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<mm@>a)ﬁT&ﬂﬁbML@ MAE I — 24K T — S A1
TR REL, TR (B) SR B/ IME. XA MEESE KT Eo.



I "

0.7 4 bl ki |-

B A FAR AP R SRR T N IR i — il

o Bt r, HAREANE. N DR 7R B TE S X ok 1 AT
BB T IR S X PR

o TOKTF, HAPEBAN. N D2RTORF R BRI Sk iy
A PSR IR 4 RORERR .

R A R AR R — A3 ()i = 1,2, }. E—PHA N N4
KRG, AT 1 3] N XX ki 4i 5.

(a) HURBTREBET, BA N ARTATF ) &, N MRTLTF
o) %5 oo MRS, RN

|@) = \/%WXP:H :npa);2:npe);c i N np),

HASRFEXS N DMITRESW N FhE 50,
(b) WK FEIKTF, MF—PRFLT n) &, —DEFLT |no)
A RS, AKEH Slater 175128

|1:n1> |1:n2> |].2TLN>
1 2:n1)  [2:ng) -+ [2:np)

V= U :
IN:ny) |N:ng) - |N:ny)

. OISR BRSO, ISR AREAL T — M R A 72
(HORAARZEI) . FRSH I —H N DK R AR R Y .



12 BT 0 A

0.8 ZRsenyntialEfk

fitt (Rabi) #x3%

HIE—APIRRS |+), HWEBHN Ho = hool +)(+| . BTG
i
Hy= =27+ ) (= [+ =)(+])
PSR AR, BUETE ¢ =0 B2, XARGULT [—) &, WA ¢ B2

FIRGUAET |+) BN
2

P(t) = %sin“’(QTm), Hrh 02 = (w—wp)? + .

i (] 46 R RO AL I8

i MR 71(1) = o+ Fa(e) 955, RATESE o 6902 [n)
FIARR AR RERE B, REAR. 78 ¢ = 0 B %], RAOVBERGKLT Hy BIAME
& [0 50 BSDBOIIE, 15 ¢ AESIRAT 5 RS | 1) 1B
Wiy

a(t) = - [ BB g (1)
ik Jo
FERFEJCSEHE Hy (B TE: FSCRE N Hy) BT, RN
. 92
Plt) = la(o)” = szl

R4 ho = E; - E;.

FKESHN ( Fermi’ s Golden Rule ) F1tsim= 2

E AR ARG SR Hy MRS, B, REATRER B A
(i), FRAMBE XA R G0E i M VRS R Hy AESMELEX {|f)).
TR L, A VBEREM T (f|V]i) RARBTA |f) fEER B



I i3

16V BIEARRY, XFHESEE [ WARMAMm r: £ t>0 WEMARS

T i) SRR R e/, HA

1 . 21 A2 .

L2 ).
X, HEEETT (f|V)i) EXRERN By = B 1 |f) K. K5 p(B) RS
. X TFAEAXTIERL T (E =p?/(2m)) Sitkimtxieki+ (E =cp, #laE
T, HAES I (IFEETE: Ths “non rel.” FEAEAHXTIE, 1M “ultra rel.” F5#%
Ui AR S )

() = mL3V2mE (F) = L?E?
Pnon rel. — 2T52h3 ) Pultra rel. - 2;—;271303 .

YR FRE H i EERIEFRS, A% B LI AT BERY B IESEL 2s+1, Hr
s R EBE. & L3 FoRIH— AR CESE ) M| f) B —feH 15824
HUH) - FIE— TR R ARG R FIRT, ZRGH— MRS |e) Fl—
I |g) AIAL, HLEEZLAIIESA hw FF3E L BRE A BEAE RS A, lXFh A &
R BB 7 A

1 w3

T 3meghc? ‘<6|D|g>}2’

Heh D 2B RS

0.9 i i i &

3% & (Born) i {iL

ik AN m AERAERT 55 A V(r) R,
A AN p, KD o WABKTHEL, BV 95 IR
B %
d ? - - ,
5= (om) Woo-pP, st Vi) = [ere v

B Yukawa .



14 BT 0 A

A% &
he
— g ZaT/a
Vir)=g--e"'",
4 p=hk, WA
do  (2mgca? 2 1 B D
d9_< h )[u4ﬁwmﬁwm2(ﬁ”ﬁM%L

Hdr 0 0 p #1 p' [IAGEU M. T8RN

2mgca 2 4na? B S fp
““ﬂ:(i h > g (HEERE).

HIHWTEH o BTIII, EWERIECHETE,

do  (ghc\* 1 l
an (4E> sin®(6/2) (RBAR),

Hrp E=p?/(2m).

W— I RBSES

B AT m R TAE— i n DRCT by, b, HBI RS
AISRPERUN. X n DR — RS, HPREON Po(ry,--- 7). TR
T, iy

do

dQ:(m#>DWMR He1 Vi) =D Vi(@)F;(q).

J
e ‘N/J (FEEE: WSCRE R V) Ronki+ a b, HHE/ER. EREF
(form factor ) F; H

FJ(Q) = J‘eiq.rj/mw()(rl’ AL TR ,’f'n)|2d3’l"1 o ’dsrj o 'dsrn
S KB, TORRATE LT V(g) HURARI q TR R T AT R

F). EHRMAER T, V 2SS (Rutherford ) #RIE, JBAREF F 2H
fay 2% B ) A B ( Fourier ) A84fe.



I .5

BT —ARIER

WS SN me RORLT R V () BRSTR TR, A E A IR RE
E=1k?/(2m) B H = p?/(2m) +V (r) MAMESREAE S, EREnEE R
eikr

Uk(r) = e®T + fkuu) -

|r|—cc

AR IE — DA R % F0— DU A BN, XA — SRR K
S, HUMRIE [ OB RER . ASITI0 w = k/k AT 10 o = r /. BOTHEL

SSPIE
do

5 = (k)
AR B Bty 2
Flkuu) = —2;7";2 Ie’ik"’"/V(r')z/)k(r’)dST’ (k' = ku')

S TR (k') ~ e k] EBLBERUE S5 R

REERSY

AR AR N~ k! ERARERIZE R, RIE f SO PO T o 1 o/
( 2/ MPAETCGF AR L =3 J/IMFIRZERET )« KRR A5 ) A . AR
ay = — lyi% f(k) BEFRHUHE (scattering length ) .



((

AR

y /A



B IAEFR: AR (go) I |dp) H— T RGP ATRERIZS, WHET
B (|¢a) + |06)/V2 WIRIZRGEM ARV —DE. XA T W RN
JEERTER. SR, HXAEHAR ORI YRR, SSE-MEE, 1R
B, —DRGEARA TR E AR E (X572 BSRE.

REZMPITREEESH WAEET, HARRE T T RN NET W
SR, X —FR) H e EUE S A X R s br ERIGARI .
MFREART e, SRR —ER 55 ARG 0L IR (o) A @) X P
ST

12.1  — Mg i il

TEX—FHH E—DTRN m. B w —EER TR SRR RS, H
WS S T 43 5 G
H= ﬁ + —mw?i2.
2m 2

AT {|In)} 1RFE H AR, 5 |n) MRERN E, = (n+1/2)hw.
12.1.1 LR, SIABS X = &/mw/h, P = p/vVmhw FNE K K= E
7

a:l(X+my af (X-iP), N=ala.

1
V2

S



F12% BEEH 10

B 5 K5 [X,P]=1,[a,al] =1, UREXRR H=hw(N+1/2) fl N|n) =
(a) 23—, WMRAMMEATTERNERE X F1 P, WA
0 s .0
X X = 18—P.

(b) KX T KF [N,a], FHEH

P=—i

aln) =+v/nln—1) (12.1)

I 22— AE T SCPEEN 1 AR T
() i n=0 M (12.1) KRIEH X M P FR a, HEILSIEEE o (X)
LA R e oo (P). ALLEERIT—1E.
12.1.2 HAZEE. BT o MAIESHEIRO A2 A, T IR TEE.
HR—MEENEE o WIS

o) =e~lol/2 3" j%m (12.2)

& a B—DNH—AEANES, HAIEER o:ala) = ala).

12.1.3 HEAEESIE o) EWRERBRHE. FIFEERX S EITHE
() F (p) LAKII T2 Az F1 Ap. iEW] AzAp = h/2.

12.1.4  (HH B8 12.1.1(c) RIS, e ZELE (o) 1R
B o (X) DI o, (P). X HEISEAOEE R IH—1k.

12.1.5 BUEFE t =0 W], ZRTATHELRIE o), H ap=pe', Hip
p P IESEL.

(a) WEBHZE LU AR RS2 ¢, AR AL E— LIS |, v s
B e @ 2|a(t)). FIFH p. o, w Bt BHRE a(t) AOMHE.

(b) HE (z), A (p),. XFHM 12.1.3 LR, FFE |of > 1, fimgHi
B AT 20X PN SFRIE TSR JEIERA.

12.1.6 HEGIF. ZEEKEN 1 m, TRl 1 g M— A B XA
PR ZS AT DU — N ES ISR IS . 16 ¢ =0 W%, BB 7E B T B 1y 28 -
P (ro) = 1um BINIE, HEATFHE.

(a) a(0) FAN A EZ D7

(b) HA7 B HHXTATEE Ax/zy SE2/7

(c) EIRG T 1/4 FMIZ G, o) MEREE?
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12.2 S —ARRE TS

TERFRIE] R [0, 7] Hila], JEREA
W = hg(ata)?

WINERERFHod. RAURE g b w RIB2, MH oT < 1. Fik, AT LK
SCREIIEARL: FEMIRG (0,7 MOMAIR], ZRGEHM B (o Rt 2 W, 76 ¢ = 0 B
Zl, RGIAE—AMEZIE [(0)) =|a) L.

1221 JEWIE |n) 2 W MAES, JERS T W20 [o(T)) FE5 {|n)}
I,

1222 7ET=mn/2g M T=n/g WEEBRT, |[(T)) WfiEie?

12.2.3  BU7EEEL T = m/2g. IEMIOK 45 H

— L —in/4 im/4) _
[UT) = 5 (o) +71) —a). (12.3)
1224 € o RAEE: o=ip.
(a) EMEHIIEZS (12.3) XA ERPERT.
(b) 18— 58 12.1.6 il o (AN EAIFIN |of (. FERTRE
SCERTPHERX AN SR BOE T |5 PR 2 “REEisii” 28R SR — A EAR S 2

12.3 &S5 THRAX L

IAERHTEAE o > 1 ) “FW” EHT, & (12.3) AR, & o HaliE
¥, a=ip, FHH py=pv2mhw.

12.3.1 FHE—METE (12.3) XABWERFRE. BRZRGENA BN
CAEH—1EH ) IR, ST o =51, XEEHEPRAGINE 12.1 iR, WHEL
R S A A
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X P
1 ] | LI ittt hl
-3 -2 -1 0 1 2 3 -10 -5 0 5 10

B 121 — 1M RENULEBEMHNEE o =511 (12.3) XWEEHBER .
E X P BRAZODENE—BIHSINNETENE. BEAE
HREZEEN

1232 ¥ BaEs (Alice) #1487 N MRS, BATHALTE (12.3)

KA L, RFNEX RS EhE. WSS #EER op, A
vVmhw < &p < pg.

XF N> 1, ErEimx N NS5 A B K.

1233 & (12.3) KRETEM EMAAFEESWETSM, FHILTEEF
IR E AR, BN — A% (Bob) EFR Alice TSRy I I A J& ) 2%
(12.3) W) N AR, tsebr B R E— A ERR N SR AT
UL, N AR TR—RTE o) &, AR E |- o) & BEX 2 IER
(), &R AFRIAERTIR N Sl ) b A 20 AR R A 3 5340 7

1234 N TfRYJSXANAIE, Alice BLZEI & N Al RGEHE—ANNLHE ,
X RG] £ (12.3) WA, BB F TR, B AR 0 5

1 [ h

dr < 1\ —.
la| V mw

12.3.5 2 Bob AbHRRE—ANGIHEA, XX N WAL E N REAS A
ElSEE LT

12.3.6 HEHAE @ 12.1.6 FAEN TSR 0BUE, 588 T Be6S W B
DL PG B0 22 0] 7 D0 BT A 5 B 43 B S — PP LR —41 N DR GAbAE
(12.3) XWMETFEME L, W5 —FERE N/2 DSHRELALE o) &, 5 N/2
AHABANTE | — o) BE—FhEIHHRA.



108 ET HnFEAE

124 w-EMlEss Tk

TERSLPEMEOL S, A% R 75 ERIEE RS, DUEAE S M
RZRMEIA BEGAE TR R PR RGLZ IS FIWT . —FAle (12.3) XiNET&
A CRRbEUl “HEm” A “SE” CREETNT ), S — MR GHRE S
(R, —40 (R, BER-—FRIER, mn-—FEn; &R
BRGNS )

WNAR TRIARIALTE [ao) 25, MIFREALTE [xc(0)) &, WA RGUAIH KL
SRR I R B TRAR, BA RERER B AT UE AT RESKER (5K
) M

|2(0)) = |ao) [xe(0))-
XAFEEUE TIRTIRIRARED. 75— REMRLEm e, SRGERERE

|D(1)) = la)|xe(2)),

H oy = a(t)e ™, BUH at) R FENEEZRE (/8 12.1.5(a) ) fE4LE]
PIHEL IS, T v 2— N IESEER.
1241 FIH 12.1.3 Z5R, 4 ¢ BTZ2RFREE AR DL Y 29t < 1
A PRI RIG A RE &
1242 W BRI BANIRTFE, t=0 NENRENESRER
1

2(0)) = 75

e_in/4\040> +em/4| - a0>) Xe(0)),

TE—DRIIGHINZ] ¢, A
1

2()) = 75 (7 an) XV (0) e~ an)xi” ())).
R B oy = a(t)e™ . WATXFELLE ¢, EHES o HEiEE, H lag| > 1.

ST @)) AT (1) REIRBERIPAN— LA, ENISERARRNA (HAR R
IEZCHY)
7 T FR S A AR T30 B M S0 A A

P(@) =5 [a @ + - ()7
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+2Re(in (2)¥—a1 (@) (X ()X ()]

A= O w) o<yl (BE n A%, R 12.3 155
TEARIEA TAEATHEE O 10 F bR T 4145 331 10 25

(a) N Y7 o )

(b) N ¥y SR

0 AEAF A RER 4 REREANTTIX 4 — AR TINS5 A HE A2

1243 - FAES RN, FERIS MR TRER, ZIRT 58
— AR T A MR R, R ATGE S AR IR T |x.(0)) = [0) 7.
QALK TR T2 0 AR A R, T PRI 4R ik

o B @) BERIE: 1) =£8).

o M HXERE (2> 1) B |B]2 = 2yt|ao)?.

(a) BUBTFRL (12.2), 3EW] n = (8] - B8) = exp(—2|8]?)

(b) FIFALEST I 12.4.1 PREE — MR TRERMFR, BE AR T
TSN RS, FEE TRXONRERE, — M ETEMEN—AFIHEAEZ
VA g2 )5 75 TE 0 R

1244 F—REE FRPE. BOEERE R4 (ZERRIR T BEEN A
AR ) | R E— B LR, AT AIE] A AS G ],
485 TR FISEIE.

12.5 fi#

121 ERTREZES

12.1.1  (a) fAAAYAEREARIRZG Y

po A ho_[io 0
 Vmhw  VmhwiOx mwor  0X’
N mw mw., O 0 0
X: — = ——ih— =1 7:'7_
\/7x hlhap 1\/mhwap l@P
(b) HHHIILR [N,a) = [afa,a) = [aT,a)a = —a. T2,

[N,d][n) = —aln) = Na|n) = (n—1)a|n),



110 F A I

fi

HH aln) & N B— DAL, RN n—1. h—48ER 7B HE,
BEgURAERIIERY. I AR aln) = puin—1), HPRE p vTEILITE an) AR
e

la|n)|* = (nla%aln) =n = p=+n

22— MMEREAHE T
(c) Jift a0y =0 Xt (X +iP)[0) =0,

TERSEAS ] (X + a%)wo(X) =0= 1o(X) < exp(—X?/2).

EEasn: (P+ 8%)800(13) = 0= po(P) x exp(—P?/2).
12.1.2 AT DL EER T CR dla) = ala):

ala) = e 1o /22 a|n — el /22 \f|n—1>
= qe~lof /Q;ﬁm = ala).
2n
H Jo) 198, 1851 (ala) = 01T g
12.1.3  BERAIITEEN

(B) = (a|H|a) = hw(a|N +1/2|a) = hw(|a> +1/2).

X (x) F(p), B

(o) =\ g (ol +alla) = [ " (a+ o),
(o) = =i/ ol =iy " 2 ),

Ar = S (afatal)Plo) — (1) = 5[0+ 0P +1) - ()
Hit, Azr=./h/2mw, EMIET «.
il A
ap? = =" 0@ at ) — () =~ "2 (0 0)? 1) - ().

Eitk, Ap=/mhw/2. TEXFMERT, HHRE (Heisenberg ) AR AE
ArxAp=1h/2, HY o MHEIK.
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H128 B EEH
1214 FIFHZE X, A

\g(x+ )wa ) = oo (X)

< 1= Con( 5%

. AN P, 6
4 (P+‘9) A(P) = apa(P)

\f
é@JP)(Twp<(P+f¢mj
12.1.5
(a)
(0)) = Jao),
ww><aﬂmg;j§ew“ﬂm

—e —lal?/2 —1wt/2§ aO —mwt

:e—lwt/2|a( )>’ ;H\:EF' a( ): aoe—iwt :pe_i(wt_@.

(x), = /2h/(mw)pcos(wt — ¢)

—rocos(wt— ), Hft o = py/2H] (i),
(p), = —V2mhwpsin(wt — )

= —posin(wt — @), Hrh po = pvV2mhw.

EATER R DR IMIR 1z s R, I 12.1.3 BZER, 153
Ax 1 Ap 1
=<1, —=—x1
To 2p Po 2p
R B L B ANy i A AR X AN E VAT IR RIS A S B B e B, R AR
ZNNEL I
12.1.6 (a) HIEWIEFER (z), =20 T (p), =0, B ¢ =0,

w =2y = 7:3.135‘*1 = a(0)=3.9x10°,

(b) Az/zo=1/[2a(0)] = 1.3 x 1071°.
(c) 7E 1/4 )G, e“!'=e"/?2 =i= a(T/4) = —3.9 x 10°.
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122 ME—PEEEHS

1221 W AR BIERTIRIE |n), Kt

W|n) = hgn?|n)

B(0) = |a) = [¥(T)) = e-“'zﬂzji,e-ig*ﬂn»

n.

12.2.2 %4‘ T = 23'[;/9’ Jl_llj e—ignZT — e—2inn2 -1 E_

WR T =n/g, LA n FEE, W e o™ = e-imn® — 1, [ n R4, MiZ
ik —1, Wik
T = (1) = [(T) = | o)
1223 W3R T =n/29, WY n HEEEH e on’T = e i80" =1, i n
KPR eon'T = i,
AT DA AN 5 A e S Rl

oign®T _ %[1_i+(1+1)( "=

i H N A

W(T)) = %<e-i“/4|a> +em4] — a)).

1224 (a) X F a=ip, 7E |a) &L, ERFEAAF LA EM—IE
A MTE | — o) &b, ERTFUHA AP EEA . (12.3)
AT X A 0 A 112 .

(b) & |a|>1, W |a) B |—a) BEZW FREARR HEFER) .
(12.3) XA ZX PSS, PRI E A B 0 i —A> CER) bt
A, TEAR A A R AR s ) R T B R R ARy B TR T

123 EFEMSEZITREXLE

12.3.1 (& 53RN

P(X) o e 440 (X) + e Mo (X)?
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—in/4

(X —ipv2)?)
+ei”/4exp<—f(X+ip\[)2)

o 0¥ cos (){pyf’ )
P(P) o e/, (P) +¢™ 4o (P)]?
~ exp(—(P = pV2)*) +exp(— (P +pv'2)?).

FERERIRA I FEd, FIH TR —AFET: T p> 1, hofiF pv2 5
—pV/2 T T BRI 1T LA 220 1

12.3.2  Alice ¥ RBMAE, b R M & —E a6, A1
HuL AR T po Fi —po.

12.3.3 Bob WHIHEA S TS Alice MW MAF MR 7E |o) &
B N2 DMRTEEFEEE +po, TTE |—a) &R0 N/2 DMRTEA T80
wo—po. Wik, BIHACNIE, AEEMA225], FHAAFEES (12.3) XWET
BN MR EZA TR,

12.3.4 X7 X Apag, RG99 HE0 2

1 1

X « — ==,
laf  p

KL Alice 43 EHEI A PERIIN A P(X) H cos?(X pv/2 —m/4) BREUIIRS. Fr

ARG BB A R 12,1 Fosid X PRERIE, B—Fh B S
IR [An?/(2maw)]Y/? [

12.3.5 R Bob X FAMTE |o) B LR N/2 DS RGut B, Ak & B
FAR FHEFR LA P(X) o |0(X)]? o exp(—X)? BI— ARG, XHFATE | —a)
LM N2 ARG, Mk RIFIRER oA Mp g Rz F R — N m A,
SERARFT Alice FUARIZER. Jo] |, 7 & A0 & N A AATTRT BER & F &5
FIHRA.

1236 LEIIHERE b < | s 10, R, S L
ANTTBEIR B FE 1) 4 HE.

x ‘e exp(

=N \

124 EFESMMNESEM

1241 47 E(t) = hw(jaole 2" +1/2): XMRERBEZ IR, 5
vl RIS ZIZ T, R TAME RS, A RERRIRR 2 — IR AR
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fi
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B ST 2yt < 1, FEEEINTHEER B(0) - B(t) & AE(t) ~ 2hw|ag|?At.
1242 (a) P B BER D AR E C eI B 4%, (HIR %IR58 55 X
FLREAL T —A n B
(b) Bl HIHERE i

P() = 5 (0t (0) + a1 (0) + 20Re(i" oy (p)n (0)))

. RTINS AR 01 (p) BT o i (p) INEBTE |an| > 1 BATLIZES,
KIEIE LT n M58 XI%A B E M TTk. AR 050 F £]oq |vV2maw
1) T .

WA SMSEHR G Z B A X AT @ A B a7 AR k. & E T
FA R & (25 8] I [An? /(2maew)]Y/? BEH, "z, ESEIHEEE
OUT, HAXA SR 2O 2. S TERX ARG, BOSAKN, Han
i,

n >1/10.

12.4.3 (a) fAIIHEEAH
(81— B) = " % _ o lBP 1B _ o218
(b) HFRTHA SR, FAILHE e 287 > 1/10, XHEH, (8] < 1.
TERT v~ B Y, 28— DR FIIRERS
E(t) = E(0) — 2vt|ao|? iw.
HAMRTRIREE N
E'(t) = hw(|B(t)|* +1/2) = hw/2+ 2yt|ao[*hw.

SEEEEEE; TE ¢ BN N AE(t) = 29t|ao|*hw = hw|B?. AT
XorFEMSSEIHES, YA AE < hw. #4350, DR R T — Mg
T hw, B )R

1244 7E1/(2y)=1a=3x10" s WIHFHT, k8] |8 =1 PrAESRAE ]2
(27]agl?) "t~ 2 x 10712 8!
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12.6 F ¥

BT T — MR GF a7 ISR R GE,  SURFRA TR B A i TS
FE, ZAERNREF2INE IR R, 7E—BARFm s mZ 5, AI7E—
AN B XA — AR 0 RGP BRI I AT A I i S5 7E— SRR 6 78 R AR
AR B — 2. PR, H RS AT AR ) 5 — AU S AR R A S Y

SR, X T HRARRAD B IR R R RS, e A TRz
W N R S M T (SQUID ) (R 30 H 19 29585 K 2
45), AHREXAEERIEAL NG X BT & Jr ke e 14 JE AR T 1) D6 1
EHAATE - 295 (Bernard Yurke ) FIRTL - BG4 ( David Stoler ) $2H A9
(Phys. Rev. Lett. 57, p. 13 (1986)) . X} FAEff1E— AN S0 N 6 T
(50 GHz ), ERmEAEIE =R R 1 AduE g R (M. Brune, E. Hagley,
J. Dreyer, X. Maitre, A. Maali, C. Wunderlich, J.-M. Raimond, and S. Haroche,
Phys. Rev. Lett. 77, 4887 (1996)). fFA#7ERE R — M EZERIEIRF. /I
A (12,2 795) Rl &2 5 2 28 R sE Y. #ERL (12.4 7)) XPh &
- i BE A A 5 TR AR IR, ATTRERS ST 5 B 10 AR /0
A7 (B |oof>=5 B¢ 10), 10 H ARSI A B0 X PEE, A4 el AR RO Ay IR
T



EREREFEIEEAY
(BEE— T - DI - BILE)
(FALE— B - I - SIEE) (4K
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