2) @z (q1) ] (5. 5.35)
EXAHBIE 31 /11 <11 - 1) =6 T, KA BILIERL.
(2) m=2,n,=1,n3=0,

o (q1q2qs) ZJ%[@ (g (@) (g3) + @1 (g (gD 2 (q2) + 1 (@) @2 (g3 )3 (q2) ]

(5. 5. 36)
EXAHILE 3 /21 <11 « 0] =30, FHEHMHILIEST.
) m=3,m=n;=0,
oo (q1qegqs) = o (@) e (g2) 1 (gs) (5.5.37)
HE 3! /30 «0! 0! =17

BEEL BEREEHIRET. BMRFITLTEARRTE oo PRE—, R
RER TSR E 35 WA A3 RE. 2 =FEEL: (DTN F 2R Bose F; ()B4
BT A2 Fermi F; ()L R F.

Z:D6MaDe D, @, aDe2)

1
—[or (D (2 (2 (1)
ﬁ[@ @ (2)+ @ (2 (1)]

1
— 1 2 2 1
5 [z (13 (2) + @ (2) g (1]

é[@ W () + g (D (D]
(2) 34~
1

= 1 2) — ¢ (2 1
ﬁ[@( )92 (2) — 1 (2> (1) ]

1
= 1 2)— @ (2 1
ﬁ[goz( D@5 (2) — @ (2) g3 (1)]

é[@u)@(m —a@a (D]
(3) 3¢ M=XBHBB A+ RAFHELD.

BEE 2 BRAE=ZMHERF, B—MHTULT ¢ @ oo ENBPER—AZ, 6
(D BRI R B RBE B, X =T RAE LA RBRAS? [&:27 4]

() BERBE BB, TRREH LA 2514

(3) HERBERPSTIR, /] fRREF A7 [ 10 4]

(4 MNRBHE +RABREBEE =1 [<27], infa g7
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R i i, 2 [FPRLT R BB R R LR SRk 7 22 LB B . R R %d
Tﬁﬁéﬂﬁ?fé’\éﬁﬁj‘ﬂé% XT%’%‘ ?:& éﬁvﬂiﬂwﬁ?ﬁﬁ‘%x,méﬁz?

oooooooooooooooooooooooooooooooooo
oooooooooooooooooooooooooooooooo
--------------------

BORR, 5 IHRF & "7‘Eiﬁﬁﬁﬂéﬁﬁ§ﬁ?j‘&%ﬂ’ﬁ%i M—TFF K mhit
B ZHT R EPRSEISTH I PR , ARSI FHI TR S

S

5.1 UEBH HEE ACRES oK FHMEX B M KR A

— 32 éi_tz— —T[AH,H] (H£ Hamilton )

5.2 iFH HEAEZNERATSCREED T.AES t WPHEE @GRt HFEN
SE{E R .
5.3 HEB X TFEAaC—4D,.H

4L+
5.4 XtF—4kzdhkiF ., H=p"/2m+V(x),

(1 MLz, pl=ik, iEH

d—_1+———— d—__ (,3V 3V
a 2__(“1’+p”)’ x? = (p8x+9xp)

Q) B dz=z—z, (A1) =@ =(x—z)=2—2,
Sp=p—p,(Ap)? = (p)? = (p—p)? = p* — 7’

HEHA
4 a0t = LGp T —225]
L apy =—[(pp+pp) — 25 ]
A ib=%p=ma':'-
(3) BX dz=z—1,0p=p—p,UEH
£ (a0)* = (ozdi+02dn),  S(ap)? = (opop+0pdp)

%A(zp) — % (5200 T 0poz) — (020p 1 520p 1+ 0p0T & 0p0%)

%Eﬂ C. W. Wong,Am. ]. Phys. 964(1996)9792.
5.5 ZRFHR,NARZI T, Hamilton B FR

| H=Z§;+;V(In—nl)
i Wi P= D p: SFIE.
5.6 ZRTF R INPTRSHEN 0. W EMEHE L= D1 FE.
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5.7 EH MTFZMAEKR, & AL B H5riER, N{A, B) (Poisson 5 8) i R FE &

(BR—ERFHFER. M TFRTHEARE,ZA 58 pwEg, A, B JeavEE R
— R HHE ).
58

D, (a) = exp(—iap./k) = exp(—-a -a-a;:)

RAERRIE  FRKFBER o HBER, ] f(©5 D.(OME5 5k f() —BER.
B f(o)=f(z—a), B} f(x) R x B RE, AR a.
5.9 {EH JAHImH A Bloch i RE(K 3. 8 F)
o(x) = exp(ikz) ¢ (x)
g (x+a) = §(x)
& D, (a) AEZS , AN ASAEE N
( exp(— ika)
5.10 0 £ LAMES MR AIEESY mBA=1), 1
dm = exp(—1i ?xgo) exp(— i/l\yﬁ)#?)
2= 2\,, = /l\z sinfcosgt ?y sinfsing+ ?z cosd IAIEZ (LA 5. 6).
5.11 K F Heisenberg B &, X} F — % ik ¥, i+ &
Lzx(t)»x(22) 1,[p(t1) » p(82) 15 [2(t1) , p(22) ].

% [I(tl),x(tz)jz;il—i)sinw(tz—tl)

>

I/-____ TTTT T

I:P(tl ), p(e )]zimwhSinw(tz —t)
Lz(t)) s p(ty) ]=ihcosw(t: —11)
5.12 % Hamilton BHERH
_ & B Z
H=s51 "a5, Tar,
(D B r 1318 B Heisenberg H72.

2) %]1:]2 ya1—az =0,FlJm3£§B<JT*HEﬁ.
2
5.13 # H=§—# +wl., 3K 1 #l p 1) Heisenberg 77, A B B 1] #8934 {8 B B 15 35 4k £
yS e

de o d, .
5. ‘&—0, dt(lx+lly)—-1w(lx+1ly)

L. (©)=1,(0) coswt—1,(0) sinwt

1, () =1, (0)sinwt+1, (0) coswt

5.14 (D WUDNLIESRE A ¢ ATHIES in ST Bl %R

L dU
lhdt—

—(amxz+ay+aszz)

Hof H REREA,
@) B it 3= HU Rz, H WEKEAR I UU IR
in LU = [H,UU]

« 187 -



SEMAUERR , 40 =1 B} Uo) ML IEBRF, W UG B R- 4 IEBA.
5.15 RO HE

Bw=8+i[A.[ Bwd]
EH T,
B ® = exp(ﬁ ) B(0) exp(— iA )
He A SHHATL.
5.16 EB 7 Galileo ZF#t T, Schrodinger 2 HA A2, Bl RIRR K DIERE ©
AN TR KGEIE < 87 mDEsh (8 5. 7) , 28 A4 — S EFA IR R P RARRH 2
z= +vt', y=5, z=2
t =1
e K K FRIRRPRR ARG TIIXER:
V() =V ((x—vt,t) =V(z,b)

jEBl 7 Ko Schrodinger R
., Y K 9° AW
65 = (“gna V)
R7E K
hl ( 2m312+V>¢
Hrp
o(x,0) = expl: (%x—————t):lgb (x—vt,t)
5,17 BARBEARMESIEN |0, HIn)=E, |n), 1%B ALERERZPHEETICH
Ap=(k|A|n),iFHH
(%)kn = i&)b:Akn

He
wn = (E —En)/h
5.18 & H=p*/2p+V(r), MALERNZE, UEH T 5K .

SUE, —Ep) | T |2 = #2/24
Hep 2 B r —A Cartesian 438, >, #0t— LI A 884K M, E, £HNT » AR
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#R OR[(H, 2], [[H,x]. 2], RIGRFEETT (| [[H, 2],z ]| m).
5.19 & F(r, p) AJEKEAY LW ERE B RE H AR AN .

IE,—E)|[Ful? =1 | [F,[H,FI]| &

5.20 XMHERBRM F(r,p) REJCAKIYE FTIERARERS PE THIRAMN .
DV E.~E)(Ful|*+ |Ful|® =k | [F*,[H,F]] | &

5.21 XMF—BEHET, S Hzé’% V() B F() % z (T8, S

SVE, —E |Fu |2 =%<k| | F |2 | by
¥ 4 F(x)=x,N
E(En_Ek)lxnk |2 Z;i_:‘
B =4E8 3R, H=p* /2p+V(D) , & F(r) Ryl i e %k, 0l
Z(E:‘Ek)l(MFlk)\z =§—#<k| |VF|2]| k)
5.22 —#EBENRLT, H=p/2u+V(2), % A HESHIERERBRS T
SIE—ED | n] expaa) | B]7 = i;f
5.23 & F(r,p) AERERF, F" ALK, IEATEREERE PRsR AN .
D IE, —E)? | Fu|? = k|[H,FILH,FI* | &

wn F RJEXREAR,
D (E.—E)?| Fu |? =— (k| [H,FT | &)
5.24 NHF—4ERIT, H=p?/2u+V(2) , iEBRFIFLN .
Z(E,,—Em | 2 |2 =— 282 %
5.25 XFFHBOAGPRFEH s BU=0)F p AXU=1),iFH

_ 2#2 2
Z (En’s —Enp)z l Kn's,np l 2 = 3_# <%l >n,‘;

e 135 V(o oer AN S (virial) B 3, i — 25 BA
: 2],, 2 2y fﬁ ,
Z(En's—Enp) |zns,np | - 3(2+V) #Ens
5.26 X+ F 4R T, KA FBBR A, AL (viriaD & B SR AN , H R T Ze.

& Xt :/\/i (nTHSk,n+1 +%8k,n—l )
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F6E N1
6.1 HL IRz 3 i — M R

7E AR I BBV Y AAE oty F735 P B L 1, MR A 0 T
A3 NS 3B S i TEEB TR Coulomb 5 o B35 5145, T30 7F 25 8 ) 2 o
SRAER T %00, ol F) 5 A o B T . T L (A 0 B2
E L0 11 55— Coulomb FERTT A 31 415, % 11 LR -4 81 e TR R
BROTHBE R T 1% o B BOR 7% 690 B 9 JLA. Coulomb 57 (LA R AR
Coulomb 3) ZE BT 45 HIBFIT o o 47 4 BT T M0 M, T 4 0 R MR T3 (— 2
M=), BROTS B B Woods-Saxon 4, I 76 JBL T B 45 M MOBF 58 o o 5 B S
fr. BT B IRE 5B K , quarkonium) JRHEH 4357 I 5277 i1 42 HE w00 BRI X I
P ST EAFE. FERAISEHFITAE .0 11 55 B S — R PEIR. ZE3 ., £ 30
BFERTEENMER.

6.1.1 mIBFEEREASE

EROLHGHVOFEHAT, REEMNFER AR I=rXp FE X TF
SN T, XIS RBA B K, H R GRTFREN 1

d, _dr dp _ _ _rdv
=g xptrxE=vxwrrxF=rx(=L¥)=06.1.D

HA S SR BT BT 2 B 158 X F H.0) BB, %8B L+ r=0,1+ p=0,
0 F1 5 G HORL T 32 B0 9 Y TS 3. 35 3 T k2R O 18] B SFAE & 1 A9 0 1.
ERESENSERE, '=PIL.ﬁ%*éxﬁﬁ¥ﬂﬁ1_zsbﬂﬂ_ﬂkﬁjb—/\5?ﬁl_zsb 121
B S4BT E T P9 953 s Bl , — Rk , AR A .

TR YD AGEAAGEGRTER BVAHIBER [ =rXp 5
Hamilton &

hZ
= V+V() (6.1.2)

-t _
H=F 1V =g

O ZHMAEPH—ANELK Bertrand EH— R Y50 J1 HFH K A5 Hooke S 8T, B FREE
HPEA A A K. B R Y V() JFAE B A3 (&K Coulomb B| /130 B4 11 R &R T80, RAMEA L
A& 8. X 5ER M EXFREFE M. 418728 H. Goldstein, Classical Mechanics ,2nd ed. 3.5
¥ & App. A, Addision-Wesley, New York,1980. JE#43CHR . J. Bertrand, Comptes Rendus ,77(1873) ,849.
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52,
[LA]=[14p*/2.]+[1,V(H]=0 (6.1.3)

[B52M 2R — AR BARE, FER | 0= BB ARX 5, Bl
DAGHRFHASENEANSE, —RIERR R A AR EEAIHIEN 01

ABID. B RL SRR T RE S, FE BT 25 P AR N — RS 3. I
SN, Z B SR B HTIER 1, 0,00 [.,3% 5. 1 FHREE, 5.0 75+
BT HBER— MR IR0, Bk, SURIE R B A, H AR BE A S ZLHWET

*, MBERI—AFERTLE, A ENNRRAESKIME—ES. SR
R T (=48RS, B2, 1,]=0, (e=z,y,2), WAL 1?, A1=0, B ¥k
FICH, 12, LR ER S, T R AL SRR EBHEITHR. B,
BT R — R R A AT LA SE SARTH R, B I IERH —tht B shS BURIE.
RERATE BN

hZ
[—Zv2+V(r)}¢=w (6. 1. 4)

Z B L J1 5 B RE i BRUTFR ) » S FHER AR AR 5 A9, BbAst, AR 4. 1 955K
(4.1.29]
1 9 I2

213,90 P 19 I
v ) 97 oar 122 -, arzr 12,2 (6.1.5)
FHRG6. 1. HATLR
_ K 19,9, 0 _
[ 20 7 a7 ar+2,lrz+V<f>J¢—E¢ (6.1.6)
117

[—ﬁz—lﬁz—r+~1}+v<r>]¢=p:¢ 6.1.7)
ERZEDE RN B OEEE” (centrifugal potential) , A B &K, M E.OHEE
k. %Jmmu%%wipi R SRR , Foh

r

RAEZMESHE. I ¢ H(H, P, 1) HIERIAMES, B

b =—ih(+L)= ot : (6.1.8)

O T RoSsEshEss NER T p2=p - p REH T o5, UL T , 22 ]=0. toh, T HHRK
BT ARG, 0, BT, V() ]=0.
32

T ot = — 29V 10,09 109 _ 2t
@ HESHTES, pt=—# (55+r5; ) =8 o 5= K e Bl H=5+

& o d
2#_1'2' EE,p HEXKBEH,—ik a—rﬁlﬂ%‘u
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¢(r909 90) = R[ (T) Y;"(@, §0)

[ =0,1,2,%, m=1[,]—1,¢, — (6.1.9)
NERZE R HR
1d W+D7p _
[ = +h2<E V() — S22 ]RZ—O
g
¢R 2 dR | [2u 1 4D,
e dr+[h2(E V) 5 ]R,_o

[=0,1,2, (6.1.10)
ARIBFL S V), IR E T AR 5 R R e B AMEHE. Bm iR
(6. L1 FAFTHETE m. B, BRAMES m K. XRREZEMEH, i
FhOAGRER R, TR BR S = B TTL. fBEq“JL‘jJ%‘:FLZS’J
MR TR, SARTFHRIBEX A E L HBRLT m=—1,—1+1,-,1—1,/,
A/ QDA R RERE. B, — Bk, ij}%?ﬁ?ﬂﬁﬁ?%ﬁ%(m+l)i
fﬁ#
FERFITFE 6. 1108, BRE T RBHREFERN. &
Ri(r) =x(/r (6.1.11)
RARKEG. 1. 10),78

)(§+[§%(E‘"V(r>)—_l(ljl):|xl =0 (6. 1. 12)

E—EWRFG T REREFEG. 1. 1003 (6. 1. 12), R a 5 H R F RER A AF
{8 E. Xt FIERAS, E RELELE. Xﬂ‘ﬂ‘ﬁﬁ%&,ﬂﬂﬁﬁﬁ%i?ﬂzﬂ@. FERA
BERE T RBRE TN B ERAREREFE 7,00, =0,1,2,-, BREZ R KK
B R G=0,cc AEFEEN). ERBTRTH 0 M EE m XK, i
HNE,..

FEGE LIEOLT B8 n BN CR I B R S 2D, B, K, BT LA n, AL
ERBER (RE DRIRHI%GTF. SR A5E n BT B L R CBEOEEE"H
K),E, RO, #eik iy 18, 18

1=0,1,2,3,4,5,6,7,+*

B4 AE R
s,p,d,f,g,h,i,j,"'
SR RIFRA s BLB”, “p FUB”, - S5

6.1.2 Schriodinger FEEMMBRE r—0 $BIHBIITH
_FE@E V(")%E:

@ MM Hellmann-Feynman s B ER] E, ;B ! # AT K. MTTHER P OHGTFESLH s BU=
0) (I 6.5 F).
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Yr—>08f, V&) —>0 (6.1.13)
W E R B SO s R R . BN, IR TFH Vo) L (Veer),

RPHCF A B (V oo Inr), BT 35 H o BT Coulomb % (VoooL), % )1l #

(Voore™ )4 ZE46FEC6. 1. 1) T, 2 >0 B, J7ELC6. 1. 0O WHE AR

d’R, +_2_ dR, IU+1D)
dr? r dr r?

TEIEN AT & r=0 B4, B¢ R,ocr ,fRA LK, 78

R, =0 (6.1.14)

sGs+1D—1U+1) =0 (6.1.15)
I Bp4845 77 #2 (characteristic equation). 2 , A5 F/ R

si=1, s5=—U~+1) (6.1.16)
P43 1) B SR TE —-0 BT 2

R(r)ocr s &Y (6.1.17)

M TR BNRRZZ G — =20+ R BE, ER R FEMNENE K
r=0&RIRK BT , Q1R I REURIE R LLR RS B TSI

R(r) =7r D awt (6.1.18)
k=0

WIBGAFERT 51 F1 s, BOAE L OO T BE R R M 26 A (B SE B R R — M, Bl fm, =
SRR, LR KB T2 (R ER), p. 101, it 5 — MRtk T
EHTERZ LM/, S8R, tL T BRI 547X B TE R R (6. 1. 18) S
FRRLR ST B (BN, S4ERIR T, B iR BRI, R G. 1. 10) BFA
RS, TE r—0 BHIWHEAT R, — R Ri(nocr, B—AMR R, (r)cc
r D BRI TCEE.

TERATRISE , BT T 2 R (D ocr™ ™ g i sE. Bl T R Bk
EE G RE, TE rac0 SRIE B ARLIT R B T SRS 0 A FRAE. 24 r—0
Bt . R (rocl/r il s<<3/2C0 2. 2 ¥9). B, 24 1540 B, R, (rocr UV i 2

BB, (B3 F 1=0 M, Ro (1) oc— I i R TR, AT L =0 K

g =Ro (MY} =/—11_—£R0<r)oc% ,H W2 Schrodinger (6. 1. 4) IR A r=
0 HWETENBTE H R
VZ% —— 473(r) (6.1.19)
i}
(H—E)gy = %’i—zmn (6. 1. 20)
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X T4 0N, IR R MM I 6. 6 ).
iX’F"Fﬁﬂ]ﬁ%tﬂTﬁlJﬁE#ia ﬁ?ﬁ#’**ﬁ@qﬂlbﬁ%ﬂdf‘ﬁﬁﬁw 1.10)

?k

r—>08f, X&) =mR,Gu)—>0 (6.1. 21D
FERHE—TF (=0 N TR FR. a2 R FEG. 1. 12)46%
d'Xo +J—‘[E—V(r>]xo =0 (6.1.22)
dr?
X =20 (6.1.23)

ATUE ), X5 —43495 V(2) 1 #) Schrodinger 7R AL (BRI 5%, & r>0,
T —4E I — cozx<loo, WM, =L 4 h > S35 (=0 BITHE LR IMES]

— LSRR F B BhAT, MR EEDIX— .
Bl KO EAIREE.
LR LHHER R
V(r) = Fr (F>0) (6.1.24)

E—RIOLT TR BIHAR 1572 B WA , FEAE B AL 0 vk (B8 438, WKB 3:45) sk . {2
XTF s BWU=0), AT b HARMTIE R A9AR. B2 p 7 A2 (6. 1. 12) 4k

X +%’2=‘(E—Fr)xo =0 (E>0 (6. 1. 25)

&R
1o (D~ (6. 1. 26)
(D ——>0  GRAS (6.1.27)

HIERE — R ESHM R 3.7 ), B, 3. 7 35 dr i 45 577 LU 25X B3k, SR B AR e f
(p=a=F=1D,}#(6.1.251LR

Yo+ 2(E—Pxo =0 (6.1.28)
BN A6 1. 26)5(6. 1. 27, AT LR BB B AMEE R R ARBRL, B W 3.7 )
h;f)m,\n, n=1,2,3, (6. 1. 29)
A BT BRIIR,
Tus (27 )+ T a7 )=0 (6. 1. 30
HBES RN

At = 2.338, A, =4.088, A; =5.521, A =6.787,-

SR OEESTEN T B, T/ 0. T) KRN 2 H F K, B b1]£‘ﬂﬁlﬂwj/\§2§'ﬁ
(Quark)gﬂﬁzﬂggﬁﬁ?(Quarkonlum) S RZEAEREFOENIER. BIn,]/¢ BHR (), T
BRODD) , HHERGLRABME. i FERBRBBR, HSBMAREE, HIEHAMT SR
T IR AT HARB R S S — & BT AT A ERAR Y. 5 SRR B HE e, RN | s &, B E
W& 170 B, X B LR R 2ok M.
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6.1.3 —{K|a)f&

N8 i, SEBR IR B 0 135 R, % 8 R AR B, A AR E
ﬁ’%’]jﬂ my lﬁ m; E‘J’H? :léﬁ‘?ﬂﬂﬂ r '3 r; ,*ﬁﬁ'f/ﬁﬁq% V( | rn—r; | )’/\m%?*ﬁ
XJ‘EE% XN FHBERAE RN

B %’
|: Vl _% 2+V(I"1 "‘rzl }‘I’(rnrz) = Et¥(r,,r;)

2m1
(6.1.3D)
Er ARG SEER. 53O MR R BAEXT 445 r K
r=r—r, R=TanTmnr (6.1.32)
my +mg
B] LLIEBH
Loeplomloerdys (6.1.33)
m,y my M yZi :
Hr ‘
M= m, +mz (;E\jﬁ%)
um = mimy/(my +my) (?@%J)ﬁﬁ) (6.1.34)
vZ . 82 + 32 + aZ
R™=ax? "oyt ' oz2
Y L
Vi= a_a:z + W +3—z—2
XA, FREG6. 1. 314k R
A A A _
[ A +V(r)]11f—— Erw (6. 1. 35)

WHRBRT LU BAR, B 5 & 8y % — 8, 7T LUIE 03 3 S5 A B 3 4
}F AN

V= $(R)¢(r) - (6.1.36)
RARKC. 1. 35) , 43 B HUE , 18
— B VR = Egp R (6.1.37)

2
(- 3—# VIV Jg(r) = (BEr—Eg(r) = Ep(r)  (6.1.38)

K (6. L3IDWRBLMIZF), B—4 H B FRIGER A 72, Ec 2.0 30k
B X—#ar5RITARMERNNBER TR, A FZ 8. £6. 1. 38 FRFEA
BT HIAEX B 385>, E=Er—Ec RHxHEshaER. fTUE S, R (6. 1. 38) 544k
BTG, 1. HFEL—FE, ARSE 1 B R4 G &, E BR S 3Gk
BETLAT.
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%1 EHTHIXER:

Rz,

p=uf = 3p(mp —mp)  CEMEHR (6.1.39)
P=MR = p, +p, (B3hE) (6. 1. 40)
L=L+L=n Xp1+r2 X P

=RXP+rXp (BAHD (6.1.41)
- P _F P €=t (6. 1. 42)

2m1 Zmz = _2_1\-4 2#

rn =R—“*“r, r.=R—&r (6.1.43)
m ms
— 4L p__ — M p__
) ) mzP P ) 2 m1P )/ (6.1.44)
%32 REBEP=p +p. REAZE L=L+1L £ R.r RZPHBERFER.
P=_thR7 L=R><P+r><p, p=_lhvr (6-1-45)
6.2 ¥R 7 & BF

6.2.1 FPRIRBKABBH
ZIRIENRN a BHREEFHE3 R+, IS FRFE—ITTRERT

mr)

Ul

a

K 6.1

R SL

i hEsh (LA 6. 1),
vin={? 7@ 6.2.1)

co r>a

HEEERBANEN, DXBRELBPH s &
(U=0), kBt m AL 6.1 9,R(6.1.22) 1K

v, +§/§[E—V(r>]xo —0  (6.2.2)

r

4
k= VZE /b (E>0) (6.2.3)
Xo+HEy =0 O<r<a (6.2.4)
Xe(0) =0 (6. 2. 5a)
Xo(a) =0 (6. 2. 5b)

il 244 (6. 2. 52) , FHE(6. 2. ) WA R TR N
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AR &6 2.5b) ,78
=(n+Dn, n =0,1,2, (6.2.6)

BEEIES R RN ENRT. AHR 6. 2.3),8
E=E,, = ki (n, +1)?

sy 1, =0,1,2,2y, [=0 (6.2.7)

2’
H—IL B R
Xno(r) =, /% sin ﬁﬂ;—l)—“r (6.2.8)
R
f:Exn,o(rﬂzdr =1 (6.2.9)

TRRERTEB CERN O P8 [=0 BIBE R B, 5—4 TR S Bk (55
BR o PRTHBERMBRBE M, I 3. 2.1 . REEE,3. 2.1 FhEF
B n=1,2,3, MY TFTXENBAEFH (41D ,n=0,1,2,

S TAME 0 WETFS, BREEE R OBETHMSFERILG. 1Y,
#(6.1.10) .

Ri+2R +[#—HEDR =0 <o 6210
AN F - ER

R(r) = =0 (6.2.11)
51 T ENAEE
o= kr (6.2.12)
M= (6. 2. 10)4kH
&R, , 2 dR, W+ 1)
NI\ Ry [ R, =0 (6.2.13)
d* " p do [ ¢ e
XEL2EK Bessel HE. 4
R, = w(p)/Vp (6. 2.14)
2
i+ L+ [1—(—‘*“—1/2—)-}” ~0 (6. 2.15)
p P

XIERAF A +1/2) B Bessel HRRU=0,1,2,), ERIFIAE T L=
KA

Ten (), T-i12 (o)
FIT LA 1o {52 R B4 7 i
cC «/—%—J /2 (p) ’ «/% |y (p)

18 FEK Bessel B3 Bk Neumann B¥FR, BATHE XN F CREEEH F75)
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i1 =, /21‘(-) Ters2 ()

Iy (p) = (5" 27;]—1—1/2 (p) (6.2.16)
Y o0 BF, ENTRENEFT N 32
. -0 / _
O T T e QI—DIH (6.2.17)
L F AL , ToRR BB b T B B A5 B R BRI, Y
Ry (r) = Cyj, (kr) (6.2.18)
Hrb Cy WIH— LB E L (EREER B) liRARN KA (6. 2. ShYFHE ,
Ry | =0 (6.2.19)
Bp
1 (ka) =0 (6. 2. 20)

Y a N BRAERT, 3 AE—4 & (EARHE R LR &M, RAAF SR BE T DI B L E
Kot hiFRER R E TR
2 ji(x) =0 FIRIKIRER N
| T me=0,1,2,0
TR F R B AAE(E RN

h
Enrl :—2_/—:‘—1—2]:721"1’ nr=0,1,2,"'

BASHILA ., LK 6. 1.

BARELARREZ LA 6. 2. RER B ICH Eoo_ﬂzhz/zﬂaz ATLAE BB E..
BT A R T L TR BT Y, METAE L GRS KT
K. B IR B n, BAR R RR BT UL Lﬁﬁxﬁ%ﬁﬁﬂﬁ%% HHAB, XT
T.@”’ E, B8 | KT RIS A LA 6. 2). Hitt, X F&E,n, =0, 1=0CE]'s

ﬁ) ,ii'ﬂﬂ Os.

(6. 2.2

£6.1 x,,H”
z "’ 0 1 2 3
0 3.142(n) 6. 283(2m) 9. 425(3m) 12. 566(47)
1 4. 493 7.725 10. 904 14. 066
> 5. 764 9. 095 12. 323
3 6. 988 10. 417 13. 698
4 8.183 11. 705
5 9. 356 12. 967
6 10.513 14. 207

a)BLA S. Fligge, Practical Quantum Mechanics, Prob. 63.
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FIHER Bessel BEBHIB A AXLMFA, R (A6. 25) 1 R &446.2.11), 7]
PASR Hi 42 1) % pR % (6. 2. 18) i IH— 4k B %%

2 . _ 1/2
Cu = [— g/]z—l (ka)jm (ka)} (6.2.22)
gD}
[ Ry PR OPdr = 3, (6.2.29)

%1 XNF =08, RBERAR(6.2.7).
BN 150 () =sinp/p
%3] 2 EH =1 HIMR ., AT LI x=tanz f#H.

LERITRBEAR a0, ZF §, (0T >0, B M, 351 44 (6. 2. 20) BB 2,
% b SAER E WA TR, BV AR R A . O M T 1 e BT i
B, R (6. 2. 18) B Cu—0, SEBR |, i SR B R BB IH — AL, {H 58 % 3 J5 42 1] % iR 3
mF.

Ru(r) =, /—i—ka(kr) (6. 2.24)
B
["Ra R ar = 5 — 1 (6. 2. 25)

=0 I=1 1=2 =3 =4 =5 =6

B 6.2 FEREEBRITEBHRELR E, . /Eo (UL 0s BEG N A1)
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JBEE SR 2], X5 F =4 B BoR T SRR TR 5T B 1R 3F B ﬁﬁ?“&@ﬁﬁﬁ’ﬁlﬂa

—Haimé%(px,py,p)ﬂﬁitm:ﬁ » BT

prxpypz (x,y,z) = Wel (p,xtp ytp,2)/h (6. 2. 26)

Das Py b B(—00, +oo) h—YI Ll , TRER R E=p*/2u= (P2 + 15+ p2)/2u
=h'k? 2,k =kL kLR =p /87 ARAERRELC6. 2. 26) —AREIH—ILH. (HESK
MRFGER T LIBCH B BRL TR 5 —4sFER 2K (H, P, L) WL R AAE ki %5, B

um (r50,0) = Ry () Y7 (0,¢) (6.2.27)
HARIRER E=5r"k"/2p. AAERREL (6. 2. 27) WRABEIT—ILRY.

6.2.2 HREKAHH

A BREER T BB R T (& 6. 3)
o — V() = { O r=a (6. 2. 28)
VO sy r>a

R E<V, CRED)IEH. <

k= V2uE/H

= /2u(Vo—E)/&  (6.2.29)
He.3 MR R

Rz+ﬁR’l+[k2—‘”j”]Rl=o (r<a)
r

R+ 2R +[ @ ~EE DR —0 ¢>a
r

‘E’%ﬂz Bess.el ﬁﬂ»ﬁﬁ%ﬂz Bessel %ﬁy (fﬁ‘]ﬁﬂ 9& jl o 1 9hl ’ hl* gl q“ﬁfﬁ‘fwj/l\ﬂ/‘]
LB, TR0, B r<la KL ERIE r=0 AL BREH F, RAEH

—-—————— ———

(6. 2. 30)

R, (r) = Ay (kr) (r<<a) (6.2.3D)
A Ay BH—LEE 7E r>a K, BBRIETE r—>oo b IRABAH KM BB RH R
BEBUR 2 BBk Hankel pR%% b, (ik'r), ‘
R,(r) = Byh,(ik'r) (r>a) (6.2.32)

By AE— L E R AREA R r=a BB R EMEEENFFURELZM
H— LB 50, TSR OB F BB B AAE(H E R IH— LB % Au 5 By, IR AT
R RERE RS , B AT B eR 8508 — AL ) R, 52 EA T 5 i —— D R By

WRHES O 3.2 9, IR o s, w0 e

HRREERAMEE. RERAMEME E,, KB T HBHERZ 0 IRE Vo,idH E,, (a,
Vo). 4 Vo—oofit, SR TRHEHR T LB EL LA 6.2 FiK 6. 1. XF Vo AF
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FRAGE I OL, AT 1R B3R AT HCF R MR E B R IR TT LKW E,, (a,
VO<E, (a,o0), X T8 [ 885, WH k. BFEHR, & V. FRBFL T, RAER
SHA T R RB BRI

BLL=0 B thF jo (@)= sings by (p) =~ £ RIELInGROME r=a it

B (0 SR 4 1

kcotka =—k’ (6. 2. 33)
XERE 3.2 Whl LCLERRBH L) 7o, AR EBR,ZE 6. 1 TRITS
e T XM B RIR (=0 B8, BORERT, Pb T PR TR TR
SR TR B A 2R, EH, 3. 2 F TS, ST LIS EIX B 3%k,
PR, BTN RASN AR

Voa? > EE (6. 2. 34)

8y

B, B S B R SR, AR AR,

6.3 =HE% I FIMEIERT

MR FEES KR A SRR B0 R F RO, =% & H
Rt R F 2GR A B TFENBITRRAES RKHE, TEAEEERGIES
FPFERE TS AR T8 , TEAL 3R F4% 4 B BB T3 Bh DL Kot — B TR e R M B4
FEE, B H B RAE— R0 B B SEBR BT 4% b i Bk T #4558 F Woods-
Saxon #,

Vo

1+exp(r_R)

a
Vo REBFIREE R ZIEHF442 0 RIS RERHLH B RBE K. HX T
Woods-Saxon %+, Schrodinger J5 72 f) % 7 % 32 R 21, 7 A Bt R A8 A 3 7 1 .
Woods-Saxon S BPEFR AT T =48 % 1 R I8 - F SR BR 7 S8 2 18] , 17 /5 9 b e
BFRR AR E A 518 2 , BT LATERR S MR ST T I B . AR F 3R 7650 TR 3D
B HTZ M.
=HEE REERTFEVEONT:

Vo) = 3K = Lt w=VE/a (6.3.2)

X p WRLTRE, K RZAEMLERENS R, o HEIBIRT M B RIR S A5
.H, 2T EISH 6. 11,R(6.1.10)]

V(ir) =— (VosRya > 0) (6.3.1)

® M. G. Mayerand]. H. D. Jensen, Elementary Theory of Nuclear Shell Structure (Wiley,1955).
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R/;+1R’l+[ZE(E—%WZ#)—W“)]RZ =0 (6.3.3)

r 52 r’
PIFRABREND, b=p=w=1. FEHRBN T, HHEG. 3. )R
R’H%RH[ZE—rZ—WjD]Rl —0 (6.3.4)

r=0,00 H (6. 3. DR NHF . EEENF R r=0 4838, FR(6. 3. HBFHLHE
K

R/H%R’,—l“jDRl — 0 (6.3.5)

58 dA TR R FEMEEILEE ~—0 &, IBRFE V>0 FEB L R AW
M

R,(r) oc ¥, y D
6. 1.2 T, E— R E AR, LA, Brid
Rz(r) oc 7 (r—0) (6. 3.6)

X r—>oofi}, FHE(6. 3. H kK
R,—7R, =0 (6.3.7)
AfEFE HO,
R;(r) oc exp(+72/2)

{H R,ccexp(r? /2) Al B R BIE T I ML &A%, F2 2. BTl

R;(r) oc exp(—r*/2) (r — 00) (6.3.8)
£Z47.(6.3.6)5(6.3.8), AT LIS H (. 3. HHEERNR
R/(r) = rexp(— 7 /2)u,(r) (6.3.9)
]|
oL, +%<z+1—r2>ul +[2E— 214+3)TJu = 0 (6.3.10)
8
g£=r? (6.3.11D)

HR(6. 3. 10)4kK

5‘5—5’;1+[(z+%)—g]%+(%——H?’/Z)ul=o (6.3.12)

O WIRTHERBMS, SFFTENT LR

K fE B B K 3 B
vV i/ pw haw w ! Vhw/u v phw

® Ri(rocexp(r2/2),R 1(r)octrexp(+r2/2), R (r)ocriexp(£r2/2) +exp(Fr2/2)~r?exp(£
r2/2)(BH r—>o0). Bl Ri— R, =0. #4117 2 W Cohen-Tannoudji et al. , Quantum Mechanics,
vol. 1, p. 816.
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RIEREHB I RULKSRR) , FRPHMSECH
a = 7(14—3/2_15)

y=1+3/2 7 % (6.3.13)

TEGIDEFFHANE B Fla, 7,05 & 7Fla—y+1,2—7,8. HF & 7cc

ro it ’E 6.1 %’H‘Jﬁ‘ﬁ, ii’l‘ﬁ;%%ﬁtﬂﬁﬁ‘%% E‘J ﬁlﬂfn %ﬂtfbi@ﬂ@ﬁﬁ
REHEL

u; o< Fla,7,8) =F((U+3/2—E)/2,l+3/2,6) (6.3.14)

Fla,7, O NE R R ELH = A, R (A5. 6)] ‘

_ ala+1) & | alat+D@+2)E
SV E IR TC= (== TR

(6.3.15)

E—BIEORT Fla, 7, BR—NMIFERE. FHEE L, BB E TR (n>o0)

W HAE S ¢ BTESF REHIE, B, % >cobit, THFHEX Flar 7,0 M EBATH

5 et tlR. XHEM T RBBICAR(6.3.9), Fri8 2 I B c>colf#a T

co FUMRBANTHM . HIt, LAER T EEIF N ZTL,
B3R o=0 SR BEL, AP

a= 7(l—|—3/2—E) =, n,=0,1,2,"

B A
E=2n+1+3/2 (6.3.16)
N =P AL
= 2n, +143/2)#w (6.3.16")
/%(\
N =2n,+1 (6.3.17)
nis

E=Ey=(N+3/2ho
N=0,1,2,- (6. 3.18)
XL = 4% Rl R T RE R A MEE AR
FILVE ), 5—4EE R T ORI, =464 RS IR T M R LR B 55
fiEd. B5 — g iR T AR, & 1 R ERF RO BR—BRERIFN. SEEF
H BRI BB L , =425 1 R IR T 1O BB LR 6 7 B S8 BT . X TR 45
B (BR— L V), ﬁﬁﬁﬁq& Ean%ﬂ‘Eiﬁ? n, ,tﬂﬂiﬁﬁ:ﬁ l AR RER

RS L~ AR, KT N i b T
(BPAE N, fln, ﬁzﬂléﬂ%ﬁziﬁ,ﬂﬂ
l=N-—2n =N,N—2,N—4,-,1(N &) 5% 0(N &)

. * 203 -



FHRL B
n, = 091929"'9¥ Ei%
B S Z, BER AT BB BE ¢ T3 (B », fR13F). 4n, WL 6. 4,0d 01 1s,0f il 1p %

REZR 2 T I 1Y &J:iﬁﬁﬂﬁ R, X T =44 ] FHEER T Ev BB A0 I3

I =7(N+1)(N+2) (6.3.19)
#an , N={8%k5 .,
N
fa= > @+ = (%H)- %(l—t—ZN—I—l) — %(N—I—l)(NJrZ)

1=0,2,4,-

X;J‘:J: NZﬁﬁ,ﬂiﬁI%MﬁE'ﬁ.

15/2

B 6.4 ZHEZmFEMERTHEEE En/fo

ZHEL I FEER TR RRR EIFEARAR TP O HFH VO FHEER E,,
RRIIFRE (R 2+ 1), FEYH b, X IR [ R IR 78 V(oo B H—Btp
O AU BRI (= 425 [ e A 28 P SOs , B & 1] [R] 4 ) 58 7 9 X FR 4 , BP
SUs (Z4EZS 18] L IEAR T B AR . 53X b ot R 44 R S 3l 22 % R 44 (dynamical
symmetry). E, KRR T AR [ XMFEREZS, RRERIMYTER. £2
Sy 2R, R TR ABIMNYFER, A HE TR FHER A A . Bt
i, 2HASEEIH 8 &

*ET“‘? Ey WBEBAMES , EBCN (H, P, L) KL RIARMES, MR R

uim (750,0) = R, (NYT(6,¢) (6. 3. 20)
i il o ﬁ‘;’%iﬁfé A
R,, oc exp(— o’ /2)F(—n,,1+3/2,a*r*) (6.3.21)
Hr
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a= v w/k (HRKERAMAFEED (6. 3.22)
Z7—bE, M EERTRRRO
21+2——n,(21_|_2n _|_1)|| /2
oy , 3
Roi(r) =a [«/;n,![(ZH-l)!!]Z ]

X (ar)texp(— %azrz JF(—n\l43/2,87)  (6.3.23)

ENHE
R mPrar=1 (6. 3. 24)
n,=0,1,2 B4 0B B E 57 R
S/Z-L 772 I 1 272
Ry=«a =omne (ar) exp(—?a )
A 1 21+3
—_ / —_— —x 2 L T Y2
Ru=a| m i - (“’)lexp( za’J)X( 2 ’2)
r 2l+3 "1/2 1
— 3/2 —= —_ =2
Ry=d* o (ar)‘exp( e rz)

nr=091,2,"'%ﬁé@ﬁ@ﬁ%%ﬁ(*@ﬁ r=0 *l]oo) E‘Jﬁa
%3] WA TESHIERTHEBRER r=1/a

* ZHER TR E R ALREE

= 4R ) R YR TR BT AR =AM i 7 M — 4B IR F (w R D). B
K=zt +2, FF LA

2
H =—§—# Vit Lite'r = Ho+ H,+ H, (6. 3. 25)
Hr '
_E 2 1 e
H, = z,lax2+2’““’

H,.H, 5.
P (H, , H,, H) RFER 25, HIFAES R
@nznynz (z,y,2) = @n, (x>§0ny (y)gonz (2) (6. 3. 26)
NysNysn, = 0,1,2,¢

Bl = —4E B Ik T B R B AR, AN AU RE R

E, .. = <nz +%)hw -+ (ny -|-%

o + (nz+%)hw — (N+3/Dh0

(6.3.27)

® P. Goldhammer,Rev. Mod. Phys. ,35(1963),40.
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Hr
| N=n,+n,+n, =0,1,2,
WA RPINSHE I, X F4AE NA

n, =0, 1, 2, we, N—1, N
ny+nz=N9 N—19 N_29 eecy 1’ O

9, z) n
(nyome) FIRE) ) N, N—1, -, 2, 1

BUER% B
Efu (nz s Ny, ’nz)ﬂﬁﬁmﬁ%ﬁ E ’ Epﬁ?#&ﬁ E (ﬁﬁ:}g)jﬂ

1424 N+ (N+D = %(N—I—l)(N—FZ)

53(6. 3. 19)A[FH].

SRR b BERREL g (7,0, @ [R(6.3. 20015 O, (x,5, D REEKFF
HBERTHSZRHEHMAFHRE STERH, P LDREFREES, EELE
(H.,H,, HOWFRAEREHmwRE H=H,+H,+ H, AL, B TF—§k

ST 10 BT R E RIS BD RABR B (fu=5 (NFD(N+2) ), BB T
Ex (925 10 008 7). (L0850 S0 36 T LUK D, B R g — 4 & TE A S B

.U N=1 BRES LA =7, 7T BIBOY
G im D011 > o0 » 11

oY
D n, — D00 s Poro s Poor
B 0 LAKIE
do11 —1/V2 —i/¥2 0] [P0
dor-1 | = [—1/ﬁ —i/¥2 0| |Pow
oro 0 0 1) (Door
=, FIH

0 __ 3
rY1 = \/—?‘;tz
rYf =¢\/g(xiiy)
6.4 | & F
BT h#2EES L BEREMBRZ — BN SR TS URETE RS

ST THARERHY. SRTREMBMETF, H Schrodinger 7R LI #4K
. AR R SR T 89 Schrodinger 7772, 18 th SR T A BB % 5 0% i %0, M
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X SR TR A — S E RS T ERM Y. SRTERER
TR RIRT R or T4 B R,

ARTHERETBER IR, #E te(FR<2X10 B cm). EENHABEE—
MF R —)BETEHCREEE”~10"cm). FFBESHFZAH Cou-
lomb fE R B R (BUEST m A HEER T 5O

V(r) =—é/r (6.4.1)
% 6.1 (6. 1. 12) , AF — A2 SR FRR R FEBA
X+ [%‘%‘(EﬂLé)—l(l:D]xz =0 (6.4.2)

R o HBEFEREC 6.1 Foth, WHE E RFKN 0 (D r—0 BBHEIT AN
P
0 =20 (6. 4.3)
DITFHE S, R BREN (MR, LR EER S LREREE, &S
BEAHEHREHEART, MEDHE FT IS EBRIARZNSFTEERE. X TR
T R B RN, AT EEBR P t=u=e=1, REEITEHRERE
ZRPRBEYHENRN, B LM ERAN R/ OC. EBREN T,
FR(6. 4. DFERR

XH[ZEjL%_l_(lir_l_)]x:o (6.4.4)

7
r=0,ccRFBRHFNTR.
% >0 B, R (6. 4. ) WTTHLFE R R

X, — l(l+1)x =0 (6.4.5)
rEENL, |
Xi(r) oc rlﬂ L (6.4.6)
{B¥% 6. 1 5404, REWHET AR
X (r) = R, (r) oc (r > 0) (6.4.7)

O FHEZ.p NALEE,
p = memy/(me+mp) = m,/ (1 +;lmj)
{8 m, /m,==1/1836, BT LA

1
#mm,(l——ﬁég)xm,
@ SEFHERRMEEFRA PR/, EFERWT -
KB, #2/pe?=a(Bohr ¥4%)=0.529X 10 8cm.
BER, pet/6=27.21eV. BFE], #3/pet.
BE, &/h HE, pel/ki
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R R E eI IR,
HXE B r>co HHEITH. BRAT F&Tﬂ‘i@ﬁ@%&@<0). Y r—ocolit, H R
(6. 4. 4N

X,+2Ex; =0 (E<0) (6.4.8)
BrLL X () ccexp(E v —2Er) Q. ZEBBIRAA N &M, REER
X:(r) oc exp(— /—2Er) (r —» o) (6.4.9)
i, 4
X (r) = rrePu,(r) (6. 4.10)
Hrp
B= v—2E (6.4.11)

RARCEG. 4. 0,18
', +[20+ 1D —28rJu — 2L+ 1DE—1]u, = 0 (6. 4.12)

A4
£=2pr (6. 4.13)
]|
s@—‘+[z<z+1>—e]é’ﬂ—[<z+1>—i]ul=o (6. 4.14)
d¢* dé¢ B
XNMHEBTATEILAFBHRE),Ep
e = P =0 (6. 4.15)
S¥
y=2U+D>2 (E%D (6. 4. 16)
X |
a=1+1 5 - (6.4.17)

TR (6. 4. 15T 6=0 FHMA R WBN A WBILTEL, u=F(a,7,8, W 6.3 ¥,
(6. 3. 15). AILLIERH (B % F) , 7E 6—>ocobit, BF R EUH Fla, 7, O MEBITH S
et Al XA ARAR(E. 4. 10) , REEW R AT mAb IR BB K. BT H
B b AR, T REE Fla, 7, O FFE A — N EBTR. 5=4KmE

oooooooooo

IR T AL, RE o ST 0 S BB AT i 2 X —ZR, B

a=l+1—713—=—n,, o= 0,1,2,e (6. 4.18)
é\
n=n4+Il+1, n=1,2,3," (6.4.19)

O XFHRE. 4. VI r>colt BHEMR N ITE , 2 W Cohen. Tannoudji, et al. , Quantum Mechanics ,
VOL 1, p. 794-
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0y

p=— (6. 4. 20)
R (6. 4.11),18 |
E—— %pﬁ =—2—}12 (6. 4. 21)
NLERREMBREN,F
E=E, 2_,2%?122_'2%;12’ n=1,2,3, (6. 4. 22)

a = h*/pe’ (Bohr 3:48)

XELRE £ Bohr IR FREE AR n RAERTE
5 =4 R IR F ARl SR F M RER WA 5 — T D3 (Bl Bk %
@?)ﬁ%@%ﬂﬁ@ﬁﬁ HIEER R KB TR mEFH » MASEE T iy — Ry

PREQULE, B VRBUT £/ T2 n=n, +1+ 1 WEERMB L AT LUR 5% 2
V() ~—1/r IFEFREFOHFTIRER. W FHRERRENAE ),

=0, 1, 2, =y, n—1
FHI B n,=n—1, n—2, n—3, -, 0
BURERATTE [ S 3 (LA 6. 5). Bk, BB AA h— M LB BESR E,, M 9F

BECED 20+ D E BB B2, R , BB E, BTN

fo —Z(zz+1>—n (6. 4. 23)

BT L A8 B B B RT3 TR U BT B RO b, 0 TSR
HRAEHE LA IR O BRI FRHE, B O) XPFHE, R~
FIB 2 XBRYE R V() oo —1/r SXRMERREG .0 1 3 BT 9.

SIUATXFRYE Oy (S4E7% e A MO MBI FHE R, B h R 1. S
B EXHRYE O, HBLAYSFEE, B | 241,554 BAMYFIER, B 2Eh TS
# Runge-Lenz R &O. i TEMFELE, 4 HIE TR FHE KA 41 TE2 800
L, MBS T A B 8 V(r) oo —1/r BT I RS 38138 , — i 0 i
. EATE, RABS .5 8 & ,4

ELEE 6. 2.7 6. 4 A 6. 5, AT LUK B —MRA B HER, BIX TR L, 8%
R BT v, 04, M T & RAEERT, B—&HL X TARF, iR

T, X FLRREER 2B, thZk a1 25, e b, XRA S HEE. Bh, 5 T4
R T 6.3 9, 2.(6. 3. 17) . (6. 3. 18>]a—i27EN=o,x¢?ﬁL?:%mit

® C. Runge, Vektoranalysis,1, (Hirzel, Leipzig), p. 70,1919; W. Lenz, Zeit. phys. ,24(1924),
197,
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n=0

Os

(n.D)
=0 I=1 =2 =3

-1/2

K 6.5 FIETFHEERSXGERFBRALD
E.=—1/2#* ;n=n,+1+1=1,2,3,-

1, 50=0,1,2,0-, ﬁﬁﬁﬁgfﬁ(ml)ﬁﬁa

(6. 4. 21 F1(6. 4. 19)],aa—;E,,==—3n‘4<0,ﬁﬁﬁﬂ:%ﬁﬁi’ﬂ§f§ﬁ%@?;—;&rl>O,1'ﬁlJ
2 212
WRF 1=0 R 6.2 4, K6 2. D], 7 F, =" >0, i 544

S50 1B RE R, B RO B 000 T 0 B AR L. X0 F— SR
BEGEHE n RIS SI A 8 (B0 ), X F— LR T BB n K T A B2

(ai:gE,,=-3n—4<o),ﬁﬁﬁ?%ﬁﬁ%ﬁﬁ%‘@#, BB n KT R

Bﬁ(%j—E,,="2’f>o).
#a

Fﬂ&%ﬁ%iﬁ?&%ﬁ‘é?&ZfﬁJﬁﬁﬂfFi HIYEiE L MR, EERA
K642, MNEHERE, BIBWMKERE, KT, REHMELRNEHR

i(=v/c)HR

. _E—-E,_ (1 _1
= ——R(mz nz) (n>m) (6. 4. 24)
2 4
R= Zihgﬁi (Rydberg % &)
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E>0 (Fgkik)

0 o
-0.54 5 25 5s,5p,5d,5f,5¢g
-0.85 4 16 4s,4p,4d Af
-1.51 YYy Paschen %% 39 3s,3p,3d
Balmer % &
-3.39 A 2 4 25.2p
Lyman £ &
~13.6 ‘ 1 s
EnI/eV n f,‘, :nz nl

B 6.6 SRTHIREER, WIFERRIERR EXBREFCEYE d(MAL
Bl 6.5 P n L), X RIEFYHE S BN —FMiRic

XtF m=1, BN B KR S B HSHERIT,

ﬁn=R@fj%%n=23Ap" (6. 4. 25)

HARFR LB (n—>00) 7E 1o =R. X3 Lyman 22 & (LA 6.6), T4 F 250
X,
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ﬁz,,=R<%—%), n=3,4,5, (6. 4. 26)

BIE X Balmer 28 & (] 6. 6) , HAR BRI B (n—>c0) TE voo =R/4. LR R AL T HI WG
RX, S EsER. Bl ,m=3,1=4,5,6, - N#H R Paschen £ &, &b F4
A X, K2 HE.

PLERTFEREFHITHE, X FREEF(He", Lit",Be™ " ) i AH. B4
WERAE BT, ZIVETRFERNEE REEA AR Bit, RFESEF
BRAXPEBRM e BN+ Ze(Z BIEFREE BT IERRTEHD W p BFEAH
FR B AL TR &

R ERTEFHRBREARX NS HK(E. 4. 22)]

4 2 2
E, =—%%=—§a%—z—, n=1,2,3,° (6. 4.27)

EXBENIZEBG$ FEZB Pickering £k & 6]/, E. C. Pickering T 1896 4E&
B ¢ B AT B L D, A MR R 5FEEFLE B Balmer £ RARM
L, ENTRAMHE MR, XL RFRHA Pickering & R. 5K Fowler AR MAIR
BREFEMRUB] TXNMRR. MEHEBERREASEFLE, WSHATBET
3. Bohr {E EM RN He" R MEIEL. LT EFHEERAK (6. 4.27) ,He 88
FKARCZ=2R

_ |
E =22 (6. 4. 28)
M E,—E, (n>m) B, B H B Y6 BB 5N
%=%‘?ﬂ=4}3(#—%) (6. 4. 29)

X‘J‘ﬂ: m=4(77-=5s6’7"") aﬁ

S = R(% —%)L”» R/4 (6. 4. 30)

ATLIE H, B Balmer KRB [ I (6. 4. 26) TR, K0l 2 HAR Rz
EAR,HE R/4 YR, FRIAFTFEEERNER, ALTEBEMDPER. T
FF

= me/ (147 ) m (1~ 1555)
Xt F He" BF
Ut =m,/(1+ﬁ-§;>~me<1_4_x_118%>

pue BRT py, ATIAIRL B9 Rydberg # ¥ 188 K. B, Pickering & R #k
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fR5 Balmer £ Z tHIEH £ 7.

%M%§%ﬁREEWMW*ﬁ¢@QTﬁ*Emmm&%ﬂEWMM*
BWUEST Pickering X R R He' HiLR 2 5, %t Bohr W& FIBA T T HRE M,
WHREFRHEHRZ—. O

SRFHESEIBREXNER

HMRLT E=E, MARMEER (R, =X /r) T FERH
Ry ocgexp(—— JF(=n,,20+2,8)
Hrp e HLRA(6. 4. 13) 5(6. 4. 20) , % F K BERY B 4R 907
£=2pr = 3—; (6. 4.31)
H—AL B2 3 R B CH

R, () = N,dexp<— —%—E)ElF(—n-f-l—l—l,Zl-l—Z,E) (6. 4. 32)

(n+D!

. 2
N, = a3/2n2(2[+1)!\/(n—l—1)!

W
fj [R, (N rdr =1 (6. 4. 33)
BRI LA BER A2 M BB (LE 6. 2) &

n=1(A),Rp = as—z/zexp(— r/a)

n=2, Ry =J§;1~3/—2(1——2ra>exp(—r/2a)

Ra = ﬁlam aiexp<— r/2a) (6. 4. 34)
n=3, Ry = 3J§2a3/2[ —Ly (L) Jexp(—r/30)

R =7 «/8_a3/2 o (17 g ) r/s0

® 2ZWD. ter Haar, The Old Quantum Theory ,Pergamon Press,1967, p. 38~42,
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_ 4 N\
Ry = 517302 (a ) exp(—r/3a)

F6.2 KEWMTREMEMEHIRTHA

n l n, HERFE (nd) Ra(r)
1 0 0 1s 273/te= 2
1
0 =732 (1—2Zr/2)e %/2
2 1 2s 7z r
1
752 e/
1 0 2p W3 re
2 ppf1_2 2 —Z/3
3 0 2 3s 3«/3723 (1 32r+2722r2)e
4V2 ey (11 —Z/3
1 1 3p ngzs r(l 6.Zr)e
4
7122 o—2r/3
2 0 3d 81730 e

W EFRENERPO-FERTEE(H, 0L, L MERAES, SR TFHET
BB E, MEREEBERN
Gim (7560,9) = Ry (r) Y7 (6, ¢) (6. 4.35)
[l=0,1,,n—1
m=1[,l—1,,—1
IEH 2 N EFREIREIFER 2.
A LR E TR W LIS B FAE S R SRR R 15 B

1. e ERESF

A FH TR A5 442 1o 36 BR B, BT AR M A T B4 1) 2 B A3 A R, BN iy o 2
], BBV FIE (ry r Hd) BRFT RN

TZdT dQ | ¢Mm(r’0’¢) '2": I:R,,z(r):lzrzdr

= [Xu (N ]?dr (6. 4. 36)

AR LA L TR A B R A4 AT 2R | X |2, S0 6.7 R, FILLE

A B R X B S E (REB RS EASEAAE n=G—I— D4 f
o0, B AR 1 B RO A

5 Bohr BHIBFS AR, FEBF 2%, i F I T P4 f9 9158 A&, T 2

BEBFSC LB A A MR, (R, IS P, AR | |? A — M RKME LA

6.7). AR
e 214 -



|y 12 = (Ri)?r? = a%rzexp(— 2r/a)
WK S E
d_dr| X10 |2 =0
BARE. AXER H
r=a (Bohr ¥:42) (6.4.37)
R K S a tﬁ%’yﬂﬁmﬁ*% MTESHERT, B FHEBER¥EES Bohr B
BE A HEEHEM.

WA LA S HEEE, ET%%?&E’J“.@LJE” BB/ EnF,l=n—1,n,=0H)
PUE, AR MBERSE (B 6.7 5|y, |2, |le 2, | a0 |25 %5) O BAEAR 42, TR 4
BB KB (6. 4. 32)HE In| y,,_, | BRI E M ERE,

r =n’a (n=1,2,3,+*) (6. 4.38)

0.6

0.5
0.4

03 -
o
0.2Fr -, 25
0.1 S, e3s 4s
020 P e e
' 8§ 12 16 20 24 28 32 36 4
0.16 2p -

2
Ixnll

Xl

1 AN : h — 1 =S =
0 4 8 12 16 20 24 28 32 36 40
rla

& 6.7 S[RTFHEFHRREERSM

2. BEF R AR T

5 B, FTEAK i B FHE (6, ) 7 B IS AR A dQ P EIAE R CR A1 HL AR [ 4ir
BifD 2k
| Y7 (8,¢) | 2d2 oc | PP (cosd) | 2d0 (6. 4.39)
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ES o AR, XBHT dum e TEE L. WARES, ASRBRRENT = BIRhesE
STFRYE. | Y7 (0,9 |2 diTH, f0E 6. 8 FTR.

IY" oz
1\
1
IY,’f z IY,'f z
L AY
1
|Y20|2 z |Y21|2 z |Y22|2 z

,/HH i
i lllll»
i

’H

il .h

Y, v,z Y

[ ]

32
Y1z

G
W
\{7#

&l 6.8 R FEERSMBEMAENEKL] Y69 |?,1=0,1,2,3
HtH S. Brandt, H. D. Dahmen, The Picture Book of Quantum Mechanics, 3rd. ed. (Springer-
Verlag, New York,2001)
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HRRE L s T, BT 0RO BERMFRE, REREE T2 ARE,
‘BT THARRERAR. BB REE, RE S E T X E R (Hamilton 8) &
BERXFRE  F AU — RS T WEETF B FOHEE R,

%3 i
STV G Y (B g) = BT B T (6. 4. 40)

m=—]

HIERAE (nD RER LW R TR T , B0 H & R .
2% A. Unsold,Ann der Physik,82 (1927),355.

3. MRS RIELE

TE fum S PGB B, B TFHERSFEENTI(SHE 2.2 %, 2
(2. 2. IO WIER BB AR

j= izﬁ#mm Vum — B IEHET) (6. 4. 41)
FIFIER AR 2 PR B A R
_ 19 1 a2
V_‘" F O 36 % reind 9

BEHREjHWELE BT WMM@’]&EE%’SER,JU)&ﬁ%ﬂﬁ%@ﬁﬂ”(cos@)%ﬁ%
SR E, A6 4 ADFEH,j,=j,=0. M T RA

. leh H A5 I
](p 2# rSln&(‘pnlm a Sbnlm E/\% )\)

= leh 2 2—@_@ 1 2
2/1 rsm@ i | ‘/J”l’" | o rsinﬁ' Goim | (6.4.42)

Jo L8z BRI BB, 1N 6. 9 B, @it AR E do 1y

BRBITTH dI=;,do, BXRELE A TTBR K (Gauss 247 %)) ?
SdI/c

S=n(rsind)? £-5% z WP TER. B, RHBE =

95 ) K

-
-

= sar = Zfwsine

=— fh—mf | Grim | 2 2mersinddo

2
:_%mjw’”’"‘zdf i 6.9
HA dr=2nrsingds R4 AT, FI R IH—fb &4, 15
M, =— ih;m —— m (6. 4. 43)

Hrp

» 217 o



s = % — 9.273 X 10 erg®/G®

= 5.79 X 10°eV/G
B Bohr #F. BIiZ4RE], K (6. 4. 43) MR SR KRB BAE AT K, EH
:J:~’¢)JEPJLJJ%B4JH@* E!ﬁm 0, +1 +2, -ﬁbja)ﬁ%%@k%ﬁ%ﬁ%w

%f" 2. B (6. 4. 43)%& %?ﬁm&ﬁﬁﬁﬁﬂﬁﬁd\ Fﬁumﬂ”dﬂﬁi?
BT =0 WA, 25, BARARA R, IR H T HRATHEK. SR,
R (6. 4. 4D A

M, __ e

mh 2pc
mh ZNEANEN z 8. X HWEFR R B ¥ 8 {8 (gyromagnetic ratio) i #R g
HF. B e/2uc N8N, W g HFRERN—1. XEREAD BT ERTYH
B RANIFE A FRERANEESNEREN X RS AR, s BFRMER—2
(9.1.479).

(6. 4. 44)

6.5 Hellmann-Feynman EH

RFEFIHEERNEEARMTERE, ER0EHR, HPN AR ZHER
- Hellmann-Feynman EH (LI FE# HF €. EHEHNNEY LEEXREHE LS
P B EMS R MR A RNEEEREEDRE 58T HF &
B U HRX TS IEZEFHERNFEZE R, T LR B R 5% # 1T E B
WITHE. b, FIF HF S8R LIRS s S 47 (viriaD @ B (T 2 B E
BEHRATARMM). HF EEEM X ET 30 F£RKC, RGBS FEMMET
R R 0, E— R B T 2B B RO K. 7 70 R, HF EBEEH
SHEANTMIEE , FIskAL FRL T4 B ih ) — 22 ) i @,

6.5.1 HF({Hellmann-Feynman ) & 3§

DA RH) Hamilton B H v & A XS EAE, 7 H WA, MR IF—1k
FIERBORBDON ¢ (n H—HZEHZETFEHO M

2 o (g (L) () @50

O lerg=107"].

@ 1G=10"T.

® H. Hellmann,Acta Physicochimica URSS T ,6(1935),913; IV,2(1936), 225; Einfithrung in die
Quantenchemie , (Deuticke, Leipzig and Viemna, 1937). R, P. Feynman, Phys. Rev. ,56(1939),340.

@ C. Quigg and J. L. Rosner, Physics Reports,56(1979),167.
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iE B
H¢n = nsbn
POE- - PN =2 =)

(% )Jon+H 2 = (L2 )g, + E. 2y,

£ ¢ BURER,E
(s R o ) (o ) = () i+ e
BRH H ek, B
(o ) = () = - )
BB (g ¢ =1, T8

(90 (50 )= 55

Bl HF =,
Bl —%ERTF
Viz) = %mwz:cz,
H=2 + Llppea =11y
m 2
3.4 ekl
1
Tﬂwmﬁéﬁﬁ,
IH _ 2
2, Mex

& HF &8, n]15
1
mw{?t), = (n+7)h

SYlid
Vy, = %mzwn - %E (6.5.2)
HHH .
(T>, + V), = E,
15

(T, = (Vy, = %E (6.5.3)

B2 BHEW—GELB,
Vi) <V (o) (BT E 2
EREBF P ERARE, 25K Enfl Ez (n=1,2,3,) ,iRUEH
Ei, < E (6.5.4)
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R 4
Vo) = A—DVi (@ + AV, (2)
B4
V(0,zx) =Vi(x), Vi,x) =V, (x)
fii
T Vi@ -Vi@ >0
# HF 23

dE, _[dH\ _ [3V
A _<aa >n_<a,x>,,>0

EI] En (A)% A %ﬁﬁiﬂ%ﬁ- {E. En(o) =E1n QEn(l) =E2n ’F)f[’j Eln<E2n-

B3 ATRASHESNTRE « HXER.

H=2+v
: r
B Voo, £, 1|
d
"a_‘; =gV

m

9E _ <@> —Ln+Ew

Iy \p Iz Iz
Bp

JE
— = XV)—(T
/‘a# B

25 E=(D+W,n#H

1 2
(T) = T( é;)
1 2
(V) = T( 3_)
<T>_—/13E
W= (1 +#5)E
m =BT, W
d
(T = %(1—#5)12
d
vy == (1 g )E
B4 FH HF @BIESA S e
iERA
H= éLz+V(r)
u
FEAGRRRT
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B s hBR.E

M A HF 228,75

(6.5.8)
K ZESNBRRR K r=ik %,

dH _ 3V _av oar

b _an _aram w VY
B LA

(6.5.9)
BEAR(6. 5. 8). (6. 5. 9),18

AT =<(r+ VW)
IE B g R H
=V Hhr FREH

(6.5.10)

VGr) =xV(r (6.5.11)
Ul

2Ty = (V) (6.5.12)
Zo(D+(V)=E,18

= (Z)E, D=(Z)E

(6.5.13)
6.5.2 HF EFRLERO A58+ R R A

L A AT EFTFHNXE

— PO A G R, BERAES T LIBCA (H, I, 1) B3 RIAE

p=ROYr 6,9 = X2 6,0)

(6.5.14)
X(HWRZEA T

2
(—h L +ve >+“H;r1)’i )x(r) = Ex(»

E5—4tER Schrodinger AL, #H24F Hamilton B R

__h_z d 1(z+1)h2
H e TV R

(6.5.15)

(6.5.16)
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ERAEEICHN E, KB TRERFH 2 (=0,1,2,

<?—H> =(21+1)h_2<i> >0

2y000). ?ﬂ lﬁ%ﬁyﬁ

al /.. 2u\7 [,
(B HERTERSET ). Hit, B HF 23,

aEnrl
al

>0

)*ﬂﬁﬁ:%ﬁ [(=0,1,

(6.5.17)

BRSSSE n, UL, E,, Bl {SERTIE KR, B, F0 HGHESLH s TU=0.

2. Bee-PI{EE A

XFREEF,H
V() - Z
"
v=—1,#%3(6. 5. 13)
(#) o
r /n
b 1)
E —_we'Zh ‘ZZ
" 2k%n’ 2a n?
n=n+1+1) =1,2,3,
{5

<l> _Z
r /. nla

St F 4K m R ER T, B

V) = Lpwtr
V=29F)ﬂ/)

Lty = LE

o Hw N=5EN
i)

3

Ey = (N+5 )k

= @n, 4D = 0,1,2,
ik

oy = (N+3) 2

pew
ERGFRBAT LI EEF A HF &85 1.
> 222 -

(6. 5.18)

(6.5.19)

(6. 5. 20)
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SHFRIAET M Z WM, % HF EH

(52).=(52).—< (7).

E, __ & Z
az a n?
A
<l> - Z (6.5.22)
Y /n na o

St F =4S FIER T R o ASEA

JH Vv
<%> =<% > = palry

aa—E" — (N+3/2)%
w
BT LA
Py = (N+3/2) B (6.5.23) «
J770)

3. ButE Ak

X TFREFT BG4 207 4.19), 5

JE, _ JE, _ A
al an nta

ik HF 218
dH _ # 1 _9E,
o = {U+1/2) w7 ol
B
1 l VA
=) =————= (6. 5. 24)
<7’2 >nlm __:_l__ az
(l+2)n3
Al o
<12 > _ WU+ 2 A+
) = =— T E (6. 5. 25)
9rilan (14w B (144 )

TSRS () = — E, , B L E 3 i o B LSBT o L o, 4 F

n:}z- Mﬂi,ﬁérﬁ@ﬁﬁﬁg—iﬁfﬁth@mf;—l. W1 B (CRBEFHEBRR , 7

(nlm)=(n,n—1,m)ETF , R SHEEB T 25/
Xt F =44 ) R, A A (6. 3. 17) F1(6. 3. 18)
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9Ey _ 9Ey

al _aN ™
R R ™
% HF 3,15
<% >n,zm = (z+11/2) e ~ (6.5.26)
<£2. >,,,zm - lgllj:)hw (6.5.27)

BOEERE AR ERKET N. X FAE Ev HERIHESH, (= lam=N&
CERPE") R BE.CEEER R, HEN '

- _NIN+D
<2/ﬂ'2 >I=N = TNl ™ (6.5.28)
M4 m shEEH
<P_3> =<pi__ % > _Ey_NWN+D,
2;1 =N 2# 2;,0"2 I=N 2 ZN“'—l
— _ 1 \hw  hw
Enim)EBT , R s FHE R
A\ _ 3 W4 D 7w
<2,u >,,,zm B [N+ 2 z+1/2J > (6.5.30)

ERXEFEEB (., I>DFERT LU+ /U+1/2)~U+1/2),K(6.5.27) 5
(6. 5. 30)4kK

i TRy
<2,w'2 >,,rl,,, ~ (1+5 ) (6. 5.31)
<2# n,im ~(N=i+D 2 (n,—l— 2 )hw (6.5.32)
4. xFH P
R FAERIY,
, V() = Voln(;%) (Vo yro > 0) (6.5.33)

FiEsh, T LHER : DEERRBES T, shEFHEAMF. (i) BE%H BE (BEETBR)
SHFREXR.
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BrLd, BRE 3918

(TY = Vo /2( 5BTLHEEO (6.5.30)
X .
H = éLz +Vr
M
aH> 1 Vo,
) =— (D, =22
s HF 229, 78 |
IE, __V,
P = % (6. 5.35)

Xt B A RS RN |
E, = e,— 2y (6. 5. 36)

Kb e ARGTER AMRBTRFER o HilL, EER P RBEESERZ A
[E] B

E,—E;, =¢ —&y (6.5.37)
MM T R TR E o EHEEHE.

%3 REREZS ¥ =Vur FEH FREH.
7R : Schrodinger F 4L R

—E 9Vl = B+ Valnvaro)

6.6 40N

TR 3 EFRMNARMT T — LG P18 3h AR, B30 — 4850 4 B
FRLF HRA R RA R, M—R F W SN N BRI XMRHEE, £
B il B HERNE R, B — 4o T RBCE A B LR 8, A TR B8
KB F¥HE0. RL M F PR F—RE=ZRE G P EREEHP, KE
FGTRT @, RA S R GEER, B THEAR LM#ES  F K
(28— FHRRNHESCELR EZRS T, HIINEREYEF HIR
AR A B (S FHRAMEB A K &2 SR GOR G , FI AR REE BB H ARt
BARTHTATREUHEARRE LWATEFERS). RERTYWHHH
REELBAERH T ERMTEAMNNXE, FEREEEHRC.

@ #ifn, R, W. Robinett, Quantum Mechanics, (1997), chap. 16; M. A. Reed, Sci. Am. (1993,
Jan. ) Quantum dots; M., A. Kastner, Phys. Today,(1993,]Jan. ), Artifical atom,
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6.6.1 =HEM L HFHXTR

“HERL A5 V(o) (o= VT ), BRI TN

Hy=[—E (—+~—+l il 2 Vel (6.6.1)

2u\9g ' p 9p
H TR e iR, AR L.=—i @E%Tﬁi EHE®EEH, L) R—
ATERELE, BN MW RAESFERN

$(pr@) = R, (0)e™,m =0, 41, 42, (6. 6.2)
BRI R R, ()W R TH R
S d _
{ [( +pdp) p:|+V(p)}R — IR, (6.6.3)

ﬁﬁﬁﬁiﬁﬁﬁﬁﬁﬂ:fml,ﬁﬁﬁﬁ—& BAE 'R (m=0 8N, X FRESR
E, .. IBICH Ry » 5 R IERH— 5515

J?R:'m' Ry 1 m1 (pdp = 8 (6. 6.4)
N
Rojm (0) = Xuimi (@) /p (6. 6. 5)
R FFRC6. 6. 34k K
[ g;(% iz —’”—2)+V(p)}x,,|m, = EYninl (6. 6. 6)
LE &7
{ Z#[cilj = 1/2;§m+ b }" V(e }anml = EXum  (6.6.7)
MR (6. 6. kK
J:ox;,m, (@)X 1m (©)do = B (6. 6. 8)

YRR, 013 VD R R R AR B 6.1 %5, (6.1.6)]
Hp=[-E (et i ) tvo =8 669
BRIEH, P, L) A—ATERRSE, ENNRRARESRR N

[ =0,1,2,
mo= 1l —1,ee, —I+1,—1
Rz(r)?ﬁi’ﬁﬁﬂﬁﬁ
KA 2 d\_lU+D _
el )R Vo lr =R G
XA FIRERBER E, HRICN R, (), BN R IERIT— &4
J:OR,;; (DR, (D rPdr = 5. C(6.6.12)
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RERMIHE— MR QI+D. 4

Ry(r) = Xu(r)/r (6.6.13)
Ul ‘
(L (5~ )+ v i = B (6. 6. 14)
T
f:oxd (DXt (D dr = 8y (6. 6. 15)
HB (6. 6. HFI(6. 6. 14) , BH R X E K '
z<z+1)e(m—%)(m+%) (6. 6. 16)
Bp
lHImI—% (6.6.17) .

Rt FRIEHTTE B8 H B R R M =4 b0 J1 35 T B R (BB, T B, &5
HEBTHE, BT REHE B 4O S5 B R, AT Bk
BERTLIKIEX—X M X R,

6.6.2 —HFTRFEEFEM

Z TR R B
_ [0 p<a

Vip = {Oo’ o> a (6. 6. 18)

S8 A R EEI W )

hz _di —li _ﬁz - _ cee
[ 2#<dp2 0 dp) E ]R,,,(,o = FR, (), m=0,+1,+2,
(6.6.19)
R, (o) W i %45

Ru(p) |p=a =0 (6. 6. 20)

AILVEH, BERAFME E RIKT m WEXE |m| , BRI _EHH(n=0 K
). BT RN ER

E=lp, k= ZE [k (6. 6. 21)
M (6. 6. 194k Bessel HHE LI FS)
1 dR _m N\
d52+5d6+<1 82>R—0 (6. 6. 22)

A E R R (E=0)7E N Y X3 i 2 Y BB R A% , ATEUH Bessel BR% 1, (9. 1
B, 5] REEHEHN. TFG. 6. 19 KRIHHEEEARMES T LIBCY
Jimi (ko) €™ 5 J | m) (ko) sin(mgp) ,] || (ko)cos(mp) (6. 6. 23)
Bt A4 (6. 6. 20) , K
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Timi (Ra) =0 (6. 6. 24)
% o BURFRIE R, I IEAEAT & EEWE R LKA 4 110 () =0 BBRKKRITH
T I ml s =0,1,2,0. n, BeA2 [ P RRBHI N B CREHE p=0,00 0. B FRERA
fE1E
E,|nl = %‘};‘%‘ (6. 6. 25)
Tn |l RMELANR 6. 3 B,

%63 “HAMREFBHOBKERN x. 1 m B

T 1 2 3
| m|
0 2. 4048 5. 5201 8. 6537
1 3.8317 7.0156 10. 1735
2 5. 1356 8. 4172
3 6. 3802 9. 7610
17.90-22

Ey :

8.511-1BL
/
/ 7.039-‘35—

/
4
/

/
456028
/
/

/
2.539%';

/
/

/
526918

1 Os -7

0 1 2 3

B 6.10 —AETCFRBE FEBEEER E. m/Ew

l m‘ =0,1 v2’3s"'§E2&ﬁ5u)‘Eﬁ S,P,d’f""- 5 6. 2 %Eﬁ%ﬁﬁﬁﬁﬁmﬁﬁﬁg 6.2
HBE, IE R AR
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Pl 6. 10 48 H =44 T BRVR B 7 3 B B IR B R0 406 B 5 = 4 TE BV R O 4
BFAYREG S UL 6. 2 95, B8 6. 2) FRARRL [ 6. 11 % th JLANBE B AR AT A 07 1 43

Xﬁﬂ%‘: | S[)npm (‘O,Q) J 2.

6. 11 ZHETRRIAEE 7 BB LA E SR M LE | g0 (0o |7

(@ FF 0sy (n, m)=(0.0)

(DR 7, =0 [m| =1 M ZBRIFA. | i Rop)sing |2 F | ]1 op)cosg | 2.
(d) (o) = (1.0) EIXASNEND ALY TFTLMR T3 hO/RES.

(e) (my,m) = (0.10) & MBIE (FE 3180 MRIPUE (n, = O IS B BIEE LT K 0. M4 T
SMSERR SR FEE. (4.0 5010 mEMNER L FHER EE<1Y%) B2 E 4

RAAEA.

AFEHE B R. W. Robinett.Quantum Mechunics . Figs. 16. 11~16. 13. (Oxford University

Press.N. Y. .1997).

r2]  THERBRE T B

0, 0<zxz,y<a
T s
hLF BB N
E, . = ;;sz(nf%7ﬁ) = g;jZn:
=i, nyen, = 1.2.3,e

2 . [N . (N T
¢ n (x2y) = —sin| ==z )sin -—y)
vy a a a

(6. 6.26)

(6.6.27)

(6. 6. 28)

R BER A RIFFBE (LK 6. O, RE BBl /AT — M 4P 0B A SR EE X PRtk
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' 42
(nzymy) E./5— TR IFRE
2ua
a1,D 2 1
a1,2) 5 2
aa,7n
(5,5) >0 5
(1,8
“,7 6 :
1,18
6,17 325 6
(10,15)
(4,33)
(9,32)
12,31 1105 8
(23,24)

6.6.3 —#EZFrmEMHHIREF

Vip = é-wzpz
Schrédinger F# R
-G ehen @
4
$Cos@) = €™R(p)
Mtz m FRERRA(BREN A=p=0w=1D

2 2
[d%)ﬁ% d-i*%ﬁ*(ZE-ﬁ)]R(N = 0(E>0)
% a0 B, FRALH

ég%iﬂlﬁ?i?f,iif15§, §5 @rﬁ’o Bﬂ‘

%Y orco, R (6. 6. 3 MK
d2
(dp2 _pz)R(P) =0

(6. 6.29)

(6. 6. 30)

(6.6.31D)

(6. 6.32)

BTLA R(p)ocexp(t0°/2) , Wi i B IR 45 7514 5 A H i H BB R (p) ocexp (—p?/2)

(p>c0). Ht, REis
R(p) = p' ™! exp(—p*/2)u(p)
RARK (6. 6.32),78
+ 230 -
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j;?—f— (2|’"p|+1—zp)i—;j+[zE—z<|m|+1>]u =0  (6.6.34)
2
£=p (6. 6. 35)
!
Ec(l;—;-{—ﬂm’—f—l—f)%—(%—%)u:O (6. 6. 36)
EXERSHEIL TR MESEh
_ |lm|+1 E
2 2
y=|m|+1 (6. 6.37)
WASER o HIEFES
o= ml;—l—% =,y 1, =0,1,2,
Bt , — 45 4% ) RIS R F I BE B ARE(E N
E=QCn,+ |m|+D (BB
Ridk
E,=n+1), n=2n,+|m|=0,1,2, (6. 6. 38)
HE L B PR EUA
Gom (ps@) 0 €' ™1 € PF(—n,, |m|+1,p) (6. 6. 39)
AR HEESR E, IR HER
fo=m+1 =1,2,3,- (6. 6. 40)
ATLE N, =L m R SRR ER A6, 3 77,(6. 3. 16) ]
E= (2n,+1+3/2) (6. 6.41)

I8 1> | = B 2n,Hi3/2->2n,4 | m| 1, (St =S 1 R R T 0

BAK
E= Cn,+ |m|+1, n,|m|l=0,1,2,- (6. 6. 42)
ATLVE M EBES I HESIN. HRERMHERN (+1)=1,2,3, . T 4%

R TR AR fv=— (NFD(NH2),N=0,1,2, .

6.6.4 “HEFTFMESHEF
X AR AR , —4E Coulomb #3F R A
Vip) =—§ (k= Ze*,Z =1,2,3,+) (6. 6. 43)

Schrodinger B FER KR
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_E(1 3 9,13\ k7, _
[ 2#<p appap+pz a¢z) p}ﬁ—E‘ﬁ (E<<0,RZ%) (6.6.44)

B, L ——ik %ﬁ%‘ﬁﬁ. B¢ N E R (H, L) RS, B4

Sb(‘o,go) zemR(p)’ m:O,ily __'_2’"' (6. 6.45)
M EBERIBREN, h=p=k=1)
d
[dp2+_&',; 2+(2E+ ) R =0 (6. 6. 46)

p=0, R T EIFT K.
£ o0 B, (6. 6. 46) BT HIFE R KN
(%Jr%dip—’;—f)fe(p):o | (6. 6. 47)
4 Recp RA LR, 18
sf—m? =0
FirL
s == |m]| (6.6.48)
AT LIIERA , >0 B 478 Rocp™ | ™! SRR HE AN REREZ 60, T LASLFE LB /0.

 p>oolif, TR (6. 6. 46)1'»hj§1
(4777 & TERP =0 E<0 (6. 6. 49)

ATLAEH , R(p)ocexp(£ v/ —2Ep) , (B RRBE N KRB RBER R(p)cexp

R(p) = p' ™ ePou(p) (6. 6. 50)
Hep
= /= 2E (E<0) (6. 6.51)

AR . 6. 46),78

pdp2+(2| |+1—2ﬁo)dp+[2—(2|m|+1)ﬁ:|u—0 (6. 6.52)

=3
&= 280 (6. 6. 53)

vis
ed52+(2| m|+1—g % [(|m|+1/2)*‘%:|u=0 (6. 6. 54)

XIER GBI E LM RID. BIE e~0 BMNENTHERRH Fla, 7,0, 4
ITE ¢
1

a=|ml+%——ﬁ9 y=2|m|+1 (6. 6. 55)
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WADNFMHER
a="n,, n, = 0,1,2,- (6. 6.56)
KA ]

_ 1
ﬂ_np+|m|+1/2 (6657)

RAFK (6. 6.51), HIS HEEBAMEE (H R BN

— 1 N
= G T T/~ 2 (6.6.58)

nyy lm|=0,1,2,0,  my=rn,+ |m|+1/2=1/2,3/2,5/2,
75 UE BB R I BN

fr, = 2np =1,3,5,+ (6.6.59)
HE B 3 R CRIB—46) R N
Pnm (05 @) OC emp ! ™! e‘P/"zF(—— n,,2|m|+ 1,7%':-’) (6. 6. 60)

m=0,+1, 2,
np = 0,1,2,...

2 ..
2’

RIUUB Y, =% Coulomb 5| H#HBER /A [6.4 37,(6.4.21) ] E, =
—1/2n% ;n=n,+1+1,%BR (6. 6. 17) Frafill, 18 I—>|m| —1/2, BT B H B3R
Z 4 Coulomb 5| F1#HIRER A (6. 6. 58). |

BEHETARBATRMBE BN TR 6. 5S(H R AL

ny =np+ |m|+";_ =%9%9

x6.5
=4k Coulomb 3 % Coulomb 3
(ry=—4[an2—1(+D] oy =—5-L3nf—(m?—1/2)]
(r1y=2Z/n? < (o) =Z/n}

(r 2)=27%/n3(1+1/2) | (o 2)=2%/n} | m|
(r=3)=23/n3 (1+1/2)(I+1) (p3)=2%/m} | m| (m—1/2)(m+1/2)
n=1,2,3, n2=1/2,3/2,5/2
1=0,1,,n—1, | m| =0,1,-,np—1/2

ERER, "4 5 =% Coulomb 7| HFAMHBRERKREIE (B RBADHRAE
5, Bl =4 Coulomb 5| HFHHHLFRER EBEMKIK K
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(E; —E),(Es —Ey) e = 3/81,5/72,++ = 0. 375,0. 0694, -+

i 4 Coulomb 5| Sy Z i) AH4E BB B BEAR YR A
(Es/z _E1/z) ’(ES/Z _E3/2) 9t = 16/9,41/225,'" = 1. 778,0. 182,'"

0.6}
W (| Os

o.s—ﬂ

0.4H

0.3

02 Op 1s

od Ip
o1l 2s

rla

B 6.12 RREFHRESHILE
LB ZREET | 1,00 |7 0=0, 1,2 A FIEH 50, d. FEZRERF | x5 im (0 | %

E‘Jﬁr‘ﬂ%&ﬁ n=1,2,3,-. '-EEE 6.12 q’yj@ﬁ?tﬁﬁzﬁ—'ﬁ:?ﬁiE?,%m nrl(Efﬁ)fﬂnAml
(ZH)RAFCR AR EH. R, (D5 Ro 1ml () 535 = 4 A0 4 SUR T I — 1642 1 B R 4, T

Xn 1 (r)=7Ry 1 (r) 1 X, Im1 (0 =‘/[—)Rnp Im} (o)
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U, T F IR » o T 57 MO8 B Coulomb i) BE 4155 R 45y 1 e s
(B 9.5 %7, /& 9. 7) , #E =4 Coulomb $Bf oA /N — %,
NBEMRE, 5 =R AE T A RKES. HlInFHE R0 TH
n B m, 79 0 BRI R0 FIBBEAR KRB 6. 4 35, 6. 4. 38) TH(HRHAD
m=n’y n=1,2,3, - (ZHEFEF)
T =13y n=1/2,3/2,5/2, (ZHEEF)
Bl = 4 SUR T BARH =5 H B8 B nd $RIT) 0s, 0p, 0d B9 BAE R 442 K
1t 49, M —BERTHBRN=£BYELA n, | m| 358, | m] =0,1,2 45z

_H's»p,d]0s,0p,0d mﬁms{eﬁw(—;y : (—3—)2 : (g)2=1 £ 9+ 25, RENX

MV EAPERRER LR EN, N F - AEETF B =SS EFNEEL
(B A 6.12).

6.7 —EJETFO

—4¢ Coulomb &R H®
V() Z—Tﬁ (k> 0) (6.7.1)
B FRIREZA , E<O0. Schrodinger 5 RER Y
_ Kk
2#¢' mgb = Eyp (E<<0) (6.7.2)

HF Hamilton 8R4 25 8] i S 0t kb BE B A A 25 20T LA B LA — 52 29K
FRI 2 o2, BPES PR AT R . BRI, R 2 >0 KR (08, (B FT B B R A
HEAE, T 2<<0 B P SR B AR, T LUAR B 2RI R S 1.

RIEAL S E B, Coulomb Frh S A IEFBEBAIEEA FHIXE .

1 k[ dr _ [~ ,dx
E = 2<V>—— Zj_oogb m— xjogb - (6.7.3)

ALOL, 30 x>0, p(0) 70, MBS R R BKY, BT E=—co (R FR) , X AMETE
ERAREEZR. Hik, in E ERECEBRE, W ¢ 0% 2

B0,  ¢0) >0 (6.7.4)
PN B RS A &M

|z| >oco i,  @x)—>0 (6.7.5)
WE=#IFETH s SU=0OWREFBMAKMETZL R, FER

® R. Loudon,American Journal of Physics ,27(1959) , 649,
@ SHERT ML 0,5 =4 Coulomb HFLK—4 Coulomb 3% V(0 =L, (2>0). s

B, BER AT I, M. Y. F. Liuand]. Y. Zeng, Science in China (Series A). 40 (1997),1111.
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Xo (r)

1
(r) = — (6.7.6)
A~
Zdz
_k x"—f‘lxo = EX, (6.7.7)
Zpd'rz r )
%D =20 (6.7.8)
| % () —=>0 (6.7.9)
EAFEA, ZHEEFH s SEROEES T LW RASBR, BN
| E, =—i (BRHAD) (6.7.10)
. n=1’2,3,...
FIRL B PR N[ B 1 6. 4 ¥, R(6. 4. 32) , F R [=0,n,=n—1]
Xo(r)OCre_'/"F(l—n,Z,i—r) (6.7.11D)

F & Wi LT B, ZE AR T R (i— DR B TR,

# F i, R (6. 7. 10 R — B AR T HREAR ESRS, LT &4
D). R (6. 7. 1D B r B3k =, BB H— B RR T A RAARERHE >0 KikH
Bkt B AERE N »<0 KRWEEH BT =0 F V@ HHE, X
£ (M KRR 6. 7. )], B, 2 20 B¢/ () ATBER G (R 3.1 %), B
B, SR F— B ER T RS RBRE S EBRSD

E, =—# (HREAD (6.7.12)
n=1,2,3," -
BEANS, —MNFERIE, —FRAA , BR A ER I
BFEHRESHN ‘
ze="F(1 —n,2,27x), >0
et () = (6.7.13)
— zeF(1—n2, —Zni’) <0
BFEREN
gbn-{— (x) ’ x>0
— 6.7.14
e (2) {—W(x), 2<0 710
CHES =0 B S BN &2
g0 =1, ¢ (0 =—1 (6.7.15)
g (01) = ¢ (0 =1 (6.7.16)
Eﬂ =0 &t9¢'ln+ (I)xﬁﬁ’ﬁﬁ (/},n—‘ (I)f—tgi @ 6.13 I:Flz%llfl n=1 ng/l\ﬁ%ﬁm

~EEE.
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A 6. 13

‘UTIHRES.

HENTT B FE 2=0 &, ¢0. WATE TS, HABERN N Ey=—co, B—1 Y
A NERREMX— K, 00 TR EAR B, RITE 2~0 K 4BBIE— 4 Coulomb %

(6 7. D5 HBHATHE .
V,(x) =— v5(x)
TN & BB M —MERAE S (EFR, K 3.5 )

2
E=—5 4 <o
1 42
(z) = = lzl/L, L=%
we = e T
BIERE R A —EBF(E 6. 14) '
0, |z|>b
—— L z1<s
V(,N,z) =< [z[’ N
- 2l <2

b1, N>1

FERRIEET , ERER 20 481 h—2% Coulomb 371 § #BHAITTH. BR

V(b,N,z) > V(z) =— W&T

BT LA Coulomb HHBESBRMET V6, N, 0 FF AL

[TV, (@dz =~ Y s@rdz =7y

i
[ Vb, N,x)da:———b— 2.8 J —~—2<1+1nN)
UMY TRE y=—21+InN) Y & 2B HI, V(b,N,x)E‘JEKﬁEEfJ
E——— L0201+ InN) J? fv——“f(hu\r)z

(6.7.17)

(6.7.18)

(6.7.19)

(6. 7.20)

(6.7.21)
(6.7.22)

(6.7.23)
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K 6.14
- Fl Coulomb 7 20 S FAER. 60 B, V(5,N,x) 5 & #BHHEML.

1] I, Coulomb # I HESEER
E, <— —flf;—‘(lnz\r)2 =—2(lnN)*  (HAARAD

N>1 (6.7.24)
MESER F = —co.

{8 N—>cofif V(b, N, z) MR FIREE y—>cofy & HB, AT ABRBR TN B HHMEL v &
B S BB EEANE 2=0 4. FL L, s PP NESEBRNEE Aox= V(&) —(2)?
= /{x)? ~L=%,¥1 y—>ooft, Ax—>0.

FFHRA6.7.19,0 BHESHA B HERN

1

| ¢(x) |? = F-exp(—2 | z| /L) (6.7.25)
AHEHEAC L0 B,
| () |2 = 8(x) (6.7.26)
BE i, — 2 Coulomb %A H AT BRECH
do () = [8(x)]"? (6.7.27)
BPRF R BUAE 2=0 4838, #01f (virial) 3, AN 8B E N 4
(T =—E, =0 (6.7.28)

() J.: | () | 2dx = —%J:oexp(— 2x/L)dx = J.:cexp(— ydy=1

Lli_i’noo|¢(x)|2=L1im%exp(-—2|x|/L)=OO, lg—2) |2 = | g | 2
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83 ST G R RSB
V) =—Fk|z|* (<<0) (6.7.29)
=0 & 5, HRESRBL.
B a5t w<<—1f,>—1 PR L.

S &
6.1 BN p BN FEDL G
V() =— rl (a>0)

FIE3l, I RSN 0<s<2; B —HIiENTE E~0 WhEREXRE LRSS
REZR.
R FIRAL T EBEAMAHEE X R.
6.2 FREN p BB FTEBRTT #4B
0, r<<a
Vir) = {Vo, r>a
HFiagh. B Vo BETA/NEIRZE. (DR —HRBEE B E, .~V —0) &, (2)3R
HBE — N RAGEN Voo BIRRH. 3)F Vo B MEERASBH N.

2% (D HB—FHRAE FRTEHN DRIEHR it (ko) =0, 555 ko= V/ZVs /.
(2) BB —A TR (bW [=0) (I MH Vo > K /8p (3)N~%‘2~ (;“%)3 (2uVe)2,
6.3 FRERN u MR FIEBRTTH B
’ V() =—yGr—a) (7,a>0)
Hiz g, RIFTER G

%::70215.2/2;1.

6.4 XHFHLNG V) PR RS, IEH

dv P\ _ 2m#?
(&) (o) = 2101 >
FHRRRGHEE X
_ J _#3_F  dv
%m*'lﬁﬁ[a—r’ﬂ—,??; w
% ROBHT

AV _ 2mh’ z
<&>— 4O

v\ _ /e \ _ B [1
C (F)=(5) = ()
10 &, BB H R,
6.5 XMFEEFHRSE, K Az .Ap. , BIFAFEFE LR,

B ATAp. =k/3
6.6 MTEBEFHE s Blm=n00),i+8 Az.Ap. i >1 5.

=07, T LR B,
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g:Ax=J_ﬂé\/l+5nz ’ Ap:.=h/V3na

2
AxApz=4/Hi%k

n>1 B, AxAp,f»,\/ nh 0. 527nh>—
6.7 i&iﬁ%ﬁxiﬁﬁﬁﬁzﬂiﬁiﬁﬁrﬁ

a%ﬂﬂziﬂfﬁ
fexp(—ar+iﬂ' ndz= ﬁgﬁﬁ?
L2 b D= Ty
6.8 EIFERFPEHAIRFHERAMTEFE.
5.

hzkz / / /
(E=55 ot =[x V= K9k
V—K) = £ TE=¥FT
6.9 BRERFATES, REFLTFERHNEER(E—V=T<0)KHEZR.
% BT TEMRER (r>2) KR =13e* ~0. 238.
6.10 MR|/ERFLHAEIE, 11 (1) B FB K (positronium #§ et e RAB)WHER. S
B4 C. Kittel, et , al. , Berkeley Physics Course, Vol. 1, Mechanics,p. 292,1971. (2) p JEF
(muonic atom) i) §Ei%. 2 C. S. Wu, L. Wiletz,Ann. Rev. Nucl. Sci. ,19(1969),527. (3)p
FHER (muonium)#g pt p~ WD) EEIE. 24 V. W. Hughes, Ann. Rev. Nucl. Sci. ,16
(1966) ,445.
6.11 M FTREAFT EBA Zo) , HELTRAS fun FHBEFHA),A=—1,—2,—3.
B F R 8,18
<i > =2 <, a=#/pw’ (Bohr ¥f2)

r n

#| F} Hellmann-Feynman £ ,58

oty = —L L

(+1/2)n &
FIF 6.4 5,18

z 1
IA+1/2)U+ DA &
6.12 X TFREFTHH,E,L)KHRARMES dun , AR HBEIERA A ) Z [ 1T 553
BXE.

(r3)y =

At1 — a /. i1 A 2 __ 42 a_z —2\ —
7 () (2A-|—1)Z<r‘ >+4[(2H—1) A Zg<r‘ >=0 (1)

SR RPN, FHEA 2=2,1,—1,—2,-3,—4
& LKA A >— 21H+1).
K4 1=0,B("1Y=2Z/nta
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A-l,?g(r>=—%—[3nz—Z(H-l):la/Z

a=z,15<rz>=1’23[1+5n2~3z<z+1>3a2 17

A=—195FUH§J:7@%%,W1§<F3 ) ’—L?_tﬂlﬁj
A=—29f§

(= 372 — I+ 1) z
2n° (I—1/DIA+1/2U+DUA+3/2) &

2% H. A. Kramers, Quantum Mechanics ,(North Holland,1957), § 59.
6.13 EAIHN Ze MIEFERRRAE B, BRAER(Z+De. REZXMET Z hH—
M KBEFAsHE LB A EZRTRNARBET TN K Ll %R,

P =| (o (Z+1D) | (D) | Z=(1+_12)3 (1+2_1Z)_6

~l— S ,
~l-rm GEZ2LETD)

6.14 XN TFREEFEHBEE Zo)W) I=n—1(n,=0) B3l ,HE . (D BERER. 2)FHL
2. QK Ar.
% (a) BWER Y2 =n’a/Z,5 Bohr it h B B #1812 M.

(b) (P mein= (2 +T )a/Z, 55 m Tk

3 2\ 1/2
(© ar =0~ 1=(Z+5) " a/Z,ar/(rV=1/ /2 F 1.

6.15 XNTFEEFHFH‘EHE”,BN,n—1,m)%, RBFEZGREX (V>E) b g%z,
B ZWUBERMYT r>r,=2na, B FE r=>r, BERRN

2 3 2n
P, = |:1+4n+%zl'~)—+ (4371') e+ ((%:l;))l ]exp(— 4n)

n=— 1,29394,5910q"’
P, = 0. 2381,0.0996,0. 0458,0. 0220,0. 0108,0, 000368, +**
6.16 EWERFEFHIHIMBTRZEFLZETEHHEZELER BMERTLELER R
Vin =2 €2 ikl
r r
a J7 Bohr 245, R+ oL FIIREDR , FH 5 TR FRERAE LR,
o 1 1 & vz
B IA+D—22=IU+D, B8 = 5 +(l+ 5 )X[l _—(2z+1>2] N LI
a4
.Erl =_§_2 '%9 n,znr+ll+19 nr=09192""
an
H A1, 714 UV'=14A1,18 Al~—2/(1+1/2) <1, BB TR B R

_é 1
Eu = T an?

5 IHX,/8 ALFE L ¥RTE/D.
6.17 EH—PIRTEBECER o, BE VORTFEE & 0 NEZNEZLGR: V. 5
a

n=1,2,3,
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J (A/gl;tz—%a)—_-o

.18 RAEEBAIRR UMM BT 250 8 F 00 RAME L RAE WAL e
BRI,
% . En=(N+1)tw, N=0,1,2,+

dra (0D =Ap' 4! exp(%ozzp2 )F(J-AJE:—N, |A| +1,d° 0 ) X exp(iA§)

o =pw/h,A REA—LEH, Al =N—2n,,  n,=0,1,2,-

FTLL Al =N,N—2,,1(N &) O(N &) , FH EH (N+1).
6.19 PR FAILBRKHBEARPE3, WEREH o, KN THER.
% REEAEE

2 AZm
Beimi = g, (55

m=0,+1,+£2,-
EHERIPCELAE EEE LF<UE/E A BT 1m D=0 B v MR,v=1,2,.
BRI ESEN.
6.20 RIFHEEEN a, &I A WEFES. KFERARZE AN, EREREIEER
TBRK. KB F R RERAE(H.

2 27[2 A ml 2
%:Erﬂmht:%’;[nhz +( I;l ) J

n =1,2,3,, m=0,%£1,£2,-
Aiml Tl WO=0HF VMR
6.21 B V() =—Voexp(—r/a) (Vo>0),3REZE(=0) B BREL.
BR A BEH t=exp(—7r/2a).
R EER g=AJ, Qexp(—s/2a)) /r,A RIF—EE1=2a V2uV, /L(EEHN) ,
HRLFRE. v BIA&AHE 1, Q) =0 BE . N MEER N E,=—V 4" /8ud’.

6.22 B V(D=—2+%(a,A>0), REFWIRAEH.

2ua’ _
% Eyi=—%F[on+14+ vV QIF D F8A/R 1™
Vo)
|
1
|
0 r,=4/B)" r
A& 6. 15
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u IR FER,n,=0,1,2,-,1=0,1,2,
6.23 ®V(N=BA+A/7 (A 6.15), K A.B>0, KA FHIBERAIEE.

e
—;: /B 8
By =ha/7, [4n,+2+\/(21+1)2 +~;§]

p R FRE 7 =0,1,2,-,1=0,1,2,
6.24 FERTH G Zo) FBEHH Z 5 FHAR , Hamilton 5 (R F1 B 54RO
FRH

=T+V

2 (ZhEEER)
. 3 1
vzt l+e§|ri—rj|
M FRRBFE—FRES  ERA S %E%/T |
(T =—%<V> —E

N le—‘

6.25 $iF7E Hulthen #\3%

— Vo
V) == oo (V0> 0)
iz, iEHIRAS R E, WREAER
VZ
E >_2 th n=1,2,3,"

#5. 5 F M Coulomb #37HfEZK LA .
Ve(r) =—Vya/r
6.26 ikl q M—4EEIR T4 TS HE Y 6 %, Hamilton &4

2
H=L£ + Lmtz —qbe

FIF HF @3, R IRARER E..
275 . Heisenberg 42,118 ()., ARG € IS%, #| A HF E#.

&.E,= (n""‘z‘)hw_%

6.27 JREN u R TFEPOHGPES, V(D=1 G>—2,1/v>0). B A HF E# K&
1 1 R B EE R E RN T At BIKBIE R,

X% .E= C,\zﬂ(é’ﬂ)ﬂy,c PN N > 3

6.28 —BRTFERG VD=V,
IR

5 AR K B xooc(ﬁva(:)m

Z | (Vo sa>0) iz ah i ool HE A4 SR

HERER EOC(k—;)u_hVonéa_szLz
4 y>00, (o) >REN 20 WERKEF LB FHEKEMERRES Vo TX.

o 243



FTE RFEBEZDRHIED
7.1 HELS R F8) Schrodinger R

FRTERN p, i, g WAL FAER BT T2 3. 7L M 1%, B Hamilton
BRRH
_1(p_a,Y
H_Z#(P CA) + g4 (7.1.1)
Hob A g P BIRBREKH AR, PRV EN SR, Hamilton B RS A3 ey

TR L DRAENHR
c—9H  p_ 9H

F="p ==, (7.1.2)
BRI HGE D
= q(E—I—%"U ><B) (7.1.3)
R
EZ"% %it‘—w (R D) (7.1.4)

B=VXA CREG R 98 )
K(7. L) g BB FREHRRLG P Newton HH, R (7. L. ) HEHE—TL
B3 E X e g MR FB91ERT . 85 I BJ Lorentz f7, 221t TESL B K IE
.

RERT ¥ P MENE RS, BENZE PHRRERP O 2)

P>P=—isV (7.1.5)
WP RTE g BB F A9 Hamilton BEER K
_1(p_a,Y
H= Zﬂ(P . CA) . (7.1.6)

i Schrodinger B FER K
L3 [1(s_a,\
th Fren [Zp(P CA) +q¢:l¢
1

z[ij_.w_cgfl). (—ihv—CiA)+q¢]¢ (7.1.7)

—RER.P 5 A RIS,

PeA—A.P =0V A (7.1.8)
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B2 R A s RS IR B 1V -A=0, M F R (7. 1. DWARTRRH

i 2y = (55 —2
at 2/,( ﬂc

+ g4 )¢ (7.1.9)

HFED RO LDIEBRWT UL« 8 A6, #3071 DFIT. 1. 2),

_dH _ 1 9
——apz—#(PI CA,) (7.1.10)
FrlA
P, ——y.z:"f‘—"A = w0, + A
EShTin]

P=puv+-2a (7.1.1D)
C

A E N ERRGAER T, R FRIENSI BHAEF T HAMSE po.

ooooooooooooooooooooooooo

(7. 1. 10)0%F ¢ SR EFHLIHF AKX 1. DFGT. 1. 2)75
pi=po— LA, = L4 ii(p,- —lA,-)i LT Y

ax c Cc 3.7: 3.1: C
-9 3Ax
_ d¢ | 1 9A, q A, d cd sy 29,y .9
——q< x+ ¢ dt )T c |: +y A +z xaxAI yayAI zazA"}
— 19 9
——q(Vo+—SA)+ Hox (VXA
B LA
#’”—Q(V¢+_— )+—vX(VXA)—q( +%'v><B)

(2 ERFHES TR PEHNTER T, BENE MARIKSIE po)
AR —ihV BEH , Feynman A 11 TRk :

ERHET. LD, YRR AR RRBER, L TRR ¢ A DOBLH— N RRUE.
T A SRt — R, o ARFREE , B, Vg RS, B0, B 7.1 B — K s

B A FHMBIEAE — R ¢ IR T RIBARREUER, EENE A
WM—TETRES, FENTBREENAFHB=V XA KE¥PH - \ .
Stokes E¥E , 15 | C b
(e
|pras=a-a i
S RABAEEE ,C HEINMEIL SRS ) — [H 3. #% Faraday E#, &S \_Eﬁ
FEHE YRR B3 E T 2 f %
1 9
G- d=—t S Boas— L Ffaa 71
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__109A
E= c dt

% A @ (RK) B E R, B4 T — MR oE. S 2R
Y5 BT ZEI RN EAt= —-C‘?-A,auﬁ%mmmajﬁmem—fﬂ. B, pot-TA R

ARAE, B IE W 38 P=,u-u+7qA REEARAE, FE TR D, TR A Vg R IR S, BF LU IE W 36

B PHBEM—itV ZA DI, W R. P. Feynman et al. , The Feynman Lectures on Physics,
Vol. 3,Quantum Mechanics , Fig. 21-2.

itip
. ERGBEFREEATE
R(7. 1 1B I (A, ¢ WL, FEAEES S P =—P)

d 1 42 q AN qz
—ith 5" = |5 <A . 2 .
h 39 (2,}’ +#CA P+2MC2A +q¢)¢ (7.1.12)

¢* X(7.1.10) —¢X (7. 1.12) , F|HV -A=0,78

ih 5, =5 Fy—yPyr - L aPytya. by)
Z 7
= o B Py—gPy)— 2P .y ap)
1z pe
—-—_ﬁ . * p - p * "—Z_q *
= Zﬂv [(gb Py—yPy*) ) (¢ A(,b)}

%erv.j:o (7.1.13)

A
p=¢ ¢ (7.1.14)

i= 5@ Py—gPy)—Lagy
p pe

Al Pt rolp o)y

2u c
= 2(¢* Dyt ¢ =Re(y" 5 (7.1.15)
gzl(ﬁ_iA):l(—‘hV——q—A) (7.1.16)
J c J7 c
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5R(7. 1L 1D K, 0 | ATERR LT R R EAT, T A REERA.

2. I AREM

o R ELAT TR A D% A g 45 F PSS Bent
A—>A = A+ Yy,
{w § ==~ 2y,

3R E E FMIREARE B HAUUE. 724 Newton (7. 1.3, AHEL E
B, A AM ¢, HMBEAEHRE B B Schrodinger HTR(7. 1. DFHI A
¢, BAEHEAEAZIE? . AT LIIER , 3 SR ECAnVEAH R Y 2R 2,

(7.1.17)

¢ ¢’ — eiqx/ﬁf(/, (7.1.18)
M o' 5% BB Schrodinger HR2,ER E5 ¢ MR, B
o d L[ D, ? 1|,
1h-é—£ _I:Z,t(P cA ) + q¢ }(,b (7.1.19)

WIZEERE, A8 (7. 1. 18) F AR W B — A B BRI [ o (ry D RERT rac],
ISR R MR E— B TROE D). BAESEY puj. (v) EEMTE
A FEARLE. EFHEA TN ERANITE, e D.
% rHAENEERT,
p=4¢ ¢
=gl Pu—oby)—Tagry

1
2u
( A) MU 3 8)

ERARKAE.
(3 3)Scully #1 Zubairy 1B #2375 2 #: (local gauge transformation) AZE M, “SH” T H
RE3 P #) Schrodinger (7. 1. 7). HiGUEInF : % F B Bhi 7, Schrodinger H#& A

ih2gr,0) = Hp(r,) =— "‘—2 V2 4r,) (7.1.20)

PR BB Cr, 0 —~gr, D G HHBO T *ﬁa@ A LRI o= | 9| REAE
EBRE. niE—F BRI A A # (local gauge transformation)

J(r,t) > ¢(r, )Xo/ (7.1.21)

O EHER:AA
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F s Schrodinger FFRRFEARZE, M H (7. 1. 20) b BB B T, B RN F B 1.7, B (A,
$ DT B (7. 1. 17). (A, ¢) SHHEH X BEBE EMBLAR (7. 1. O S5HMEE
XK. HFBO. 1L DAEHAN £ B Hk F 8 Schrodinger FH (7. 1. 20) B (logical exten-
sion). FEZ LR BN N2EH, (A, O BIBIHE, RN T30 7 b B my Wil & s jik 3598 B (E,

B). R T /1%, (A, ) W51, MR K RIE Schrodinger 72 ik —sb Hy 7 MM HR T

BIARZEE, ﬂﬁ'ﬁ(A,g{:)%ﬁ%ﬂEXE‘]. B M. O. Scully and M. S, Zubairy, Quantum Optics , p.
146~148(Cambridge University Press,1997).

7.2 Landau BEZR

BB T (R M. H—o T4 B, RBBY A= BX rO, Bk
57510 = BT

Ax=—%By, A, =—~1Bz, A =0 (7.2.1)
B+ /8 Hamilton BFE xRN
) b B\ Ao
H—'Z’M[(P D) + (P +2x) “’J
(P2+Pz)+ 2<12+f>+ (xP yP>+2MPi(722>

AT HE, U'F?E‘, %7‘3‘[’]5’35Hax_zsbﬁ%tﬂjﬁ(ﬁl]?ﬂj:‘ﬁﬁiﬂ%}:——lﬁﬁ%%),
EPINSHEFE xy FHE P HBED. AT,
H=H,+ w1, (7.2.3)

H, ——(P +P)+—Mcu1 (2 +35"), w.=eB/2Mc

— P P = 9 _ 9\ 9
l,—xPy ny—— 1h<xay yax) ﬂ‘agp

wn. #Hy Larmor SR, B(EN w.) ML TR L T B LI RESE 15 40 5 9 4R L4
P T B2 (BD of ) BURRH R BETR. 3R (7. 2. 3) 0 H, BTG5 445 [ R PR R T
#iA.
TR AE S AT BN S R 52248 (H, 1) B 3E R A E 25, BOT- T A3
B
$(os@) = R(p)e™,m =0, +1, -2, (7.2.4)
RARRAIE S Hy=Ey, AR 2R 8 |

2 2
- szvf(;p + ,1; aap>+%Mw%pz]R<p> = (E—mhwi)R(p)  (7.2.5)

O BUTHRSMEEXR, AERIEV XA=B.V + A=0,
+ 248 -



% 6. 6 77, A]fE H BE R A1E{E E(Landau REZR)
E=Ey = (N+ 1D hw.
N= (2n, + |m|+m) =0,2,4,.-, n, =0,1,2,
HRL K RE B AL R (R 1340 R
R, imi (0 ~p'™ F(=n,, | m|+ 1,80 e/ (7.2.7)
a = vMovL/h = VeB/2kc
K (7. 2. DF F R EWBILTBE,n, TR m R HT B (0=0,00 5 Bx4M).
Xt F ZLEZ [ R IE R F (BRI ER o) BBRHN En=(N+1) hw, N=
272,:+ | ml =O91929'"9%#Ej§ fN=(N+1)(§DE 6.6 473‘) Xﬁ?ﬂ@%%*ﬂg%

F, 5 F Hamilton B (7. 2. ) B T o, LI, HAHR S B AT BEIL R K,
{HRERASEME (7. 2. 6) FHB—IA mbw. , WG N=2n,+ |m| +m. ZHFEH, A
m<<0 A BTN R 9 BE BEER A R, B8 T B 2R fR 3R oo UL I 1). M FHAE

JUABER BRI T, MTFRT. 1.

(7.2.6)

£7.1
N En/fwL 7, m
0 1 0 0,—1,—2,—3
3 0 1
1 0,—1,—2,—3
4 5 0 2
1 1
2 0,—1,—2,—3
6 7 0 3
1 2
2 1
3 0,—1,—2,—3

K (7. 2. ) R FRER (S0 AT LAE BB FAESMES BOR = 5 18) R
FEHEHIRESE 1. 5N EVER , T
p. =— Cn, + 14 |m|+m)ek/2Mc (7.2.8)
LRFRHERRN B BT EZBISMES IR BA R
N 43, % F Landau BEZR (7. 2. 6) BIfAI 3 E B _E R 4538, S R AL IE e 1
5. i, % F Landau 3 A 9375 ©

@ Him, ® L D. Landau, E. M. Lifsﬁitz, Quantum Mechanics , Non-relativistic Theory, ( Benjamin,
1977), p. 456.

5@ 2. DML, MY THT — e 2E 8, Bp A=—%—B><r—>A’=A+stf=—‘%"ny-
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A, =—B,,A, = A, =0 (7.2.9)
HT7E zy FHE NIz 3 A Hamilton &K

H= 1 (P. %By)2+ﬁ§] (7.2.10)
H A ES TR FERSE 2 (H, PO i A RS
Pz, y) = eP=ry () (7.2.11)
F3h P B P, A, —co<P.(50)<-+oo, y () HE
2%4[(11—9?3;)2 —# 15 d ]X(y) EX(y) (7.2.12)
4 yo=cP,/eB, LAk R
— By ) + Mty — 30y () = EX (3 (7.2.13)

w, = eB/]VIC = 2wri,
w. FRA[BIEE (cyclotron) AR, FRARMHE Y F—H—HBRF, L HSE
y=y,=cP,/eB 5, HEEBAIME(E N

E=E,= (n+%)kwn =0,1,2,
= (N+ DhwL,N =21 = 0,2,4, - (7.2.14)
RS (7. 2. 6) X —3, MM AE B ECN
Loun () 0 €TV H (a(y—30))s a= /MoJh  (7.2.15)

BB T n ISR yo(=cP./eB), yo Al AR (— o0, +oo) —I ST HH, HRER
E, MR T v, MR A TI EHIH. X BRIMF B —MEEBHAR, A7EY

SIS BT, T L B TR T AL (yo— £ 00) , IR IE R A A (= F 16 R
FHEP, WRIERAR) HEFRRERAN RS LK. EE, B - HERAE
BT R BE R — R B S L.

(I 1) Landau BRZR &3 BE Fyoo , AT AN T A% . ,
IS ¥, BTSN B G, KARH R 1= Mo=P+£4, i 57—
—e vXB/c,fTLA
%(qu—C‘irXB): 0 (7.2.16)

O ZHN%EP W = FRNYIS#S B WERT , B FHT X Lorentz J] F=—ev XB/c, v JH F#
BT xy FEAKEZH HEAES, 2N R, EFFEFZ s m.C 5 M /R H Lorentz J7#24t, Bl
M2 /R=evB/c, ik R=Muc/eB #RA BB, B A E R v=0/22R, MAME N o=2m=v/R=eB/
Mc, WEIFEAMHE w.=2wL ,w. =eB/2Mc & Larmor 3.
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Hp zr+—r XB R<PER. & B # =z 10, WA TIMWAFER

eB eB
7rz+-c—y=7(y+;cé7r1)
eB B
n'y—Tx =—%(x—eiB7ry)
HEMMEX—TFEEREET B
— < — £
R, =z—-gr,, R, =y+ (7.2.17)
[ii]
2 2 __ _ 2Mc?
(z—R.)*+ (y—R,)? = sz(rr2+7c2) S H (7.2.18)

FAKTE vy FHEHPERFEZS, B.OER.,R) AR5 FRREMBIG®EESR X, Hxt
FR: R RN TFHPLEASIR
2Me

z — (x_R.z)ﬂ'y —_(y_R )7['; = —FH (7. 2- 19)

*

B (R. R ZSM AL (BT H=A. ) iR <FER.
HBERT I X E BRI ER,
ﬂz:Pz_‘__Ce—Az’ 7[‘y=1/)\y—+‘c£Ay

N

c a c
Eﬂyy Ry=y+

R, =z—
AEUEBA
[ 7er 7y J=— 2B
[H,7.]#0 [H,7r,J#0 (7.2.20)
I G vy ) FEIESFAE R . (B REERMEL AN 5B FER R, AR,
[H,R,1=0, [H,R,]1=0

[R.,R,1= i% (7. 2. 21)
¥ 5.1 3 TR EHERNELS KR BER W I F Moo,

R, U BB T BT ERZAMAIERS A EZHAMRE. R8T RRBE oy jIZEFP—
ANHBRER S iEsh, i LHEH O, SRR/ HE N f——S BB TR BR TR R BE f/S—

Landau REZE5 TR B T Hall N BRA I, F%%*‘Efﬁ%ﬁ‘lﬂiﬁ%
TRIERUG T HIA Hall (R R B FUALR. ©

%1 HRT.2.2)F, BB TE = FEHBHEE, IS
a=—5(P.—Dy), p=(P+%x). (7.2.22)
kB

@ #P¥ R. Shankar, Principles of Quantum Mechanics ,2nd. ed. (1994),p. 587~592,
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Lg,pl=1ik (7.2.23)
(g, p) AT LARR 9 —2H IE N AR AR FI 3 & At Hamilton BAT AR R

H = Mg + 5" (7. 2. 24)
AP
DR i i B AR AR A
E. = (n+4 Jhoo = @t Dho, n=0,1,2, (7. 2. 25)
254 10. 195, 4 2.
%32 RFE,%
¢=(F—2), p=—=5(P.4+Ly) (7.2.26)
[l AFUE B
Lq'»p' 1=k (7.2.27)
(q’ ,P’)‘lﬁ%—‘?ﬂfﬁmﬂﬂéﬁ‘*ﬂ@ﬁﬁ. ﬁEEﬁ 9q’ ,P’Ef q.p X‘TEU.
[q'»qd=L[q"sp1=0, [p',q]=1Lp,pl=0 (7.2.28)

B ¢'5 p' RHBFE H &, BIRJEFF 4R, iX 5 Landau 4% fRi 3B Koo B YIAH K.
7.3 1E%® Zeeman ¥

JEF P T, iDL B RE—A PO PG iagh, R — A /. £k
KB, IERT OO BT REG T, JF T K H B F6E RN RN =54, lhH]
TE# Zeeman BN, Fi4R 0508 WUR FO B9 RE G 502k 52 34 . BV 0 3 WA
BRERFR R R

FERTFR/MEET, LW = B ARSI A S, 180 B, RMK#
FTHFHBAR. 5 7.2 THE, FRL K RE A TTECY

A=%B><r (7.3.1)

WS R = B, T
__ 1 1
A, = 5 B,, 5
FITERREL, ZEREBRET. 8MNRFPRE—-—MEF,.ERETER
WEW T T4 K RE#E Coulomb 3% V(r) HiE 3. 48 F#) Hamilton B LA

BN

A,==B,, A =0

H

L (p-2) + () +riJveo
1
24

- #[P2+C .

2
645 (22 +y2>]+V(r> (7.3.2)

« 252 -



LR L= P, =3P = —ik (2 3=y 5 ) =—ih 3 RASRE = R LT

1, (22 +yH)=a?~ (10" em)?, X FEREFH#ZEE B(<10°Gs=10T), 7]
DI R (7. 3. 2) 8 B? i< B I, |

B Ii| e*B ,/eB 4

Blﬁ = 4C2a/ck<10

E AT BY R R , B

H=1p +ve+£, (7.3.3)
2/1 2/,4(,‘

LSRR — T LA F BB REAR (1= — 55 ) S5MRES (O = T D)

A EVER.

RSN SRS (W = 71D 5, R F R PRSI, | A ERFER. H
AMEUERA, P f1 L o R~PEE. B, BB AE R O] Ay sTHE R SE 2% (HL I
L) B3E [ ASAE e %5, B

oim (73050) = R, (1 Y7 (0,5 0)

n,-yl-:O,].,Z’"', m=l,l“1,"',—l (7.3.4)
N BE B AIE(E N
E,m =E,, +%ﬂfi = E,; +mhwL (7.3.5)

w. = eB/2ucc B, w. #RA Larmor S E. E, MEF L HZH V) PR TH
Schrédinger 578

_K _
[ v -’-+V(r>]¢ — Ey (7.3.6)

HIRER ANEME. BE#K Coulomb 3554k Coulomb 3F AR, R B A 25 (85 31 A28 30 ff
JURTSFREE , F AR B A E (52 1 B T3, .
MASE L BH %, TN E,, LEHER P o
QCI+1DABZEM EAMEF Z 5 3RO PR
B RER M B 2 IR, BB A MEE S ke
nLom A RLRR(7.3.5)], FEBLRE,, “ wmef e
SR %, 5335 BIHE B RES i (8] BE
N hwr.

 MTHRASH NS BEES L | Iy
A7 2 R, BRI R LR K5 mEwE "
A IE % Zeeman 33, Bk —&agse H7-2 ARTFREAERESGTHIA
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(A~58938) SRR =4O, SN 0 wton. BTGNS B B3, HRAK.
7.4 YRR A RV AR R TR A

% 8 i T R iR

V:_%_M,,g(xury) (7.4.1)
R (TR —e), ZRW z B F M 5 #3% B MAER. B RBER A=
%BXr,ﬂlJ Hamilton B35 K0 7. 2 45,2 (7. 2. 3) ]
H=ﬁ(ﬁf+ﬁ§)+—%—m2<x2+y2>+m?z (7.4.2)
A
, W =wbtols o =eB/2M (7.4.3)
BEEAMEE R

E= Qn,+ |m|+ Do +mhor, = (22, + im|+1+%m)hw (7.4.4)

n=0,1,2,005 m=0,41,+£2,

K (2n,+ [ m| +1) R IEELL

B=0 i}, =0, BERAb I — 445 1) [F] 1 PR 1 BETE

E = Q@n,+ |m|+ Dhwo = (N + Do (7.4.5)
N = 2n,+ |m|=0,1,2--

IHEN v=(N+D, BgZmFEMIERT R SU; 31 EX IR R BR.

RGBSR (B—oo, B wr >wo »o~w) , W BB R S 05 F R B,
fEiE Rl Landau BEZ%

E= Cn,+ |m|+m+ Do
= (N+Dhors, N= @n,+ [m|+m) =0,2,4-

=<n—}—%)hwc, n=[n,+ (|m|+m)/2]=0,1,2, (7.4.6)

w. = 2w, » BB TR] FFE g oo
E—RER T, R 4. OFURBERAF M. BRAABHETD], E%Y
WmESENHEL T, 5
' w/w=a/b (a,bBE#,a/b HEBED (7.4.7)
BT maw/w=ma/b W REHBE. W, EAFEER N $, 5% 23 m HIFE 6

--------

R=%.
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RIEFRE BT, EfTRSAER. EARRBES N PEARR m MR INTIH
AR, EATRT BEARSE , AT BRI 11 th BB I R 45 4. — R0 T IO BE B M
MFEEEH , FERE TR BE T AR 1K, DA 7. 3.

25

20¢

0.0 0.5 1.1 1.5 2.0 25 3.0 35 4.0

7.3 AR A o R A R T R B S
BAARA y=B/Bo , Bo=Mz2e3¢c/#3(=2. 35X 10°T), 4 YZJ%(EH wL/w=1/3)F0 7=J%(Eﬂ wL/w=1/2)
B ATMRERE WS (RRRERINS).

T BN R S O -
Dawr/w=1/3

E= (21,4 |m|+ 14 Tm)ho = ko (N+3)/3

N= 6np+(|m|+m)+2|m‘ - 0,2,4,6,"‘
BB R IR
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fo=[5(3T1)]=11.2.2,3.3,

ERFFEELIRRA/NT = WB/NER. BARHY 8 KBER A SAARICA T

N En/hw
0 1

2 5/3

4 7/3

6 3

8 11/3
10 13/3
12 5

14 17/3

(n,sm)

0,0

0,—1)

0,—2),(0,1)

0,—3),(1,0)
0,—4,00,2),1,—D
0,—5),(1,—2),(,D
0,—6),(0,3),(1,—3),(2,0
0,—7,1,—4,1,2),@,—D

N £1%

18
24
32

J
1
1
2
2 12
3
3
4
4 40

(PR AEE T NBMEERITHRIETE, 7 Pauli FHEAN T, HABXBEN FRAANETH XEEHER
BT HEREms=11/2 HHETE.

(Z)wL/w=1/2

E=(2n,+|m) +1+5m ) ho=ha(N+2)/2
N=4n,+(|m| +m)+|m|=0,1,2,-. BEEEHEH
Fu= [%(N+1)]= 1,1,1,2,2,2,
BAKH 9 R RRIHBNIRTIT

N En/fw
0 1

1 3/2

2 2

3 5/2

4 3

5 7/2

6 4

7 9/2

8 5

*7.5.1 MESHR

(n,ym)

0,0

0,—1)

0,—2)

0,—3>,(0,)
0,—4),(1,0)
(0,—5),1,—D
0,—6),00,2),(1,—2)
0,—7,(1,—3),(1,1
0,—8),(1,—4),(2,0)

"5 HRHAR

fN L1%
1 2

1 4

1 6

2 10

2 14

2 18

3 24

3 30

3 36

1911 48, H. K. Ones E¥ 4B RERMRIER (4. 2K) THEHKRHWIAZR, B
BY RN A —FRE—BEE. ERAEGZLBERELSTHENR, YRERTE
GREE T. 25 . BELLNBIRE k4. BBESHL MY EYLE ER 1957 4
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A B :

MWK, £R PSRBT, Eid 5 BEEF IR HE TR M
F PN F Z 08 7= A — A 059 B A ROk B 19, TR TE R 28 19 B 7 5 (BR
“Cooper X}”) , 3% F B F X3 AT L LI 3 — 4~ Bose F. ERKBBER T, 2B HE K
BIX R T35, BAIARSZ Pauli IR &, 010 FA FRERMARE. KEBH
AR X B T X KRBT RARES , MER LB S NE. 5 EESEKESSE
PR AR, 8 SRR RS S TR SR, TR R FX 2 a6
X R, ENTRRKEER GBS MEESERIE, B2 BB &L
HBLRERR (energy gap). XH¥, 5% FH BT (BERESTI) A5 BRI TH E
AHL,ZFEEFET R FHEEREEN (BEEE SRR B8R, Hit, 4
SRR T<<T. B, B F X8R SEhr_E 3R 45 , B T % B BEL TG ST k. S 35 2 v B
HARRIREHE. MR, B TR IS EER/NORSI HBF) , MEER S, s 5
BB FXHFE, RN FRET, BRI, LB S R
RAK(T<TOB A #7EQ.

SR, RERE TH0K, SLhr b SR H /8 F X FE (3% Boltzmann 43
R, B HITRAN BB ER T e 54 ,E, I FX M SR, (B M H
L AP EEBRE T A BT EER. X8k 81 B FREEAL TR —4NR
¢ T, HW

¢" poc “BFR” HEE o(> 0)

FrUATEEFE ¢ RRR® (
Y(ryt) = /p(r,t) e*? (7.5. D
020 BIRERHL. o(ryt) =¢" (r, ) g(r ) FRB TR W B M HBE, REAE
MBS — V. 6 BB REAA, “WFBE” 5 B HML. sk (7.5.1)
RARBFEAKXL7. 19,7, 1. 15) ], HFLI“B T3 B85 ¢©, B8 i 5

i ﬂsﬁ (ﬁ_?QA)¢+¢(I’§_?qA)*sb*]:i_P(hve——f—A) (7.5.2)

@ J. Bardeen, L. N. Cooper,and J. R. Schrieffer, Phys. Rev. 106(1957),162;108(1957),1175.

QO Y4BT~ MERTHHEN, B TR, ERBWXREBHTE. bFbaFRETMT
BTHRE, Y8 - MHETEEERA, PRI HKSBAERTE, KA -T2 Kie, ke
BED BN TFHETREDESER, X8R “Cooper 37”1 B/~ iy, T B8535 B9 A BUR 3| /1 B Wy 3B HL
.

® J. G. Bednorz,K. A. Miiller, Z. Phys. B 64(1986),189. {lifi1#f Ba-La-Cu-O Rl F B S EBSH
R (Te~33K) BA @ R4k, ik, 3K 1987 4 Nobel Y34, XFE T. €W SN, BB GES
w. AXRXF PR BH:D. M. Ginsberg 4 #)—E 1. “ Physical Properties of High Tempera-
ture Superconductors” ,Vol. 1~V ,World Scientific, Singapore, 1989,1990,1992, 1994, 1996.

@ BB The Feynman Lectures on Physics, Vol. 3, Quantum Mechanics , chap. 21 ( Addison-Wesley,
1965).

® HAEMLRIEHEEY ¢=—2¢,—e HBTFHBESR 7. 4.3 7).
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(%K London ). EXREZE M (A=0), BAY Xj=0CGER) , A& BB 4
PR RGBT,V X j7£0. 0 /E 3 R B AN, BRI R — 2 &,
H R = — SR R,
HEHRERARE 6 Y-S R (7. 5. DA Schrodinger 77
L, d, |1 _ 9 . _ 9
ih 2y = [2#( ih v A) ( ih v A)—!—ng]gb (7.5.3)

ﬁ_nﬁfrﬁ SR TT R R SRS S B A, AR

tp+V pv =20 (7.5. 4a)
9 __ po2__ A1
R0 5V —ap +2#«/; Wo (7.5.4b)
K H
po = hV@——A (7.5. 4¢)

A (7.5. 4a) RIS F . R (7. 5. 4b) ,Eﬂﬁiﬁﬂﬂﬂﬁ}ﬁ—lﬁqmﬂ—'ﬁKﬂE?ﬁ
WS 0s s A, He

W~ B, 0 ~ B, ap ~ B (7.5.5)
A (7. 5. 40T E
EVO = po +1A (7.5.6)

5 7. 1. 11D B, AL V6 IER“HF% 7 B IEN 3 &
HETGRIER (7. 5. 4b) KW ER X, ¥ (7. 5. 4b) (W £ A MU BLJE —TDO B
BEE, FI(7.5.6),78

,J(,ftv=—1§—vfa —qV¢——8%A (7.5.7)
C
FIH
v X (VX v)+ (v V)’o=%Vv2
E=—vg—L 24
c dt

R(7.5. D4R
| #[aitv-l-(v-V)v:l:—va(VXv)—!-qE (7.5.8)

O RK(7.5.4b)PRIF—T(CAHARB TR Y o= HH R BB, HIUAZF. Br LK — AT LA
BAESRET EEEARRNER. 708 REN, i THERF 1, FRETEURRIM N, oo B R B
X —TE &, B ME FEERKAR L (B0, Josephson 45) , o AW RERER, T LIEE.
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IR, 5. 40) BIBEE

VX o=—2LvxA=—12p
/lc #C
ARGz R R R
J _d
a—thr(v «V)v = 37
#H.(7.5.8)A[{k N
pif():q(E—i—%vXB) (7.5.9)

XIER“HBFXER P RE s .
*7.5.2 Meissner ¥

E—-RE BB TG AILLRERIGRREZ T, EREBSE, Bia ki
UG BHF B A R0, H B, B R A PR R A R AR SN

A London F#&(7. 5. 2)3kiBA I BL 4.
F London FF&(7. 5. 2)fL A Maxwell }7#2

v><B=%—a%E+47"j (7.5.10)
BUe BE , A
VXE=—<2p
Jv.B=0
VX (VXB) =V (V+B)—V?B=—Y’B
UX (VO =0, VXA=B
%
V2B=%—88722B+4—;‘9§]—2B (7.5.11)
FREFR. A
VB =B, A= VAnpq’/uc® (7.5.12)
filan, 5 F—4Bn, 5
aa—;B — ©B (7.5.13)

BB ERRA Bla) ~B(O)e™ (B3 A2 % REER

O EFTIHUE, BIX AR KB SR (B, 8%,k [ BB ik, 54 [ BAE S, i
ALEAERHER,Z 8. T. Hey and P. Walters, The New Quantum Universe (Cambridge University
Press,2003),p. 154. '
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B(x) = B(0)e™ (7.5.14)
AT SRR T LA G A SR S AR AE VR A oo pd p/p. BOORRERARE

(x=0) WL R . FEHEAE RN (>0 ,B(x)zi“"ﬁﬁ{)i. 158 R al: KA
BAEBHBFHIEERA N p=N/2,X g=—2¢,p=2m, FIH m.c* =€"/r.,r.=
2.8X107 % cm, REME FHL, AIEHEH

1/2
1_[= vyl IEUCEV (7.5.19)

X F LB, N~3X102 /cm®, AlfEE H A 'A3X 10" m,
“7.5.3 ﬁﬁﬁﬂ%%ﬁii%ﬂ

%ﬁ~"*lb\$)§@ﬁ(@7 4), BT B, RN ER K8 NS ]
B RARRRERIEFREZT, RAL TESE. WSS HRE
RS (Meissner 2080 , B 18 A FIfE A2 ) sp AT ARG L1 7. 4(b) 1. B #ERr
InshE G MR BB AR N R R A 27 7. 4(o) . Bl
T RS RIEARE TARf, B E=0. i [ 258 Sk 3 e R i — &
HHhZ, L D A RB R iEic R S, @ S W E 0 BA SN BUER,
W)

2 9”3 as =—[ [ (V> - dS =—cfE+dl =0 (7.5.16)
S

_Fﬁﬂéﬁﬁﬁﬁﬁﬁgfﬂﬁ%@?ﬁ &. ZRFE RN EIME RN j=0,
¥ London FF&(7.5.2),18%

A W\ (7.5.17)

c
| ', )
b" . )
WEerrss? I

() ER® (b) BRE (c) BESMESFIE

& 7.4 Meissner W
BB The Feynman Lectures on Physics,Vol. 3,Fig. 21-4.
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A it
hg}gve-dl=i§,4-dl (7.5.18)
r c r
F| A Stokes EH, FRAHSL R
q = 2 vde =2 cds = 4
: gﬁPA d CU (VX A) - dS CUB as=To  (7.5.19
VO IE— & BB M P, 53| P, 5,18
j}’: V6« dl = 6(P,) — 6(P,) (7.5. 20)
Bk s BAE P, &A0 Py S E9ARAI 22, R(7. 5. 18) &2 B xF Bl 8% T 14— &, [6] 3)
IR 5. BEUCERARCT. 5. DRIRNHERPE, BR G V0 + dI=2nm,n HREHL H A

(7.5. 18)4[:%]62@=2mrh,ﬁﬂ

o= nziq’i‘-—n@o, n= 0,1, L2, (7.5.21)

@, 2|’;’*|f (7.5.92)

B3 R SR T P9 B R B LAY, IR MR E BB FRNL. F.
London #iF T HEED, H-T 1961 4£ L RFL®. SLH WM AR, 3 IFHH
TE A BB T (Cooper XF) ,g=—2e, Bf

oy = Efﬁ = 2% 107Gs » cm? (7.5.23)

3] R
7.1 ERRFEEREALR 7.1, R L 1OIESBBETIIME XA
[‘U.r"v ]— 1hqB ’ [‘Uyy'v ]— lhqBI, [‘U s"U_r:l lhq y

phe plc
B
oxo—Mp
uic
FHUEBA
[A,$2]=i~ig($ XB—BX )
H C
EREHERT . Hamilton BB H=-% v, AL iEHA
d

_/\:_q_ A . A
1 v ZC('v XB—BXv)

@ F. London, Super fluids(1950), Vol. 1,p. 152.
@ B. S Deaver,]Jr. , W. M. Fairbank, Phys. Rev. Lett. 7(1961),43.
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fEREYHEE L.
7.2 T q RER ¢ WAL FHEXSISMEES B 12350, Hamilton B
_l(p_ 9.\ _1
H= ZJ(P p A) = 2 MU

o= i(ﬁ —iA)

EEHHO H‘Ja/‘ﬁ%?ﬁﬂﬂﬁﬁﬁzﬁ W LR @&B z BT, REBRLTIE xy FH P
B3, WE

[‘Uzs”Uy] ;—I—Z—CB

¥ ¢>0,%4

N 2 A 2

= £ - ¢

Q hqB.UI’ P hqB'Uy’

i
[Q 51/)\ ]: 1,

[i]

H= 3 u(0%+93) = 2@ + P,
K w.=qB/pc FEITEA SR, X5 T H Hamilton BAAM. fR B HERAMEME
(Landau BEZ%)
E, = (n+1/2) bw..
7.3 REAMIEE MBS T R R TR B R AR
R B y HE,E6=(0,6,0), BT = F 1A, ¥ Landau $3E,A=(—By,0,0), M#
zy FE W3R Hamilton &5

1 gB \* &
H—‘I—w[( +?y +Pf}—qéay

<o), Wl g

2 42 quz BP,

vy T (S 9 o = (B- gi)sv
Bp

S ¢ B Y _ _ P ¢B

|: 2—]\'4@—}‘2%2(3/ yo) :|¢(y) = ( 'M 2szz)¢(y)
K

Mc? BPI>
Yo = qu< Mc

B EA

E= (n+ 7 ) oo + P2/oM— ¢ B 3E/2M (. = | q| B/MD)

= (n+g o+ T = M8 /B = 0,12,
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£3E BRTHRSBFASMEEER

ER 2EFRIENBT AN BFETUARFN RS T FR HRGES.
EAXM BT SHITEENER YR BEZERRRENINE. SR T HEH
R X RS AR, LUT R BGERIARAT LA o A AR b5 B AR BR AR A S
K, UGIHRFN¥FPHRR RRR TR,

8.1 BTFTEBWARRER, XIELH

i 8. 1, P (Z4) LM EARIRER xix, BEERT e Ml e, KEN 1,410
IEAZ, BP
(e:se)) =85 (irj=1,2) _ (8.1. 1)
(e;,e))FKmER e; He;, PR X—HERE

TN, ERTE TR R A BTEE
TR BT . A
A=Ae +Ae (8.1.2)
Hr ] I A 'EA
A, = (e,A), A, = (e;,A) e, \0 e’ llll |:
(8.1.3) ey

DHRERBEASWANAERWFIN AR ° =8/
AstRE FERE (OB, % ALA BEZE,

RBLWET FEL KB B, TR X
(Al aAz)%geﬁ A Eé&*ﬂ‘% 12 ‘?H‘J%ﬂ? & 8.1 %ﬁi%ﬂ‘]ﬁ@%
RAEBEIBM—NEHALRER 2125, Y
TRV RIMET £ 5533 6 1, HELR B e e T,
(ei,€) =8;,  isj=1,2 (8.1.1")

Fl— K& A ERHRIRR P ER N
°°°° A=Ale, +Ale, (8.1.2)
He

Al = (e1,A4), A} = (é},A) (8.1.3")

(ALADBIRRE AT 212 BIRRPHER.
WE]: F—TRE A BERFRBIRREPHER BEHLEXER? BERG. L2DOE
(8.1.2),
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A=A e +Ae, = Ale, +Ale, (8.1.4)
ERAFIA el e HFBURR, B
A; = A, (e{ se1) + A, (ei ,€2)
A; = A (erre) Az (e;5e)
N AR EETEEC, K
[A/l} _ (3/1’31) (e,lyez)] [Al]
A,z N L(e,z9e1) (e;,ez) A,
__|cosf — sinﬁ] {Al]

sind  cosd| | A, (8.1.5)

E AT
Al = R(® A
Al A,
cosd — sind

. (8.1.6)
sinf cosf

R(® = {

A A _
ﬁfﬁtﬁfﬁ,IT?]—%EA,EKEQ-E%%*FEKI?JH‘JW%[A }%ﬂ{A,] RFRN,ME
MZELEE— AR ROKEKR. BR

deR = | ¥ T _ 4 8.1.7)
sinfd cosf
RR=RR =1 (RER WEEEM) (8.1.8)
X FP A FEFR O B IE AT 4B /% (proper orthogonal matrix). X R
R* =R (525 (8.1.9)
FrLA RT=R* =R. BtR (8. 1. O WA FRHK
RTR=RR'=1 (8.1.10)

WRER 8. 1. 10) B4 R #RM £ IE Cunitary) 55 B, I, Bl — 4~k B EAR[E AL FR
FHhRFRREL L EREERRER.

X ESAL, E]TF %P, BE5BMER, EA—EFE o, AILER
%4 Hilbert ZRIM—N“RE”, MERWEM—H N EETLE F HLERE
MES{g) R RE—HZFE T EERTH, ﬁﬁ%%ﬁﬁf‘aﬁ) » ¥4 B B AR 23 R B —
HIERIH—E & ER, B

((,l)j 9([&) = 8jk (8.1.1D
P} AERIRR, TR R F RR. KR EM—TEFE ¢ TR N
¢) = Zak¢k (8. 1. 12)
k
Hrp
ar = (> (8.1.13)
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B8 arraz, O RMBRBR TS g £ F BRPMEF, ENAME ¢ 55ER
AR, 2K BA PR S PR RSULAR : (X8, “R B —RREE R, (b2
T LR TST A BB R R R GRS BL).

RAEREBA— AN RTLE F LRSS N (g R EXIH—5%
=,

(e ) = 8up (8.1.11")
MRRE— BT ¢ WA AEf RS
o= Dla.b. (8.1.12")
He |
= () (8.1.13")
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