Ar (nm)

Ar (nm)

Ar (nm)

660

665

670

675

680

685

690

660

665

670

675

680

685

690

660

665

670

675

/

' — \
10 ps R 10 ps
& | T T

690 680 670 660690 680 670 660690 680 670
At (nm) At (nm) At (nm)

YR —RNE . 9eh K ]

Two Dimensional Electronic Spectroscopy——theories, experiments & applications

I h4F

WA HAE AR, RELFHRE, BRICUUERZESEAAMS, LF TR
R4k =T A5 %48, https://xuanleng.me/qm
B AR I PP ey akdisy, https://xuanleng.me/sisr

B8 : November 12, 2021

KiEnf RE K, RS R

660



xuanleng.me
http://xuanleng.me/qm
https://xuanleng.me/qm
https://github.com/xuanleng/SiSR/releases
https://xuanleng.me/sisr

A2, BAHERS e
A

If people didn’t understand the dynamics process of the system, then they wouldn’t understand the

transient spectroscopy

XuanLeng



Dedicated to
Prof. XianTing-Liang
Prof. YuXiang-Weng

Prof. Qiang Shi
Prof. Wei Zhuang
Prof. Howe-Siang Tan

Prof. Yuan-Chung Cheng


http://www2.nbu.edu.cn/liangzi
http://softmatter.iphy.ac.cn/sm6
https://scholar.google.com/citations?user=uk2YYBsAAAAJ&hl=en
http://www.fjirsm.cas.cn/research/R1/zwgroup/ktzz_133031/
https://www3.ntu.edu.sg/home/howesiang/new/index.htm
http://quantum.ch.ntu.edu.tw/ycclab/




H %

il 75
TERHTGEERRTIN .
THENERIATR . .
ARBHIEET . o o
FEBEWR .

1 RSP R

1.1 SEEESHERIENLE] . . . e
1.2 SR GREFIS . . e
121 ZHEEHHREE . .. .
122 ZHEEHHERMFE LR ...
123 EBHEHBHEBWIEIE . . .
1231  JETHESE SRR . ..

1232 JFETAMERG@EMGHEEN ..

124 BEHRGHZRRAL ...
1241 ZEERARGHSEFRA . ...

1.3 GREUTHEE L
1.3.1  ITRIEA: . .
1.32 5B EAERPMSEE . . . . ..
133 BRIFMESR . . oL

134 SEEEEM . ..
135 HEEEMZEEEHERE . .. .
1.35.1 BERBEMEKIFIFN . . . . o
13.6  2REHBEOEHEISINERISE -
1.3.7  {HE I T RESR GRS 0 oK i
137.1 Pk o
1372 FEBERGR .o
1373 FHE . .o

L4 SEEESHIRIE o

2 ke
2.1 EEFFEEW
201 BRIFEE ..



2.1.2  BRIEFERIRRAY e 30
2.2 PERBE—BAMFERITL . . .. 31
220 SERUBAE .. 32
222 S THEREEAXAUNAEE . 33
223 ATGERIATRERE . .. 34

23 OB RGRESTIE o o o o 35
231 BRTEIFIEST . . o e 35
232 HHESWISM e 36
24 WEFAFIGEERERE . . . . 36
2.4.1  [EEEERHIE MIEEET .. o 36
2411 WEBERIIENT . ... 36

2412  BEEAMEHEE . . .. 37

2413 SEEREN .. 38

2414 FERIAR ... 39

242 AEFEEFERL . . . e 40
243 EEFGIERIN . . e 41
2431 MBS T EEZEIFE ..o 41

2432  MEAASTENRA ... 42

2.5 XEFAFIISREIERE . . . . 43
251 WEFSTHRESHE .« 43
252 fERBIRTALAL .. o 43
253 FEBEEM ..o 45
254 JERETR ORI O 46
255 [AMEZERIN. . . e 47
25.6  RETEE . ... e 47
257  BUREFISEIAL . 48
2.6 WEFATFHIREIEEENEIE . . 49
27 HCL . .o 51
2.77.1 HClvibration absorption . . . . . . . . . . ... . e 51

28 IR TT .« 51
281 WREMBIENANEC ... 51
282 T FHIRSIEES Lo 51
283 O TWRSNIESS .« 52
284 ArTHIRBIERIE . . ... 52
285 CO T o o 55
29 HTGEE ... 56
291 HEZEVE-REBREBE ... 56
292 BRIFBEZL . . . . . e 57

Bhee TARfER A S A H—— R AT ii BB




A%

293 BEFEEN-— B ZE-REEREL .. 57
294 BEETE-RHEEFEMIE .. ... 59
295 HFBEEFEEN ..o 59
29.6 TR . . . 60
2.9.7 Spectrum: displaced harmonic oscillatormodel . . . . . . ... ... ... ... 60
29.8 PRI IBZETE-REREI . ..o 61
210 HFIREERE . . o . 62
201 BEEEUR . . 62
3 AL DE TR 65
3.0 BAVEBR PR BRAOTREIRSIFEUEIE . .. o 65
31 BAEBTR T L 66

312 wR-EEETRT .. 67
3.1.3 Franck-Condon Overlap . . . . . ... ... ... .. .. .. ... ... 68

32 REFHETIRSIMAGER: 2o TRRSBEE ... ... oo 70
32,1 BHATRIE o 71
322 ZAFREBEKEEE .. 72
323 ZAFASKIEIE . . 74
324 BRITEIE ... 74

33 WA EARKEEREREEER . 74
331 BATIRER L 74
3.3.1.1  MyEREMEME— BESERE . 74

3.3.1.2  MYEREMEMIE T AMESK ..o 75

332 MATIRER o 77
3321 BEAL— L 77

3322 BRI e 81

34 HEFIEEE . . e 82
341 BAMVERBIIGIA .. 83

342 BHMEREEEXSREEE . ... 85
3421 fRIEFETE ... 86

343 RBI .  e 89
344 WOROGIESHZWIR—BRERET Lo 89
345 EUREMIBIA . . o 91
346 DEIEEE . . e 93

3.5 ZEMEEETE . . e 93
3.6 BH—Fhg sl Energy gap Hamiltonian . . . . . ... ... ......... 97
3.6.1  HAFETE . . . 97

Bhes TAREAS A S5A 1 — A iii H 5%




A%

4 G

4.1

5 sEmnny R EoRig

5.1
52
53
54
5.5

5.6
5.7

5.8

59

WYERE L
411 HTIRWEEWMEGE .
412 FET—mNERBA L
413 AHMBOCTEMAE RS - .
414 PEERRGIIEBIERIOEEE .
415 SZERMINE: . .o

4.1.5.1 SIS E— L

4152 SRS T ..

4153  LHWRBGES ASHESMM IR oo
4.1.6  RMEWGES) AR
4.1.77 Stick Spectrum . . . . ... e
4.1.8  AMEMMGER S IA—OGRE

4181  WRSCRSWSEEEINTL ..

4.1.82 ZHIEE . . .

4.1.83  FEEHEMHFSEZCHHAE .. . .
[y i s 2
N
BREAERERICRIRBTIE . . .
FEEEMIN BREL . . o e
S EAAE S
THENRESIMEE R .
55.1  ppERRRRATAL (impulsive imit) . . ..o
5.5.2 gkl (rotating-wave approxination) . . . . ... .. ... ... ...
5.53 fHAZVEAD (phase matching) . . . . . . . .. ... ... ...
MO .
SRR EREURIT . . .
5701 FBR T
BT
581 R TMABEHIR . . . . o
582 MU TEOTMEMEE . ... .
Srp(ts,to 1) BUBRAIE « . o o o o
591 Sup(ts o ty) BEKEIF ... ..
592 Spplts,to,tr) BFFRIGEAEINT . . . . .

5921  BBCTIEIL . . o e

5922 FULTIED . . ...

Bhee TARfER A S A H—— R AT iv

929

99

99
101
102
103
104
105
105
106
107
109
110
110
111
113
114

124



A%

5100 THEEEREITEE L L L
6 g Ji FEAHPLRCRE R
6.1 BETFHEE . . . e
6.2 WOLHKkM SRS EAEMMEEE . ...
6.3 THEWCHHMEEMIET .. .
6.4 UULBEFEMERIZEEIRIT . . . ..
6.5 Afewcomments . . . . . . . . . ...
6.6 JTEFEWEITRL . . . .
6.7 MBUERTGTRZN IS .
7 4B eiEE T b
71 BGAFEE . ..
72 THEEBRERLL . . . o o o o e
T3 ZHERBELL . . o o
731 THEAAMNGIEAEEIHE ST .
732 THERTFOGEREIE ST . .
T4 PURERERLE . . o o o e
75 THEMEREEREARIE . . . .
7.6 EARIHE .
77 THSERERRAT A
7.7.1 rephasing SE BEAE . . . . .
7.8 —RMEMES e
7.9 ZEBREELL . ...
700 BB THEYGERIETEASE . . L
TA1 ZER (dimer) HBITIHE . . . o o
TA1.1 BAGEFENRSEORTE . - - o e
TA2 WIRRE O ETHE © .
TA3 WIFREE X .
714 THRGRERRSCERIESE . . . .
7.14.1 Annu. Rev. Phys. Chem. 2015. 66:667-90 . . . . ... ... ... .......
8  AEUNER M—IBE A WOk %
8.1 =RERAGIIEM—IRMIGEE . ...
8.2 EEVHERNIYGEE . ...
83 IJEIMEAMMEEIASHE . . .
83.1 WEIREREREL . . . . e
84 FWil—HMEBIEI G SIZSMMNEREL . . . . o

Bhes TAREAS A S5A 1 — A v

137
137
137
139
140
141
142
143

145
145
147
151
155
157
158
158
158
160
160
160
162
163
163
163
163
163
164
164

167
167
168
170
170
171

H 5%



GBS

9 Yl iR

9.1 YeiEdEHEMNASIIEE . . .
9.1  FHSTH R PR KA e ...
9.12 SEEGWHEREKMIVHE ...
9.13  SEBEMGIRELE ...
9.1.4  BIREAHEREEIAFITE . . .

9.2 YNGR T RMEBES IS . . .
921 SEESHEMEA ...
922 HTFTWANMENDATE ... . .
923 FH-RMAEITE L ..
924 FETMWMS CHMRshBIAETZ . . . .
925 HET/MEERREBAHTE ..
92.6 HAMZALTE . . . e

9.3 THEHLTOGEEEIRAHT . . ..
93.1 AJHMEE2DDAS . . ...
932 Centerlineslop . . . . . . . . . e

10 BOXCARS %! Al Hi ¥ % 3% ¥
101 JETE « .« o o,
102 FITRFEESAIIE « « o o o o e e e e e
10.2.1 FEMRRHERE . .
103 EBEEEG . . .
104 SZIRECHRALEE . . . .
10.4.1 F—KH FIMISCISBERAEE . ...
1042 K AAEMEAEEEL . . ...
1043 = MR ...

11— R Db 2y Ay 1% 4
111 Fekh A S5 EES . .
11.2 rotating frame . . . . . . . . . . . . . e e e e e
113 FUH— R R E AR 4 ES o
1130 4t i T0BES
11.3.2 MMERBMIFMAVERGEGES .
L4 MMITEFHLEL . .
1041 1 x 2FMVIEERHLE] . . . o o o
1142 1T x 3FMIEERHLE] . . . . o o o
115 SEBKEETERE . . o
11.6 SZIGTERE . . o
117 BEERESAFL . .

Bhee TARfER A S A H—— R AT vi

173
173
174
175
176
176
176
176
178
179
181
181
181
182
182
183

185
185
185
185
185
186
186
187
189



A%

A ik 203
Al TESITE © o 203
A2 EWEREUEEIARE .. L 203
A3 BHESIECEEETERI IR . . e 204
Ad T — e 206

B (LA 207
B.1 HEMAHAAZL . 207
B2 IEEEMBUMIBEUL . . . 207
B3 BEUMHEMASHIES . 208
B4 BHACIEME MR — RO @ m AR 209
B.5 RGERSIFAMERMNAR L . L 210

C wfly LH——LMFIT 213

D BOXCAR AL 1Eil &5t LabVIEW $55iili5 1] 215
D.1 EMCCD i R4E LabVIEW #5556 . . . . . ..o o o 215

D.1.1 SITKLabVIEW KA1 . . . oo oo o 215
D11 ZEESHEM .. 215

D.1.1.2 ®IEMEL . .. 216

D.I.13  EERSCEY . o . 217

D.1.2 EMCCD S8l bii ] . . . . o o o 218
D.1.3 R4 LabVIEW B2FUEEH . . . o o o 220

D2 BkabREIBBIEREE . . .o 220
D3 BRI . e 220
D4 SEREE e 221

E Dazller 223
E.l AYPEIEBER . . . . 223
E.2 Dazller 8RR EUIER . . . . . o 224

E2.1 Bluearea . . . . .. ... .. e 225
E.2.2 Orange area: spectral amplitude control . . . . . . ... ... ... ....... 226
E.2.3 Green area: spectral phasecontrol . . . . . . .. ... ... ... ... 227
E.2.4 Grey area: waveform combination . . . . . . . ... ... ..o 228
E.2.5 Spectrumand Time Displays . . . . . . . ... .. ... .. ... ... 229
E.2.6 Loaded WavesDisplay . . . . . . . ... .. ... ... .. ... 230
E.2.77 MachineControls . . . . . . . . . . . .. e 231
E28 MenuBar . .. ... ... 232
F AR DO 233

Bhes TAREAS A S5A 1 — A vii H 5%




B

Bhes TR A 54 TE—— A

viii

H 5%



A W JA ER

HI =

el ORIEEOR T A

BT ARG B " YERTRE TOEREBOR T MR AE Y R AL eI TS . B HAAS
A —ZEAE— IR AR S I — N HERE, SCBL TR B, AR BRI P 351 3 Al 4
[RVRA IS — A~ R EE Rl SRR 1A AR T RIS ) 305 P o B ) BB AR

A —HEYEREBOARA SUAT AT WA 2 (3L R AR &, MBI B IR I ) 2 S S I, 3
A Ao 5 SR i A S S ) 94 76 A AT € 3% ) BB 2 O S A M e ) 22 68 3R UA S IR) R A
RO«

THYBEPOE PO RORIR AU IR GO . SRR ) . R (/PR
W TERIE (WTIBEBY) . M AR (BORFRE) . ST (BORFRE) . St (G8h —
HELLAN . AT, HBDEHRDEHT)

JIt ASCHR FR Rt st ] AN ], AR Z A Fkan: il 5o . M i ol . Bt T 4E
LN o 17578y SN 3 L SV ok SR s P S NI\ SRR 5

5 AT IR

XHEPHER DA R R, BRT R R AR R 4R W]
REFAREAIIHERX IO, BN Zibe RN AR, “ 487 M fERMAsGR” 2
X BB B P EEARRAE . ARIDEIHE SR LA N, e ks, i
PRBNEHE I CHEB BT LAG R, St DA, WOLGHE . LR EEAMEE HAELIE
Rt AR, ARG PGS . TEns . X EOER: RIEE SRR TRy, e
BOLHE . PRI

{8 i S N P 157 3 Y 1T = P 8 e e S R </ 4 O S (VN £ S R 5 7 N £
4R N LS S SR N R S N L

AR ROV EINERY YD MOR T < YR R — DR, (F2E
WA BT HOGERE IR RN TRESHIERIT, FroAFCEMR T “ 4R Tt
W XA AEHEZEREAR T4, WEEE ORI AAE, nTEER AR A AR

MG IR (2d-rephasing spectrocopy ) LI AT Rl R .

A5 H Y

ARBEAETEILA “ A" DRy sE s AR R DA 1y SOk« b3
TR IR Z HABTRL, TCHRHERZMAT, DRI R — 4B B 5 8ORRB7RE
P HeRpiiyl, A0 H ATE T kS AR R R ol BIRS e 4Bt Bt 5 4%
AR E o AR i B R o R 4 R SCRR T ST 4RI N A . BT AR E 28



GBS

LT T, B — L A Yy B A A T

HESEHH
PSPIES

1. David J. Tannor. Introduction to Quantum Mechanics—A Time-Dependent Perspective.
il A :
1. William W Parson. Modern optical spectroscopy. Springer, 2007.
RIS
1. Shaul Mukamel. Principles of Nonlinear Optical Spectroscopy. Oxford University Press:New
York, 1995.
2. Minhaeng Cho. Two-Dimensional Optical Spectroscopy. CRC Press, 2009.
3. Peter Hamm and Martin Zanni. Concepts and methods of 2D infrared spectroscopy. Cambridge
University Press, 2011. 3F: 5256 AT H A7) 555
4. Leonas Valkunas, Darius Abramavicius, and Tomas Mancal. Molecular excitation dynamics and
relaxation: quantum theory and spectroscopy. John Wiley & Sons, 2013. #f: FEi& AlTH B
LINiOR LRI
5. Tokmakoff, Time-Dependent Quantum Mechanics and Spectroscopy, Online textbook. #: ¥,
BB, LI A TR A .
6. FPH, Wi, BPWEOCCHEEB SRR . W HE{CAR, REHNE THEIVE
TERIFSE T i SIS B A SE IR RB A T S A
7. FPICEHAZHIM &4 FE: http://quantum.ch.ntu.edu.tw/online_courses
HLSH R :
o V. May and O. Kiihn, Charge and Energy Transfer Dynamics in Molecular Systems, Wiley-VCH,
Berlin, 2000.

o Ignacio Martnez Casasus, Study of the vibronic mixing in chlorophylls with multidimensional
spectroscopy, 2021. HEAR &R 118 L.

Bt
o AT IS A He 4 S R

—Le Pl i

BT (L T AT SR R BEAR . HL SRR T RO TR, R
FETRFFHIAL— 2. TR0 S RS — GG, Bt vl s 7 — T,
BT, MCAYE T, RASEIRGIGMIEK. WERIET IS, B2 s 7, hA
ISR T RlA, MR d R T . RG-S AR, W] DABRAR G @ R s — A4~ 1
AER (TR TRERD) , BRI . il KRR AR TRERBEVLIKE , XAtk

Bhee TARfER A S A H—— R AT 2 BB



https://tdqms.uchicago.edu/
http://quantum.ch.ntu.edu.tw/online_courses

iE
FEMUER, /2 dynamic disorder. JXSEREDLITF TRER MR, WL ST 6 2 A1 0t 74
TGS ROV, SR RBUIEA T . DUEROULR , RO A —HERF 0 RIRAOIR
MR, RABEA 2

Bhes TAREAS A S5A 1 — A 3 EBS




B

Bhes TR A 54 TE—— A

4

H 5%



o4 — w e HWIRHIIER

Bttt Y FLE R 2R S R B, R IR AR . XA R E
Otk RIS SARYRMIEFEE T PN 2 AR IR . FEE, 3ot
ST EL R 2 AR S W A AR R, DR R ORI 5 ek R 2 ' 5 W A
AR

o ZHLFIE

TORTE T A2 AT A TR 3 A0 54 A R AR B ¥, oA L 1 R AR

B A SR, FETREMBUAFIESIATE, RS ) 20 22 il el

R Y, BT B2 3h PO IR 8 ) 24 4R T MBS PR IS B R

DOPf TR AR MR . (RTE D T ERE R R P s bR, g T MR T

XPFEHIRIRI RO S, MU T IR0 B AR RO R Te R, 4. XX TE

MR AN Y TR BAE P RS e I — e R . 1A, SR AERE AR IR

(R ELAE I B e — R . RS B 0Ly, TAsE &R Esh i+

FEL R ) 28 LB Rl

o 2L

ERBTETIFER NS T, S8 TSR X T IE PR ER SR 5T Wl s

A AEIR T A . B R R SR A B i = Oy R R AR R, i o )

T 2R . SRR S OGRS B A TAE 2 2248 (W.E.Lamb Jr) ¥£ 1964 4EJF

TAK, WOMCHEOCRS I 2SI PEE . L2 IMPTE RER MR R O as PO A H s &,

SR BEREE (R T Hbe LN, SR IEIR A 22 VIR ) . SEEs AR, . 2 & 55 g

RV BERARALEE RO . BOLIRG I AE 5 | SIURIHE R AUV S . (B2, XA diE

T SRR EE SRS, AN H R SRS A DA th B S R ORI

RTEMIR PGSR RTRARRLY, (MR ) %5,

o BTHIE

BT LB A . BRI R RS R R R AR, R B RN

— G LR RN AR . BOERR0 A T RS RS TR B A S O G A T

IR DA S 2R A SR S5 AR I A R U

o MR

AU R TEIS MR, oA ERAOET (IR emiEss) SYmEr

PIAHEAER I R . HU2, T 28 T 6T RORI AR R G TR0 R AR 1T X PR e

HA w0 AT R B2 A SRV F 2 DR HE 0 F 5 i 5 1 e A R A MR

D3R AR A HE S EE R 2 2 PR I AR O S T B S AN O R . XA AR T, (™

MR, B H AR oL IR EERRE, MIANREIE /R B @B (RES]) UV, HARRAH

SO R R KA. SFFReALRN . IR . 2RSS, AR

W AL A

Z L FRRS GEOCEREY (557 i) =%, p99.



F —F L5 MmAmElEA

L1 ekl

BRI T AP EUEIRES (stationary state) : o, Ml ¢y, HAER Ep < En, WA TTERA
REGZ (A = [RIATL R ) e S R

o AT (M +hv — M*)
Y—FIER Vpm = (En — Ey) /b WOEHR B REMKEES m SN0+ L, BT erm6es
WIEFSE T A BEZ BRI ZEME, T A AT RE MGG P — N R T hvpem MAREE
Kom SERITHERER n &, X RPN ZMERIT . BRI Iras hi A= —2
1o

o ZEEE (M* + hv — M + 2hv)
— AN Vi 1 FLTES T DAEARTE R R o S0 501 S —A hvn, 1R BE ST [1] 2]
RRESL m &, X— R Z 3 T

o HEWSS (M* — M + hv)
SEFETR BB n S 3 THEIA S RE A BN IE DL, AT DA &R S — D RER T hvnm
11 SR B B R AR AR E AR m £, X AR [ AR AT

1.2 @R Rk

1.2.1 ZPIiH R %

%fﬁﬂﬁﬁ%g&%éfﬁ El iﬁ:] E2a E2 > El; ﬁ
E2 — E1 = hrv = hw

AR N AL T P BER I 185000 BT ma A1 na R

2 RIS B TR LA S - 63 5 IR A B A T 11 AR R A2
SHERIEANZ B ER T 3 Fhid A

(1) H%%4%t (spontaneous radiation)

AT RES B WI— NI AcHbim] By BRIE, H A —ABEEN he DG T, XFIERERR N
HARERIE . T ABRIE & R B &S, B ARS8 K GEE Ao A,
Aoy 78 SR BN TE] Y BRAAAR R ng NSRRI T kA B R BRI IR 740 ne ILU(E, B

- (5), 4
t sp no

ot (dna)sp Fon BALABIRAE dt RN T H R BRGES R i Eo 1) By BRI T4
FEFRALIN ] A B AR T RE L B D IR THCN

dny __ (dna
dt t /.,

= _A21n2

Tt
dt
Agy WFRA H & ERIT % RIH 240
(2) Zizi (stimulated absorption )
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1.2 ik R 542728

AETARRERS Br W— DT, B v RS ERTTS, Wll—NBERR e BOG T 18]

Ey feSERIT, X PP R 2 B IERIT . 2 B BRI R W iR —id 7, R
e ()

Horr (dnag)se A EARLATRATE dt INFTA) P T2 30K S [ R i B ) Eo BRIER T80 m S E
PEAEFR By REASHY R 54K

ZWERT AN B KL AT [ AR RE, RTE G EiE: Ao H SR T A S
JiAT 55 I Wag AU IR P &, e S5 IR p, IR, MERIFR N

Wiz = Bi2py

FoP LB 2R B Bro FRASZOMMORIT 2 R 24, B 15 R HEE X

(3) ZirEgt (stimulated radiation )

WK AT () S R 2 S22 R KT . AL T BRBG Eo WY THEMIER N v HYHRSIA1E
AR, BRIERARRERS By HHRS— D REEN hy BDG T S2RUER BRI K 1 G PR R 52 S 33 -
SRS N

MEG RN R
Wa1 = Bo1py

Horh By 2 B S ERAE 2 PIUTH 2R 4L

1.2.2 ZPRWH KRB0 0O &K

FIH R PP A e R S 1 22 U R B TR R R o 24 1 N SR AR 5 3 -5 0 o D1 A
HAEMAL TR T (AP ERRS,
(1) %5137 G e M AL P e R A B oK

Kb kp NPURZGGHRL
(2) ATRBESH ST HIRMBUR 28 704

_ By _ B
ng = fae kT, ny = fie kT
H:’fﬁj\j N9 f2 _E9—Fq f _hrg
22Tk = J2 T RT
ni fi f1

o fo M f1 252 Eo R Ey BRI HE
(3) ARSI A AR, R BRI 5] P 490 S50 S H B0 8055 T B IR ] A 4 S R A )

FEFHL,
(dn21> <dn21) (dmg)
dt sp at ) at )
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% — F khMmiaaEA

&l
na A1 + n2B21py, = n1B12py,
0
1 ni1Bia  Boi
noAo) = (n1Bia — na B — [ _ 2
221 = (n1B12 — n2Ba1)py, o = Aoy Aoy
H
By <Bl2”1 _ 1) _ 1
A2 \ Ba1 no Prg
A, B

Vy 3 1LV
Bu (Buh o (N__ < (5% _4
A1 \ Bo1 f2 8mhi
T — oo it EXW ST, A
Biafi = Boi fo

NN
dim

Fi2.
@ B 87Thl/8
Bgl N C3
XaleZ HWH R REAR X R YT EMER f1=fo, A
Bis = B [ Wia = Wo

1.2.3 2P H 2 B ik

T POE TR TARY AR K RES L 1 J 1 B s 1] AE AR A o T R 4L, Pl
HOCEEARITREA . WOCARER IR BRI A R IR 11 H ARG 230 S A0 S o
RAYHA KR & PR FIMER T IR R 2B R 2R 208

(dn21) T A21n2
dt ),

dn
<d21> = Waing Wa1 = Bo1py
t st
dt

A21_87ThV3_ h
By~ 8 whv

Biafi = Bai fa

dn
( 12) = Wianq Wi2 = Biapy
st

(R bk ¢ AR A AE A RS B i RSl E, i sERs b, ARSI AR ERAR), I
L HARTTREZ T, AN B R R AIAT LR BIE .
LBUREL g(v, vo) FTER A BRIEMEAHATAR IR A T2 A AR AT (GREZ)
P(V) = thI/()Aglg(l/, I/o) = nghl/QA21 (I/)

)
+

A21(V) = A219(Va Vo)
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BRANER B RERIMER Ao W, A EESRR v A B R IGTEAER
TEMRYE Ba1 5 Ao X RA TS

3 3

B1(v) = Ba1g(v, 10) = WAmQ(V, V) = WAH(V)
TER S oo WTER T B SZBEREARR War o, A ECFERICR v AL 32 B ERIT %N
Wa1 = Ba1(v)p, = Bo1g(v, 10)py

A IEQT
anl “+o00o “+o0o
— ) = J no Aoy (v)dy = ngj A219(v, 19)dv = na Az
sp —00 —00
B, ULHRELOM SEXT B AR S A R
[m] 2
d’I’LQ]_ +o0 +o0
s = J noWo1(v)dv = ngBay J g(v, vp) pudv
st —0o0 —00

ESCP R SRR o0 WA TE AV K, DA R PIARR R DL IE T e -

1.2.3.1 S FHEESLE AR R L1 A

WE TR, 58535 po AE AV > Av BBEHEEIN, p, N ORERREE . BN EULE
JEF DR vo HEMAR/ NIRRT (Av) WARIEZME, ERSRTEE W AT HAH o, R
W puy, TRA e
(dn21> t = nzB21J g(v,vo)pudv = naBa1py,

dt
[F] B Yol
(Wlt = n1B12py,

e

Wa1 = Baipy,

Wiz = Bi2py,
i pyy NECERRFIATEE T HOBIE vo AR R ERE R T . XA —3, B RS 1
e A LR .

1.2.3.2 JFHHE R s N A IR

WMEPTR, 8 po WO v, W AV, RS AV < Ave TN
e BN, B AOGE ARG B AR T A AR R T XM o0 o AN vl L et AR 75X
R R R AE DR v I — MR TE R N A AR (E. AERIRTER A, (v, vo) AT
PAERIE A . ATDARF B @ RE R o 2080 0 BRBUERX

pu = pd(v' —v)
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A 6 sRBPERT, A

TR, A

dna oo / / /

) = ngBaj J gV, 10)pd(v' — v)dv' = neBa1g(v,19)p
st —00

WNES

<leLt12> ; = n1Brag(v,1v0)p

T2, RN v R ERT, ZEREEE N
Wo1 = Ba1g(v,10)p
Wia = Biag(v,v0)p

ESRIPEE R, TR, FUR TR I ORI v 3R TR T
FRA LA vo A BRI, TRAE v = vo HOIE— MBI IS4 Sk
o %v=wo i, BEBEREOC 4 v 8 00 20, BB TIE.

1.2.4 Y805 el

WOEIR G AT AE ARG A AR S A A R B4, B RGEUE BA —EWR v
Al—E I NARFERIE R (0. N URE AT OGRS T 5 iy Tr fillid . X BTN R
B T AMBEIR G Y BRASEE AR T R L

1.2.4.1 e RGEHE R

B = RER RGO LAY R RES R & . 2 5R0L™ £ A 3 g

o WOLTRES Er SRS

o WOt EBE B — MRS RELL

o fZEFBESCH Es.
AR TAEY SO B Byy B3 GBS EROKLT (BT 207 B1) BUMIA na,ne Jeng, &

REFAEX LERESL A ) BRAT 1 AR feg i 40 T

(1) FERUNFMIERT, S By AR Tz 218 Bs b, fhistiisRalh Wis. 1&
BWOCHUIE LT, Wig R RSZ 0 ORI . T Al 77 =0, W) W H0Rb 1 g
[RINBEEE] By B

(2) BIARBER By BRI T FZATCRR S IRE (Btiig) AT U s e 76 250 B
AES Eo, HARRBN Ss2, BRI  ng AN BEGIE 1 rh 2 AR TOHR S R AL T 405 s 1
LA F38h, RAEGORL T LRELA B A B (HER Ag1) . TERSIRIE (EAR Sa1) &5 7R IS
By, BT ot TR BORGE, XFERIE AR, B S5 < S32, Az < Sa2.

(3) Ot ERESR By — R ARRER , TERTEIMER B 21T, RRES LR T4 12
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PAR BRI (BRR Ag) BRI By, H. Aoy BN, BIKFHE By ERFEGEK. S5k, E)fig
P bRk R] BRI A TR ST ERIE (MRS So1) BRIl By, H—AEIL R So < Agre BT Ao
AN, WECRKLTHNEE] By FRYEEEE R, A RPN e RURRAS B ng > %mo —HH
PXFEOL, WHE Ex A1 Ey (8]0 32 00 S BT AN T A FERF o A A 2
ZRAARGROCTAEY BB 2 A R . LU AATE AR T — LE BT AR A
F: S30~ 0.5 x 107571, Az; ~ 3 x 10571, Ay ~ 0.3 x 103571, Sp1S53; ~ 0.
Zi BPNA, WA A BEGR AT o R T B s 1) A8 A ) A

dn

CTtS =n1 Wiz — n3(Ss2 + A31)

an

= n1 Wiz — naWar — na(Aar + Sa21) + n3Ss

ny+ng+n3=mn

Hor Z20mg 7 — e L AR/ Ss1.
IAE MR IS NRE TR E (FANIARI N BT BERTIR RS . 2568 1 MR

W T TR, TAEMIRRE [ S TR L, MIHOE FRGE R AR TR N

dN, N,
CTI = noWay — Wiz — —
t TRI

K 2B THEA BN R & B SR . Ba, FRAK, TS =R 2 5n# %
HREA N
1.3 g

1.3.1 5T
RS T2 TR B B B0, i 9 i

E =E, cos(wt — EF) (1.1

. kxE

5= (1.2)
||

B RIS, TSR, w AR . TRE SRR AR, FRATAT AR
AR JLAN R

(1) Wity TSI EA R, A T BTS2 e TR G T2 )
ZAH

eBv -

F=cE+ ~ ek (1.3)

Cc
FETIRTH, TR NTIEHE (v <o), PIBCHEEE PRk i T i Ve i N
XoF LTI

el x B
c 1. %« (1.4)
el c

I, HURE O T R R % S A
X AR SE bR 2 Tr, AR R I A3 4 32 T R /INzt /N T A R Y L3

Bhes TAREAS A S5A 1 — A 11 H 5%




% — % A5 AR

52 IR/ e T BB DOCHEALSE , AR AR AR /N, H A R Pk
gk, B T2 A F = Beu w1, WAL AR T 32 1 KN AR /N
PR s P G A P P 7 T DA RS A T

(2) LM, W TR E T RS T RE AT — B — D IR AR ao
ERE RN (RIS T ARl R s A R ) SRfh, R

e
Eruel = g =5x 10°V/em (1.5)

SO C IR LA E = 10 ~ 10°V/em /NP RS A ISR, s
BOE AT AME N EE . G @ smiotys, XA RUAER T .

(3) HLfEBLILML (electric dipole approximation ) SHER UG, B X JEEA 400nm Z|
700nm, iR FHR/MIGEE 2 nm Z545 (A > size of molecule) . FTPAZ TR T3 LRAI & ,
BT —A S T R a1 IR A DA AL T —A AT . RN i
By a A,

E(t) = Egcoswt (1.6)

1.3.2 S S5 WT0R T ey i

S YA AH EAE W i (molecular dipole Hamiltonian ) Sk Ot (< L AR 32 L
Yy JTE RGBS 7 FE R R PAT R R O AL S R . T8 X LA ) o T AR A I B A 1. I
TAEHY A RE R S R ST T A AT E R P R S RE . R S I T AR AR
BNV F S e R o I I 0 o % e A R 2 31 N

i= ad: (1.7)

—

Hrb, g 25 i MR TR AT R, i XA H AR AT b 1 S R L R
K A X LE HL AT HL AR (electric dipole moment) , H /i . HUMBARAEA J7 1] A SU2
TR I IEFLAT . R U S I A EAE A, 5Tl AE— 22 e — A ik 1. HE
AP R v s ot il FEL AR AR T PR3 PRV BB B . AT L FR R A S5 W A B T R A v 2
— AR EE YR

Pel 1.1z P47 RS Ry LA AR T

R T3 2 3 v i F 5 e N
W:—ﬁ-E (1.8)
i

W=W++W=q¢+—q¢=q<¢+—¢>=qj E-dil=—qE-I=—ji-E (1.9
+
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FERAR 7 ) S I HLAT 7 o) B SR A ) o B — B A A R

LR TSN 3 B I RE . A R T IR T EAL SN I B 555 o (7), 1A
TEALHIRL R (7 + 1), 7 F 7 + 143 SR A T 57 A 5 1E F R BT AEAL O B, ARG
WU EEAR F-AbAE SR LI R

—

W = —q¢(7) + q(7F + 1) (1.10)
5 |11 /N, (7 -+ 1) IO THIAORIT . IFBULH—TT, B
B+ 1) = 9(7) + 51 = 6(7) + (Vo)L = 6(7) +1- V6
zmm+$@+g?w€$& (1.11)
Hip Vo 21 m B E. T2, A
W=ql -Vo=p-Vé (1.12)
BT AR RS TR U, A
W =—p-E=—pEcosf (1.13)

Horr 0 2 AR 5% S5 7 TR I A o X RN AL A L3 i 24 AR R EL A i T )
BT B A R EE, EFEEUE EF TIREN A E R R g b e A s, SRR 4
SE T ) S R R T R S BT VER ) o YA S BT e AL L3 R 37 5 T AT, S RE R AT B /IME
WS, BN, Y5O, BaEa R E.
5k
Tt 5 Y R A e
H =—ji-E=-Y qdE (1.14)

Horp i = Y, qudy Jq R . Seict R A A LR FRL T L S B T DA B R Ao
SPGB0 TR N E L, HEAENEFEZ AR
RLEE FL S Y S RE A — el 20

Q. .

W:WJ.EJ (1.15)
P

Hrp P IR SHRARYAIE, Q FREHEESINNAE. X TR NS (558HEg) M5,
a3 R SR
H ==Y qd;- E (1.16)

Hof, g B MR TR R, 4 R AP T AN S R (BB
OEAR
FEAI, R R A TR TR ERE, WAEMEHGE L e i sE Rl
H = —ei E = —fi- Eycoswt (1.17)
HA IR f = ers KB e FoRETIHRMAREZIEM, 72BN TR ERE,
I 2 7 LT 4 1) TR AT, RTER T 1) J A%

'L SRR, K. PREEHE (RS # K P46
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Hint = _ﬂ : E(t)
= —fi- Ey - sin(wot)
=V - sin(wot)

1.3.3 PRITHER

LIS = 0 W TAT k) &, WFE ¢ =t WERIER] [m) SHOMERIRIE N

1t ,
t - Hl zwmkt dt/
ant) = = L
1t - ) ,
= mJ (m| — i - Eg coswt’|k)e™mrt qt!
0
= L < |_’|]€> E Jt 1 ( iwt’ + —iwt’) iwmkt’dt/
- ’Lh m ,LL 0 0 2 (& e (4
1 I L , \ ,
_ _Tﬂmk . EOJ [ez(wmk+w)t + ez(w’”’“_w)t} dat’
ih 0
1 o | eilwmptw)t’ b ei(wmp—w)t’ K
2Zhﬂmk 0 i(wimk + w) 0 i(wWmk — w) o
T EO eilwmptw)t _ 1 gilwme—w)t _
- 2h Wik + W * Wmk — W
Q
= §(B+ +B_)
N l:I:I
ﬂmk : EO
O="-""" """
h
mk = (m|H'|k) = — [l - EO coswt
fmi = (m|fk) = e(m|x|k)
E,, — E;
Wk =T
B, — w jet(Wmrtw)t/2 sin [(wmi + w)t/2]
+ Wk +w (ka: 4 w)/2
B = w — iei(wmk—w)t/Q sin [(wmk - w)t/2]
Wk — W (Wink — w)/2

X+ By. B- BT, nlh
ellwmrtw)t 1 — ei(wmk+w)%ei(wmk+w)% _ ei(wmk+w)%e*i(wmk+w)%

— ptwmitw)d [ ilwmptw)s _ e—z’(wmww)%}

. t
= 2ieiwmi )3 gin [(wmk + w)z]

B IEE

Bhee TARfER A S A H—— R AT 14
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TR, BT

Wiom = Z|B+ + B*|

1.3.3.1 i

VRGHER B > By, WIHR 0 = (Ep — Ei)/h = wni, (Jw — wik| < wmg]) B, 3T

Bu A

By W, [ e = cosz +ising fl sina HALKF 1, HEURK, TAME, REZIEML
B M AESERE R R A, B

W . sin? [ 3 (wWpk — w)t]
k—m =

(wmkz - w)2
Rl , 2/ AR, Bl w = w1,

sin? [%(wmk — w)t] 2
((’Jmk - w)2 4
il
] 02,
Wk—>m = Zt
202 =1, Wi REOATT E PR
0.25F
0.2F
<
£
1 0.15
=
01F
0.05F
0
-4 -3 -2 -1 0 1 2 3 4
o, - o2t

Rz, BRGREH En < By, BIHR 0 = (En — Ep)/h = —wnke (|0 + wmkl < [wmk])
Bf, EEZAERE By, WRARSE B_. IS RESEGTEMTRERS, BT A

W . sin? [ 5 (wmk + w)t]
k—m =

(Wmk + w)?
GHFR N

e sin? [ 3 (wWpk £ w)t]
Weom = 2 02
WEE AR ) ¢ 38, H— A BREMR R R AL W BRES AN I BITR

Bhes TAREAS A S5A 1 — A

15 H %
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1 I _ | |
—— t—to

0.9f t=2t0 I

0.8f — t=810 n

0.7F .

(Normalization)
o
(o}
1

Wk—) m
o
S
1

Fealiy, 24t — oo W,

Wi = 02205 (“’m’“ = “)

2

Q2
= %t&(wmk +tw)

Th$)?

t6(Ey, — By £ hw)

FRLALIN TE] ) BR A

AWy THQ?
Wiy, = C’l“: = =5 0(Em — B — hw)

¥
_ ﬁmk ) EO

Q
h

(AW N ]

A4 1
fimk * Eo = pimiEo cos 0 (cos® 0) = 3 I(w)=—

472

_ 2
Wk = 23 Hink ! (Wink)

472

AL
o BHHEWALIEHINTAAL K, BT EERIE IR BUR LI Wik 5
o MHRAE IR EB )G, BRITHEFN S IRITE R . BoTdrem LAt rEE s, 4H
BEYIEHIR w PR B — By = Thw I, A EABRITE
o LI RG] BRI — A6 T hw RERE HIIRAEASERIT 2 & REAS, FROVIRERIT (resonant tran-
sition) . WATRERLHE— T T fERE, WS RESERIERIRAERS, FOMZRARST (stimulate

emission ) ;

B TARER A 5 A 1

A 16 H 5%
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o WA A2 A ST A AR i) 5

o WLIETET , il By e £ i or B o MR ST e L ) 07 ol A R ) A RE R 22 o Xl 55

RIS LA B e IR A B R B U] .

(3) MJAMMERIRAIR w — 0 I, ax XS PEF bx 3L, XAGRZAHEEHAMN. HHN
w — O, SR B 2 H R -

(4) FAIR 58 BEAI IR [R] BE B A 1 56 A

HIRTEBE AT DAL 2 w = winge I Wi BIPAE—F{HENZE, 25K X, Al

Aw%4—ﬂ-
t

B AR BAE wik — w = 3: MREE, Hom BEOCN IR & 1Y ;10 ESRON T I AVE
FAHERF

(5) TCHEALSRERAT )Y 25 1F

AL PE T 55063 S W B AR ST . JRATHC-Z el RRE 20K

Wk%m <1
T Wi FIECRME R t2/4, W
7.1
no ST
FEh, KT R SRER LR R R
Aw < 2[wpmi]
Ti, A
2 1
t>» —=— =Ty

Wmk Vmk
R AR T ¢ Y, ARG e MO 2 0k . WAL, PR BB T TR SRR AL 2E
T e GO DA RIS, TR 5 RS PO R EE RS SR . BB R SR e T ™
MR R TEGTHRFETE .

1.3.4 ke

fimk = (mlfilk) = q(m|7|k) = qFm (1.19)
iy
Tk = (m|7k) (1.20)
Tk TE LA ARAR T YRR A
Tmk = (m|Z + 7+ Z|k) = (T + § + Z)mk (1.21)
IMAERRARAR T
x=rsinfcosp = %sin 6(e'? 4 e~ ) (1.22)
y =rsinfcosp = gsin H(e? — e ) (1.23)

Bhes TAREAS A S5A 1 — A 17 H 5%
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z=rcost (1.24)

MR TN R, W rategm = 0. WRFIIRIARE [nlm) , REZ [0/I'm’). 1 [nlm) =

R i, 24 LAY AR BRI FE T (n/U'm|r cos | ndm) Je (n'U'm/|r sin 0™ |nlm) R4 F i}, Bk
TR rateg—m ARRET, BRIEA ATREIERX S Z R A . R ERE R BN X R

(1 +1)2 — m? 12— 2
Y1, = Yistm — Yiim 1.25
coSTH \/(21 F1)(20+3) @ —1)@+1) b (1.25)

) + (I + 2 -1
i Sin Yy, = | LEM T D LM E )ml,mﬂi\/ UFmiFm=1)y . (126

(21 +1)(20 + 3) (20 —1)(21+1)
PAK BRI PR IE AT S, H2Y
'=1+1 m =m, m=+1 (1.27)

Al=1—1=+1, Am=m'—m =0,=+1 (1.28)

W, TR CA AN, kSR m S ATRE R A RGE . EAFON ENURIE R R E N,
SRS, (AR S R R TR . FEERR, IR HEWI T R k-7 T . X
PSS AN 5 3 A i I PSS pe g AN (0K SN e S SR (20 Y4 N SR LR
W PN X, BT ORAEIG S IR S S S UM S R SN, R
WEAER R AL

LR Al = £1, BNBARE A4 . Bl S AT 22208 £1.

2. AR Am = £150, BWERATOELE. B WA E T 220 £150.

1.3.5 bRz i S 5

WHEH B > Ey,
o MBS En B By W2 RECH Bk s
o MAE Ex 3 En W2 EECH Brm s
o MEICHYMIS S 323 A I P HES: , 2 TR S R BN S R BRI SF 1Y, Bink = Bieom s
o MEES B HREKIEE] By JGIN H KR 202 Amko
MIHESRBE A T(w) BIASHERY BR
o WAEREN Enm W T, L2 WS, BULREEH hwn 6T, BRITE Ep WAERE

Bl (Wmk) s
o WMTEREH Ep WIRT, itz WUKBEE N hwem Yo ¥, BRIEE| E, MR ZE
Bim I (wim) -

REREH Em HH No NET, Ex 'PH N AT, W
o PR A [R] PR AL B2 IR AN B BRI, AR En BRITE] B IR T E0Z
Non[Amk + B (wimi)] 5
o FRAZAIA] BRSO T, HEEH By BRITE| B, B FEUR
Ny B (Wkm) o
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TEPCHEAEOLN, SR S OBCRARSE BRI (] A ) o R ST 1 0 140055 T BRI )
REsE LT ERp e
Nm [Amk + Bmkl(wmk)] = NkBka(wkm)

A2 BRI I T R M B R 2 2 A

By By
N e &7, Np, x e *T
Ny, _Ep—Em hwrn
— = kT — e kT
N,
ARG AX, F
Amk Amk

Hwp) =

F 58 -5 R R R T R R

Mw=2mv, A
o) = 271 ()

TEBCTATIIL T, A RO A R0 s LR A

) 8rhy3 1
pPV)= "3
c 627—1

gy (0 XHATS,

Amk 87rhu3 1
Bkme o Bk C err —1
et 3
Ak 1 dhv; 1
Bk Bk";emllcr])}k — g;ﬂk 3 ehll;rirkk —1
EH Bmk - Bk‘ma ﬁ 5
Ak 1 B 4h1/mk 1
Bmke | c? eml)c?k —1
Hp ,
4h hw
A = mG B = ka
C
H RIS S 528 S Y Bk = 4%WMH H
46 w3 =
it
(1) B ESRSFEWE
Amk . eh‘zrjr}k -1
Bmkj(wmk) B

Ek%%%&ﬂl@%uﬁ%m ﬁﬁ@ﬁ,akﬁﬁmnzﬁﬁ.fﬁmﬁﬁT Bk R
T = 300K (%527°C), 1% wmi ~ 3 x 107BHZ, HAN KR Ak ~ 6 x 10~°m = 60000nm,
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MR AIIER A MR, w K, Apg FHERT Bl (wik) , BIFERTILIEIX, A &4
CIPIwNS R Ciab i
(2) A ARG AL R ARARRE I T DRSE o B ARSI B S BAT TR RE RO 148 U
(4) B B 05 2
2 ARRITG, TR AERN hwn, BIET o BAOLIIA] Y IR TR T A B2

dE 42wl
E = hwmkAmk = 303 ka|
AT @, SHETECE N, FIEE BIERR wnp B ST50EEH
4e?0t

Jmk = Nm 3C3mk |":‘mlc|2

1.3.5.1 B %5 9HERE v 75 oy
ITEZ IS P B Ny MR, TE dt WHE]N B Z BT 3] O SHEH 2
dNy, = — Ny, Adt

BT IR fT
Ny, = Ny (0)eAmet

H 2RSS BRIT 0 75 6 e SO L THL N IS JEOR Y 1/ € IYIRTE] o
Sk Tmk = g A BN TALE O ASHFR A, BNZEE T AT AE ZGT R B, HAR
HIREZ T, AP HSRAR AT By BIBESIEAT. No(0) FR81E t = 0 I, Ny BIfH

1.3.6 2RO BE UL DL 5511

B PR DA RO 5 1 B A TSR 65— REUE TROVE . BT LG S R
P22 Sl A, TR O TR, T A, SO A A O TR (R

(1) RO BSRSEBRIE T 4 TG Z R, MIEoesh, U SH06HE
B E L FRESO S kA R . SR AR, RS IA A (IR
BRI TH0) o« OGS — ARGUE TR AR S AR, BIVRT B SRR S e e S A I

(2) BTF2ZRBA BN BT BT LR, I T 1A 1 B 1
BRI 5T I R R A1 P UL A B R s L

(3) WBGEN, e SRR RO, SR R T I /NE N T B K
TEE TR NEIE Y, 6 WA % BT ARSI E (v, t) SRR A(xo,1),
TEV A SR TAERR, IR E (o, t) RERS Alzo, t) SZMMEE © k.

TERFFECITRIC . 1 RSS2 45 B, (AR (o2 AR AP ).

(4) Wekk PN, (RWA) TERR P S — REE TR, R IR 3RI (@ —w), i
ZA P ILIR I (& + w), BCHL O Al w 4 BLR R FIOT AR A% . SEhs e Zms s
ST

T LR 37 ER: W (M, 5255 1 E Y65 — REGR TAE I, LLEE eap|—i(@—w)t) Rl exp+i(+w)t],

HARE exp[—i(0 — w)t].
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ETHEHDPOECATR, M TAELHDE () AT (1) BRI, EAfIRMG A7
W wt Ml ot 5 FAEFT R E D TS, —ERMAAZ IR (O —w)t], TERIT ek,
W2 |(@ 4 w)t| R e B IR 24 T 2% BB IR 114 S SEAEAR Y- 16 DA )7 i e 1 1
.

(S) ALl B EIA AR SR BE S5 T DAGY A PSR A) e S ABAEHRAY B (1), P(t).
E(t) fl P(t) 72—t R A B AL n] AZ AT

(6) futhiiiftl  BUEICHHASBIENS (/) M iAs i (FRAESE) st
A, XAE, ML E(f) A2, JErnf AR, RERFHIERBEOI AL R,
FEJE T ISR ] P, Y637 (18 AL IR T AR 18G5 IR R) 6 0 1 R

1.3.7 ey wi i Rk HhoR fii—Rabi Hig i
1.3.7.1 P Ji2Eiik
(1) RGBR L P RER AR R E RN

H = Hy+ H' (1.29)
Hp Hy RAZEHIERN —RBRREMSETE. H 295 R/GMEERKS SR, H
Fik U h

H =—ef-E=—ji-E (1.30)

Hof i = e BAUEWAE. EREIEMT, E = Epcoswt. SERREBLAT, FATHTT DA B
M S5 b R e R . TR, BEiT AR, A

H' = —pEycoswt (1.31)

(2) AIIdiRt B {da(7), ()} FHARZICHVE M —RER R GG 2 i a: Ho WIEAZIH—5¢8
ALK ECR , NV IAMEEN Eo By, H Ey > Equo WG T RER R G R REL (7, 1)
DA AR B R R, B

(7 t) = a(t)pa(F)e Eat/M 4 b(t) gy (7)e vt/ (1.32)
TR, RN XM E T 5 EAMERE , AR — R BT T A — 2
IEAZTER AR R R R . AR E S

maﬁgﬂzzﬂwﬁn) (1.33)
OS]
OY(T d , db 4
ih ?,bg;, t) —ih (;Sft) qba(f»)e—zEat/)‘z + Z-hd(tt)(ﬁb(f»)e—zEbt/h
+iha(t)ga(F)e”Fath (_%E) + ihb(t) oy (e~ " (?’) (1.34)
SRXMARH

Hy(7,t) =(Ho + H')Y(7, 1)
:a(t)Eagba(F)e_iEat/h + b(t)Eb(;Sb(F)e_iEbt/h
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# — = b5 EtER

+ a(t)H' ¢o(F)e” Bt/ b(t) H' gy (e P47 (1.35)
WHTTIHA, A7
hdc;it) (e Fat/h 4 ihdlzl(;)@(F)eiEbt/ "
=a(t)H'¢o(F)e Pt 1 b(t) H' gy (7)™ PH" (1.36)
1 61(7) R 2 R
0 st [ g ugar + in e [ g 90y
—at) [ GO e ) | o a0 )
AAE L b O HIHIERS, [T2° 0% (F)by(F)dF B4 0 0, BTih
d‘;f) - —% [a(t) Vaa + b(t) Vape™0at] (1.38)
Joop
Wha = 2 ;L Ea _ —Wap (1.39)
V= | s 0@ar Vo= s mamar (1.40)
R, () AT AR, )
dlZl(t) = —% [6(t) Vg, + a(t) Vige™='] (1.41)
Y
Vo= s OHn@ Va=[ s H s mar (142
KA H = —pEycoswt, 7%00 -
Via= | 610 = ~Bycosct | 6L ubPNF = ~paaFpcosst (143)
SEH o WS R AT
poa = | o Pmn(rar (1.44)
T = oF BAKREREL, RAREL, AL B SN 0, 1)
Haa =0 = Vaa = Ofab = Hba (1.45)
i, A7
Vip = —panFocoswt Vg =0 Vi = — i Eo coswi (1.46)
T2, REME N
di‘igf) - %uaon cos whe™@eat (1) (1.47)
dl;(t) h““bEO cos wte el at) (1.48)
B T A Sl 2 %
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(3) BREMBEHRB 5 coswt FIEHIE X

coswt = % (e + e™t)
A, 18
da(t) @ ptabBo [ jw—wpa)t | —i(wwna)t
0 s
db(t) i pabE0 [ iw—wpa)t | i(wtwse)t
_ 1(W—Whq UHWTWha 1.
= Sh [e te } a(t) (1.50)
PP ERE BT 0L (RWA) ZBSEH0R, 4
da(t) o i ftabEo i(w—wpg )t
i 2 n blt) (20
db(t) i pabBo iy, )t
ot) _ 1 pl, a(t) (1.52)
/?\
Q= paEo/h (1.53)
A=w—wy (1.54)

Horp A giirch kil (Detuning), BLASHIAR 5 R GEHARGIRE , RALA 2 AGHIR S HARBIR
LR . 152, RE iRy

da(t) i ia

22 = 2ty (1.55)
db(t) i _in
Ce N 2Qe a(t) (1.56)

X AR, A

d*o(t) i _acda(t) |1 —iAt
R §Qe S + §QA€ a(t) (1.57)
XA, A
20 5,db(2)
a(t) = o 0 (1.58)
gias—X, ARG
d?b(t) . db(t) 1 _,
XIE T REGT IR E R, HAEMIEE N
A:—%Aj:%VA2+QQ (1.60)
7S
Op = VA2 + Q2 (1.61)
H
NI (1.62)
2 2
oy Etiliiay)
b(t) = e~ 3 At [Cl sin <Q2Rt> + C5 cos <Q2Rt>] (1.63)

Bhes TAREAS A S5A 1 — A 23 H 5%




% —F LE5ymaaiER

(4) BREMWE FIEILFIE, HEN ARG, RGATHS, B
a(0) =1 b(0) =0

H0(0) =Cs, A
Cy=0
|
b(t) = e 22Oy sin <92Rt)
|
db() 2 i _ine . Qr _in: 2R Q
_ Gilst 2L ing e At SR AtSR
a(t) = — Q 7 o C'1< Ae 27" sin 5 t+e 2 5 €08
i A Q 102 Q
3At R, VIR SR
ez Cl< Qstt O 2t>
Ha(0) =1, F
Qg 1)
C —Z ) =1 C v
1 ( Q > = 1 O
o

i Q A Qr
a(t) = e <cos TRt - zQ—R sin 2t>

(5) BGMPTNEE PR AS MR SIS, B b BRI S R S I 2N

0? Q
P, = |b(t)]* = QTSHP 7"%
/2%\2 LT%/Q\E@M%%
o QR A2 5 2
B 2 SRy 2 Gp2itRy g
P, = la(t)| = cos? t+ Q2 5 t=1-P,

IR LA Py oRAS, Bk R

0?2, Qg o QR 5 QR 0?2

1—- P = 1—Q—%sm 7t—cos 5 t—l—sm Tt_ Q—Qsm Ry
Q 0?2 Q
= cos? TRt + <1 - %) sin? 7Rt

Q 02 — 02 Q
= cos® TRt + <RQ%) sin® TRt

Q 024+ A2_02 Q
= cos? —Rt + (—i_2> sin? i
2 QR

= la(t)]?

|a(t)[? AT BN R A2 T

Qg A2 Qr Qg A2 0
la(t)|? = cos? —t + = sin? B¢ = cos? —75 + (1 — cos? 2Rt>

QQ 2 92
A2 A2 9 Qr
= @ +({1-— Q2 Cos 71&

Bhee TARfER A S A H—— R AT 24

(1.64)

(1.65)

(1.66)

(1.67)

(1.68)

(1.69)

(1.70)

(1.71)

(1.72)

(1.73)

H 5%
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A% 02, Qp
Q2 + 972 COS ?t (174)
B [a(t)[* A7 80T LRSS H
Qr. A2 Qr 0?2 QR AZ Q2 Qg
P, = a(t)]* = cos? —t+—sn2 Ry osin? B =2 4 o2 R (1.75)
0% 2 0% 2 Q% Q3 2

(6) BRITHEARMGI]  BIAERT Py I 5% R BOEA T I UORSKIL R, R = Ay ol A s 25X

cos2a = cos?a —sin’a, A

02,0 02
P, = |bt)]* = oz 245%._§§%Uf—aw93w (1.76)
R A
2 2 1
T=g =g-=io (1.77)
AL Qr B2t E R RER RSB SMBU SRS M A, MRE A = 0 i,
Qr = Q, QYPFNIIRTE I TR AR, Qr WPFR R IEIARIE LT R AR, 5 AR

B HEARAR i IR AR DL R AL FUABTR

1.3.7.2 HiF:Ji2Efk
Y B RER R TS & iR
H=H,+ H'
H Ho @R . Ba 630 B dIR FasbiaE, H 26305 R A AR % .
B la). |b) & Ho IANERS, VAR MEE R B, = hwa Ep = Ty, W Ho BHREEACH

(hbua 0 )

Hy =

0 hwp

H63 5 S5 R AR F i 28 o S s R R R B FL R
H =—ef E=—fi-E

it fi = —e = —|e| 7 R, EEBGEOIR, E = Ecoswt, IR A A1 565
T, FORTER - HAMARRT, PERS R EMREN. T2

o 0 pnEo cos(wt)
wEq cos(wt) 0

TR R I A P N
e ( hw, wEoy cos(wt))

puEq cos(wt) huwy,

1.3.7.3 phig

(1) TESSSAWCAIE, $ir AR AR B S5 -5 fRTE ROR iR 2 2

FEFIIGOLT
Qt _ HabEo

_ t< 1
2 on 'S
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¥ —F L5 mmatEa

=040 Q=20,470
1 - F

03 03

08 08

07 07

Population
o
o

I
S

Population
o
o

03 03
02 - 1 02 1
3 Pe=lb()i? Pe=lb()i®
o1 E Py=la@)? | 1 R O A O A T i Pelaf |4
0 N Ly N N M N 0 P M P P
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
time (T=21/Q) time (T=2w/C)
Qr=VIQLA=Q Qr =B, A =20
1 — . . 1 — —
09 N ool
08 08
07 07
08 3 08
c c
S S
Zos S 05
2 2
3 3
%04 &g J
Pe=lb(y)?
03 o3f Pa=la(?
02 02
Pe=lb(t)?
otE 4 NS e Po=lat)? | ] 01F 1
0 02 04 06 08 1 12 14 1B 18 2 0 02 04 06 08 1 12 14 1B 18 2

time(T = 2m/Q) tirme(2m /)

o o
w W
T ]

o
o
T

e o0 o o9
- N (3] R
T T T T

0 0.2 0.4 06 0.8 1 12 1.4 16 18 2

PR, A

X5 TR A BRI AR R A 5 — 2L

(2) IAWAN, L MRS AR . RS T AR AR, BS54
HAEHIHR] ¢ B R HR

©coo0oo0o0o000o0 %B%i}g“ ((%%%%EE%‘A» p144

Bhes TR A 54 TE—— A 26 BB




1.4 XI55 00 Rk
1.4 SEi%As ks

N TR, FATE S ARE RO keh MR 2 S 2R EAE . Bot SR A
YER ARG E=E N T Bl 5 R 4

2 92 1 02
2prpy -9 prpy = 9
VIB(T 1) c? ot? (%) eoc? Ot?

Horn B2HrSP%, ¢ BEAPHIEHE, e ZAHEE. MR (semi-impulsive limit) &5
T, BIEOEhkel b R RIRE (RE 8 Ji2EE A e SR LI PR35 J A K g 1 4
T, HFEERESEREE, WO RS AR A R /2 MR R FR, BI
ES)(t) o iPM(1) (1.79)

o BGD () A POD (1) 53 12 (5 B35 R WA A 10 TE S5

LM SR FE SRR

Z: 0L EhE NS =R

BEf OEN i) P dEL AL (nonlinear polarization) F/RUITN

P (7 1) = P (1) exp(iks - 7 — iwst)

HoHt o il ws 2P BRRER IR (polarization) OB RFR, Bk (ko) JIWE Z 4,
M ERE A Lo dEZ A4 (nonlinear polariztion) 2774 FH 371 % JE . In the limiting case

when the signal field is weakly absorbed by the optical medium, the linear susceptibility is purely real

P(7,1) (1.78)

and the Maxwell equation for the electric field is:

Lo o n2 0% AT 02 0,
VX VxE(ft) + 555 B 1) = —Cfgwﬂ (7, t) (1.80)
EM (7 1) = EM™ (t) exp(ik, — iwst) + c.c. (1.81)
....... T e
g0 9 R0 ) — _ 2T Bn) ~
ik 8zE (t) 2 P exp{iAksz} (1.82)
"""" ﬂ Omiws L ~ , sin(Ak,L/2)
EM(t) = Pt Ak L/2)——"2r2) 1.
(t) n@)c (t) exp(i /2) AkL2 (1.83)
EM™(#) o iws P (t) (1.84)
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NN B oY1 LY

Xt T B AR

o JI A H ARG RESMIRERE (WO ECE R AL T) , BHMAHIE, TR TRk

. FrAEIEEHE R VLR T A o B -

o AFDGIEX I RGN AFESHMET . RENAHR TS, RIS, Fah&. BIES,

FrAA R TOERE . IRsEg. Haheil . iR, ARREER, X ADERERIBRA

[, FreA e Bk A, ek, aTerk . ARk, Rk

o JLIIEE Iy o7 B B]

IR DI T AR T RES N iR 0 TR RS Re st nl MG 2 e s i, T
TR AN o RBIEHE  DAS S A R SRR AT (. HL LRl AR 2 Y
REURI 2N RE R

First order time dependent theory. Transition amplitude o< V5

Penetrates Earth's N N

Atmosphera?

Radiation Type  Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
Wavelength (m) 1072 107° 0.52107° 108 10'° 10"

sc=— [l P Fo L w2 @

Buildings Humans  Butterflies Meedle Point Protozoans Molecules  Atoms  Atomic Nuclei

10t 108 10" 10" 10'¢ 10% 107
Temperature of
objects at which bi
this radiation is the ||
most intense P
wavelength emitted

1K 100 K 10,000 K 10,000,000 K
-272°C -173°C 9,727 °C ~10,000,000 °C

WO AT LY~ P Y 1 2 2 BT AR RGO TR, ENTR RS A
B AP, SRR AR G B BECERS, WTABOOE G R AT I — e AR
Al AL -

FEIERE T, FRATBTFEXT G2 ) RS i 2 S R LA B - DB B s b, HA TR A
ARSI EI R, AT X TR (s T HEn AR S T . Tt
XA ARG R g 7 SRR R, e ACASTRT Y A BT AR L3R 73 il
AR

o MBIV, WA MZOIGIERIESDGRE . Lotk R & iRmigg, 8o

O & SR A . — RO B (SR E) B S — NSO, T

TEATEAR = He 1 R RO AR R — e 45 th— 8ot

o MRYEHLBLBANY) AR FBLHI I AR, SRl A RO . e, &1l



K = = 2\ ¢ ~
% = F T REER

Gl R TR AR S SR R R T B
o MIGIEL P ERIBRALE, FTLAKRPCIERI /S NELAEHE . AT CiE RIS .

2.1 P

FEACZERY B, e Mg T M — D AESS BRI 55— M AES MR . BGEA (tran-
sition moment) & FRARERITARA AT S48 . Heea WP o Ml ke W, IRahiesel (|
% Franck-Condon JFUBRAIH PRSI &) FEEBhde e N .

PRI (transition probability ) /& H14 i I GIEERIT K A RS o s LI o 24—k
F T T, ZETES T REIURIE R BRI R AR T A (1) WIS
FARTSBREIMERT: (2) TR FAMESHRE . @5 AT (transition strengths) 3¢
FRBIENER . P M@ F IR AR &4 . A ERIE (electronic dipole transitons) J&{E#
HER,

2.1.1 Mk

e BT, Bl (B, "IHO%) FTRAFE R~ M (electric moment) B4R
(magnetic moment) 4R, A5 T AL A H AR SRR BRI 468 T ARAEZS 1 Bl U W BEE:
22, MR 2IZIR B 43R LR 37 [R] A AH FLAE 2 SR o 0 R R R B AR 1 R Ay R
(transition moment) . FERET Sy, MAMERS v MAHERS v IOBRIEER M Mo |2 ity Moy
BEFR A AR AR (transition dipole moment) By #kiF4E (transtion moment), JHA#Rihh

My = J¢2ﬁ¢1d7 2.1
Horr oy Bl o R FHRPRAAEALGERS, [ 2B EIERAF (electric dipole moment operator ) .
YT n AT HRG, B0 TH Qn fr, WHMEHEERF T AE A

H= Z QnTn (2.2)

Horp @ RACERAT

2.1.2 gRIEHB sy

BT WA BGEL, B3R o Tz AN s g R T A%z sh b sk, T
e SR BT DA B, T RS S =

¢(T, R) = 1/)6(7‘, Re)wv(R)@Z)r(R) (2.3)

P ——BAE BRI DU, LTI eR AR e TEIR TARCPATAL Re ARFR. PR R L1~ BT /)
TR TR, FrARE sl sR A o SHOT I A% AR . B ORF B I R A BB e sh e 21
HEE L, HREINEASF BB RE, JRRR R PR ZEOCEA s P . BrEish
T, BRIEAERAR A DAFIR A

M= J j UL (r RV (R) (e + i) (r, R (R)drd R

Bhee TARfER A S A H—— R AT 30 BB




2.2 BB RAEIR A

==Jwﬂhf%%@¢€03RJdTJ¢éGﬁ¢ZUDdR%J¢Lﬁﬂun¢30ﬂdRJ¢éUuRJﬁﬁOURJdT

- jw;m Ro)pet! (r, R.)dr J (R (R)dR
Forb TR RS, P EAES v Ry) . 0(r Re) R FROR A, HITIE
S, B [l(r, RW! (r, Re)dr = 0. 04(R). ¢/(R) I TR T4 FHRIE.

2.2 B R — VA IR U AV

AFHIBRTE, RS, FHhSEHILRES R 2T, RIS . P2 T
WUR S RE BAAEE . 2 TG A — 4B R T FAEPI A RE G 2 IR IE S . 0 F
I SOULR A T AR I BREIOR 27, T R 4000 W7 DASE b SRR e B8y Rk kA . B 7400
PR Z R, FRATTEE AT LASRAS (045 AR B AAE(EAE N 00 I P E R . BTOA, SR T
AR (RIBEEIRE D TR R AL MBS B T RO ARG R A H & s .

ORI LR e N i ek g

HU(R,7) = EY(R,7)
Ht R={Rn,n=12, P} FRN)THIAE TSR 7= {fee=1,2,-- ,Q} £
RO TR TZBEIN AR U(R, 7) BHARS T A A TS sl SR EG H 2T
(1 P S AR
H=T,+Te+ Vin + Veer + Ven

Hoh T, BIE R FRMEIRE, T, BTG R TRIBIEE, Vi 25 T2 18] A B 9568,
Vier R HL T2 [B1 SR B EAE B, Ven 2 FL 0 B4 2 ) (0 3 M EAE P 9B . B LI 17,
7e)

T, RPEGV?
To==3 V=320
n=1 n=1 n
Qe SEC
1%=—§35@Va——%1§jve
e=1 e=1
5 P P
e Y~
IS op e
2 n=1n'#n ’Rn_Rn‘
o2 Q Q
RS 3) pEE
e=1e'#e |Te N Te/|
P Q 7
A ) s
et e=1 [Ftn — 7]

Horp My, RTINS, me 2 TRIE, e 2L THE, Z, BT,

B2 X R ] B 4 1, — NS R T RS T e SR R R B R A2 A
HERW, 2 TR AL .
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2.2.1 pEfpigan

B B —BAAE BRIl (Born-Oppenheimer approximation) & ffi 17 &l {4 H B3 7 ()12 Bl e i
WY, HEARBAR: R 2 3 RERERR, WORTE A hERZESEER (Ziz ik
M) MH2ZERTR, WATPGRRI TR . W@t — N4 2 B i BER R FE T4 H B
NIRRT AR

XTaFiEsh, WRFEERE . EAMU KB TEsh, mHY KR FA%Es). 755
DABFRER A, 0T B TR A AE P o7 B A IR Bl o 45 TR A% ) 1 7 e 25 1) B
B, Bia-Trtie, @n] DAFESS IS, Rl4r1ri%sh.

HTHTREE m < TR M (m/M 1074, ST o Tz sl e KT R T
M . T DAERFSE 0 TR iz st , v 2085 A% hag, BPRAHEJR FA% 5/ A8,
JEF 2 AR B A SR, AMER B A8 & .

SN, MR FIRSIAIE R, W DB FF R —Fafm (“BTs”), R
PURTENL “HT=” 29, EMNFETE, R F 2 A EMERAHEAER, XA ER K
WTHEFIAES, S THERX.

X 42 Born-Oppenheimer j/ bl B ARTEALBE 73145491 73165 TP 9

KRR 43347 B4R BT i 2 9 o) A S B _H 2 AR R A 421, X IR FRATT 4R Hh i B LEAH
HAERE R TR R TGS ES. — MUk, XA RIEEE 58 FE 2 A1l Bef
FORER B, BRI B/ NT R, AECE 23l R s S 2, St 8 mT 42
— VBB A ZE AR U, AT RAS RIS PRIz 3 o FRATT e AR TRl A BE B o 18— [
XM TRz, XFERATEAE TR RN — R ES, MVRERE N Ei(r), Ex(r),- - .
RIa, AV SR TRRWES, MYMGRERN Bi(r). M4 ZzEh, r K424k, BX)
T r R—MME, BAERREEATES: O, HESWREBERTERREE N, » 197281k R,
FATULX L AEE LS 1 R JBREE s . REEE R R EE, W hEE
By (r) ] B VEPIAZ Z R AH FAE B RR R — 40, XA BB T A% Z R BE e, 75—
SR R E R RER 212267 /1 (21, Zo IR TFEG BAIEAS 2 = ¢?/4ne,
X HLY g 2R )

JRFAZAZ Bl AN FL -1 SR R A B0 7 R K A o mT DA B i B 2 -

o JEFAZHNT & LT BT E K =AM E N DA b

o R HZINZEEE L FESAE (WEMHE =M RERLSL).

TRIEH IER TEahit, Al AR T HE BSOS RSN, BB U TFE 8 IR A 3537
8. M —Mf, BER-BAGER R B A DABEAR N, T, TisshBAZE
IR E , (BT E BRI s s AN UR, IR AT AR R E R S8 1 [,
JEFRZE N T R B S AU, ATABEVERAER s P hiEsh. Xt
BT RN B .

TERH T R-BAGER TG, BTHE SRR E RT3z, iR AR
R A RAEN—ABHORAIE . 53T 4 R 5T DA A B B 0,0(R) I T 68K U (7, R)
1) :

U(R,7) = U,(R)V. (7, R)
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2.2 BB RAEIR A

U Uy, (R) 1 W (7, R) # R FRALE R ARRBC, (I - A B, Uo7, R) % R
ML W, (R) 2 B b RMEZ, T2,
Vo, (7 R) ~ 0

RAHTHR B RER RS, ATAI T B AcE, B2z sh NI iz sy -~ € 56 5 e -

P
h2 _ _
[_ Z in + Vnn’ + Ee(R) \Ijn(R) = Eq]n(R) (2.4)
K2 - . .
=5 Vet Vee t Ven | We(R,7) = Eo(R)Ue(R,7) (2.5)

o 8.1 Haadl iR P E 0 T3 IRSIANERS, TP s RE R RIS, At
W, PreARGs s BRI E T 70 TIRSIEIERIFL SL g

o 82 I TIBZ AR, WE T TR TG, H2 Ee(R) HA& TR R, Xt
WIS 0 TR TIRES, AT SR PSR R T4, 1 H 2N 2R
PRPA RS ROIRSAH R i T2

o M Ee(R) AR TRz shiie e sh i, B3R TAZANs s RS . BT isgh il H R
TRRIGZ, BreA Ee(R) FERZARDRERE E 0L A GI-FM & . [N, BTzt
A TR Hs SRS .

o 8.1 M TizshiiER Ee(R) 2Bz shi¥ae. WA sl BrB s gnysas, 4
(ERFI T T A SR e T AL B R T RE

2.2.2 syfrpag e s AR R/ DA T

PRI AT T 231 PRI T RE . 0 1 RRBIREAI 01 RO S BERY AN RN

B TR a, —BRILAS . YR TR, —ifo Bl AFEREA 7 1z
3, Az ~a, WHEFZSIMRAERKE. AT EFEI, B TNRESIRNE pe = hja, T2
FHIERESE N Ee ~ h%/2ma®, o m AR T

BN TR AN w, S TIREIEE Evp ~ 3 Mw?6® (FEIRSIMRER, M NFE TR ),
O AT B A O BB BT . 24 0 ~ a B, KRIREERHRGC 2 A 70k, B

1 h?
~Mw?a® ~
g W 2ma?
5
m h
WAy —
M  ma?

TR THIIRSIEE S 0 T I TR REZ o

EmbthN\/W
E. E. \M
BRI H -2 2 Ao TR A AL BRI R, ATRAI B3k /T SREAE.
WS AR R THCON L, 7 T shRE>
2

h h?
~— >_ " Ja Mal EwhEs
E’(‘Ot 2JL(L + 1) (N 27‘ [CLQ?J a 71’F§ij L\i)
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e SiRshfe oy

Erot h2 m
~Rhw/—s ) —
Evib /Ma2 M

m m _ _
Ee: Eyip: Frot ~ 1 ,/M MNl 1072:107*

o AT R IR R =AM RA B, m/M > 1074,
Hl

TR

LTI RE > RSO RE > SRl fE
X =R SO I BE R AN ZE AR SR, T DA = iz shir (Dl T Ab B

2.2.3 5y i A FVRRAE

PR —RBAMEGIU: R T iash ST sn AT, BTN R e R ROE 2 A
.

w = welectromcwvibrmﬁion"protationwspin
E=E,+E,+E, +E,
E.> E,> FE, > E,

EATWRER RS FFMRR, FroVERTAT A BIACEE, gl 2w A [l B 1 1) i R i) /2 3
W NEipsIR

B LZEILAR

IR RE RN kT = 200cm ™! B TS EE R 252 15000em ™, RN B R 2544 1000cm ™!
FHEERERZEL) 10em™", HHERER 2L 0.01em ™!

o3 B RE T DA I

E=FE.,+E.+E,+E +Ey+E;
Hih B, 2T B @0 THEneR: B, 20 FIRaifeR: B 20 7O mi-1-3 6
B En 2O THENGE: B 24 TRARMEREEGE. 276 kE T2 WERA T B 76
. ﬁﬁmﬁaﬁﬁn%mﬁﬁéﬁzwﬂmﬁﬁ HH?JFZJJE‘EE%HI@E%H HRIELN, H RN BRI
AR 2L, P DAGIE BT AR A TR IRBI AR AN B R AR, X = A
H
E=FE.+E.+E,

ST NERI T RERE . IRERE RS RERE S B T, BTATEAR RRARASZ [ ERIT 7 AR

IR v (HBEER) ATRAS AL
- 1 v hv EQ—El - ~ ~
V=—=— = :V€+VU+VT

A c  hce he
H b = 6.626070040 x 10734J - 5, ¢ = 2.99792458 x 103m - s~ 1,

MRPEFAE Py K2 T INBEZANSE, aTUARS 0 TIei i e s el . IRseil i 161
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2.3 MFHErat A GRS R B

o HeEfE: [ —IRBNAS AR Zh BES Z AN RIE By A i e o

AR RERZETE 107° ~ 107°eV (1072 ~ 10em ™) Z ], HEBBRIEFTRIOL T I8
R, B ARK 25 ~ 500pm Z 8], (L mel o el X . aifeshei e 20, &
AU W T X B RES 2 1] Y BRAT

o JRENIEHE: [l—H T WA RIRSNRER Z A BRE 7 A e«

T IRSIRER M RERE2EAE 1072 ~ 1eV(10° ~ 10%)em ™" Z[A), HRaNGHEHRK AT IELL5h
FIFPLLANX . i TARBIERAE Y [R] I 2 AT . e shiskaE . B ARSI G35 S B AR ALE
BRGNS WY —XHRSN BB IR BRAT , ity o i B — AR e IR BT — X sh BE g

BT
o BRI LSBT DR AR S BTRAELT AN X, BHAREH R SO P 51
i,

o L TOEIE: A TAEA R T 1A Y BRAE 1 1Y o

HITH T RESURE BE2EAE 1| ~ 20eV, FiT AR TOGIBRY B A AP AT LK (100 ~ 800mm )
WAREIN T WG . FE> T A A B T RESURIE R [RIIN), — e [l I Ry IR Sh AL Sl S
AERIE, BrPAM TGk R I AL, SRR, . AN AT AT [ TR
ZIBIERIE, Y A AP AR N WU Y T X RS RE 2 Al R AT

2.3 PePfirint RGRE A AN E

i e RGAL T A SRR R AR W RGAL T RPN RGNS, BG4
THRPHNS, REAARET RN BUR %2701, Rl

1
P, = —e Pbn

VA
Hp P, FR ARG T n M RERAIARE,
1

Z:Ze_ﬁEn’ B=——F
— KgT

2.3.1 B RS

BRI (R TREZR)
R T HIRESCA

1

TRIEIR AT 5 n RERAIER

Pn = le_’BEn — le_ﬁ(n'i_%)th — le— thu.zo 6—’!’Lﬁﬁw0

Z Z Z
s s ! Bhwg n =22
_ —BE, _ —Bn+YHhwy _ —250 —Bhwo _
Z= Y e Y e < Y () =
n=0 n=0 n=0

y
H

= 1
nzzoxnzl—x
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% = % »TriEit

P,=(1- e_ﬁhwo)e_”ﬂh‘*’o

A,
(1) FREEBT, 8= op, =0, P 1, W, BMSHHEERS;
(2) MGEELT, 8> 5o, B

HARSHAE

em ™ Kp = 1K = 0.695039cm ™!

2.3.2 eghngmEoa

—NEEARZ A, FHhESAEIF .
Ej=BJJ+1) g;=2J+1

1 1 5
fr=—gse PP = — (2] + 1)e PP/
Z

s ZT

2.4 Mo Fiaiis i

TE - BAE SE A DA 5 BRI BOFTER R I Se i D e gl A e
HAtiz 3.

2.4.1 [ E s O WP 51

BT R AT, RIASE . BATE e A2 EE o0, RIMBGS MM 8] Y B
B PRSI ST TR A O B PR RN e

2.4.1.1 Wy e g i

BAPIARLT, RN ma Mome, P& ZIEIREEE] re 2REER . BERI BTG O AR &
Ozyz W, TERCARTR 28 P B o s A e ) Oy T AR A 0 1 o RARIC . BEES O My il OMy
SR A e SRR (BRETY) RIETCOLIIE L, H

miry = mara

dl

BERRARXT T O SIS 1

2 2
I =mqr] + maor;
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2.4 MR T T 04 vkt ) ek

FIAL LR

mims

mi1 + mg

— g2
I =mr]

WA ER T, MR RMNT O S fmsE L sshis, X
i, F AR TR LTI E5% O fONEE FAEIE we 30, Azl L 985S M 2 [h)
MR AN

|L| = miririwg + marorowr = [wpr

YN
|I_:\ = mrgwR
HI, 1R REEER vr = wr/2n IF LAZHRROR | D] TR L TR 1.

TEFUDARR R T, RGBSR H HSe Feshbe
1

H= ilw%
MfashEZR N
L2 L?
oI 2mr§

BAEFTHE R ETE R B SR m, 5 O RURFFE E RS re #9—MBARL T DAF 8
JE wr %8 O SEESII AT, L R MEARL THIX T O i frshi.

2.4.1.2 feiAHE iR
TEB T2, S 1 s e s T RE AT N
jjz
21,
Hop Iy = me? BEEERE, BAEEG m BRI re DU T4 TR T
S (37 B [ B
H R 0T A L2 I ARAE )y
L2YM(0,9) = J(J + DEYM (8, ¢)

oI e TR RE R AR T AR
ﬁrat : YJZM = ETOt(J) : YJJW

Hrot =

H R AN
h? h?
Erot(J) = 270J(J+) 82[()J(J+1), J=0,1,2,--
HHA
Rk h
Cdrnly 82y

B P s # 4% (equilibrium rotational constant) , ‘B RAMRATELA . T2, H KA
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HH
Erot(J) = BhJ(J + 1)
MBEER A B .
F(J)= htc( ) _ 87TQ[OCJ(JJF 1)=BJ(J +1)
Hrp
B=B/c= h h

-~ 8n2lpc  8m2emr?

F(J) BB E 0

2.4.1.3 EFEEm

Y1 = Yetuhynr RIEE] o = ethyth yrpp

Yo =YM
pioe1 = (o)

o = | || weviwgapitcsbodndnar,

Horr /i B dipole moment operator.

define permanent dipole

fio = JJ@Z}E U ety dred,

1173 i R W 2 i 0F v P i 1V R i S s 1
WOERINE T2 B 731 N FAT AT

po1 = Jl/{*p Mo v dry

B!

Uw=a-Zzoxcosb

H12 X J'Y}/[ - COS HYJ]\IdeT = J’YJM(CIY}'/Fl + C2Yj]\/4+ll)d7-r = 015]’J/,1(5M7M/ + 625J7J/+15MM/

Hrp

12 —m? (I+1)2 —m?

cos 0Y;" = Y™+

R EhBRAT i g -

(1) Gross selection rule : permanent dipole i # 0;

m

a2 —y - al+1)2—1

(2) Specific: AJ =+1,AM =0, BIRREEETERE, HABMHAE 1 H LA ERE .
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2.4 MG T 5T oy thit 2k

24.14 HLIBAR

Quantum

number Energy

J=4 20B
8B
J=3 12B
6B
Et J=2 6B
4B -
J=1 125 2B
2B
J=0 0
J=1 2 3 4
l | 2B | 2B | 2B
0 Y —

Relative
population

ge-20hkchIkt

7g-12hcBlkt

o-BheBlkt

3 2heBlkt

1g-heBikt

Intensity

4
&B
3
68
2
1B )
ZB.%' J=0
JeT=0«1 1«2 23 3«4
2B 2B N 2B
2B 4B 6B 8B
Energy

[#] 2.1: Rotational levels for a rigid diatomic molecule and the absorption spectrum that results from A.J = 1. The
energies and relative populations of the two levels are indicated on the right. The transitions are labeled by the
upper of the two J values involved. Note that the degeneracies of the levels have been taken into account in the
population, and the intensities of the lines depend on the relative populations.

s BURF4r TG sl R AR J — J + 1 BTz, ARl

— BhJ(J +1)

Fh EF 7 A
e T HERE N
hV—Erot( +1) Erot(J) :Bh(J+1)(J+2)
= 2Bh(J + 1)
ULk
v=2B(J+1)
RS, A5 EAEMANBOR S 2R MM B,
-
i 1 B
p=y=-=2-(J+1)=2B(J+1)

FEIE 2 PR U RE REAIR G —
AT ] DA B FAH B AN B em ™" IBRIT RS2 225K 15 .

p=F(J+1)—

=2B(J +1)

] AU T4 TSl SRS 2 G 3 B 2B, 4B, 6B, - - - .

Bhes TAREAS A S5A 1 — A

F(J)
= B(J+1)(J +2)

39

— BJ(J+1)

F em ™ AL B I BOR R, FIEDABAAEN em ™ 1R

B, WO o o

J=0,1,2

H 5%



[IRECSEIez 2P nadeilEl R B E)

WS IELLT
fr=(2J +1)ePEs

TR A RGBT A R B = h/8m2emr? K54 I AR 4 T R A R B R
k.

2.4.2 ERIE ¥ s

RERRAYSE g A B, MRS TR AU 2 5L SIS EARTE T BN FISEIEE ) S8, T
M TRORI, PR BE T A BN I 2 R ) E R AT, WL TR i
i A I AR PR AN X RSO TR B, PSR AT Sl EAE L B,
THREZ AR B R & P B0 1A B Ae A .

R T S TR S Y SR WA S, BN M TR R A R D, R IR I A
TR, EREAR SR

o DREH T WIMERE THL P GBSy, IR TAZ TSR R ot s A B 5

o TEFEENARET, TR T RO I RE N ASAL , AL R EERT B T A2 B Y )

WL
JEFAZ I B0 7R B T A R R AR AR T R Y [l 2 AP, R
s = f = f = k(r — 7o)
X, ro @ THPFEAZIAIA kR EL. mTshfmshiaE M = 1w, A
k(r —ro) = pw’r = Iw?/r = M?/Ir
T, Feahid A R R ] AR R 1
2

r=17r9+ T?‘?’k
MR R B e )2
M? 1 M? 1, M*
E=T+U="++k(r—m)?= —k
* or Tkl ) = o m sk

W% (Taylor) A (14+2)™" =1—nx+- - BIFEE r, A

1 M2 72 M2 172 M?
2—{7’0—1— ] —7“0_2[1—1—} —7“0_2[1—2 ]

r ursk pror3k pror3k
1 M?
r% urgr?’k:

RAREERIRNX, HMLPr ~ro, 155

g MLoB L e
2u [r3 wrdrdk] o 2p%r%k 2urd 2uPrSk
= LJ@H 1) — LJQ(J +1)?
8m2urd 32mtp2rSk

Bhee TARfER A S A H—— R AT 40 BB




2.4 SR TF 5Tt et 3 ik

TR AR PR A A B A e Sl i T e

3

h
F(J)=Ej/hc = ——5J(J+1) = —————o—J*(J +1)?
(/) s/he 8miurge (J+1) 32mt p2rfke (J+1)
= BJ(J+1) = DJ*(J +1)?
. h h - h*
H he ¥ B = = 1] LI — - D=—_H
HhEEh AL 8urie %wtﬁmﬁ%?mﬁ FE, T EE wﬂﬁﬁmﬂﬂﬂt

WIPERE TR IR . JERIME R TR IS B AU TR SEIG kB W2 AT = +1. 4%
MRSV E N, Fesleig i ik 2kl F o
v=F(J+1) - F(J)=2B(J+1)—4D(J +1)3
BEE R TR T A, L RRZHIAS /N BrA, ARRIVER TR AR S GG LU I 1
TR T ER
I~ Iy(1+al?

« small correction factor

7?2 7?2 72 . 1?2 .
A Y ) R
21 20p(1+al?) 2Jo

FERIT 11 =1 -2 +a2% 2 <1

Hrot =

HoYM = E;vM

F(J)=BJ(J+1)— DJ*(J +1)*

D centrifugal distortion constant.
spectrum: J — J + 1

p=F(J+1)—F(J)
2B(J+1)—4D(J+1)*  J=0,1,2,--

increase J, spacing decrease.

MICTERTANI S B, B SRR AOGIER AT AL D, D S pvig#an . JEmfERaE.

2.4.3 Fegpeikm il
2.4.3.1 MBELG51- PR Eh

EARNEE BV, 2 TRFESDEEARRITERS TR, BT DAASERRAR 2 D (kT
HERHFER, B2, miT DEMEE AR/, HXHRZELRR, Brid i EEGEE AR
EIERE P RATH . FEBCIE ) R T A A R 8] B R R SR T A TR . — i B2
ISR ORISR (HREOR ), AERRSRIA G ST T sh w8 B, s I
R R B R AP A ] B
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2.4.3.2 WA T R

TEA SN IAAAERS, T TESGEMSN R A EAR N, 7 T RYRsheiig s &4
it , XANIR RS ve (Stark) RO . F X — R AT AMER I E 20 5 RO EEAE, LR
TET AN H) o3 AR A T A 2 ) 52 T

eSS, ATDALERT, 7 T RSB

2,2

_ E p ,
E;=BJ(J+1)+ SE2 A'(J)

A, JE—HUe i TANIAAERG TER IR, B RIAME, ptii, A'(J) 25 JAxX
MR FEAMEIAETS, A J RERE] J + 1 REBRIT NS, WOt TIvRERE N

_ E2M2
7 =2B(J + 1) + =5 A()
B, A(T) WRRNEE. SEASNEIARE AR, BT w8 g | ik L 8 2
_ E2M2
v = =S A)

X, B AIANBEA SN 0 THEDGERS, BB i, A(T) v A3k,
X FER R R R 1o
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2.5 BT o Ty thikah ik

2.5 Mo Figaidesheig
Rl 25 T —FhAE R B B S St

2.5.1 WE1-5r 19 g Fi

S BT, PABRIRAR PR R AU T+ NERiz s i e

[10 ,0 1 1 9 . 0 1 0 _

T2 Lgarr ar + ﬁsin@%smeﬁ + 2sin? 0 062 Vi + V(r)in = (E — E)Yin
RIS, BEERS . ARSI RSN NS, FECRHRS L S T 5. FE
ARG O R, 0 F ¢ BRI DAE IHEEL ik EnTfEfeh

RI1d ,d
_ﬂ |:’l“2d’l“r d’l“:| ¢zn(r) + V(T)i/)m(T) = Ev¢zn(T)

A Yin(r) = o(r)/r, ALK, 153

2 2

—;;ﬂwm+w0%M—Ewmo

SR AU T4 ARSI R L. T B THAG . WETAT (S T) 1F

TN E R, S B R A TR T I 8 . SR TR V() R

PIER, BATT SRR AT, AREVREN A E A 0 (r) AHREIRERR B, . TR IR RS )
SBREEAL, SEHI TR PR

2.5.2 i TR

PIAS P AT ASE I— A TR RAE T PSR A A 6E V (r) A ME,
e FORPIIRE T RIS .V (r) B/ IMERAE P T2 8] B2 B BRI R A BRI
R R TSR B (B T3HR), XAIR R T2 B W 25 | AL V(r)
PR R U R IR B 5 R o V() BRI B s

=
=]
]
[
L
3.0
25
20
Re R VieV 1.5 |
0 : 1.0k
0.5
0 J
0.1 0.2 0.3 0.4 0.5
WDE... Rinm
Pl 2.2: BURFA FHHREMLL. ROBIRTRINMBEES, ReIET-0. fVHAHEE, SUST5 T4 e

AT AITADCN RE R I 22, (A R PSR S AN BE A 2 B 1
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E(R)

|
|
|
‘FIEE
Pl 2.3: XU T THREMZ, ERE TR, R @FAETMA. Do SFERE, MEPIR, 24

PRI T Do fiER, IRAENMAHRARILITIE T, WM T2 BIF 7. De — Do RIEIR T HIZE A
fiE, XA —EAEN. BreMEERe R Do g 1, o7 Deo

Lo ARKIE, MR T RIBCAAEAEM, V() @ —MEEE, FATRBX MErE A iRy
B 2 BUNEE, V() T —1/70 AR XS RS RLR T . 2 AR
AEPAGEP T Y HL T RO D PR BSE B, V() SRR, 2 e = re RNRBIRUME, RSETHER,
o B,V (r) MAEREER K.

MR ZR IR, MBI ZRAHME r = re WREPEGE. r=r. HFHPHE
JE Vo AE2SLpy PR I TR T RE , R EMI IR T BT R i S Ry B . Vo AOZSU(EB
K, T iBdesE.

IR A ERUIMRIE IR, XTI REML V (), AIDMEPH A re AL 2R EIRETT,

2
V(r)=V(re) + (?;)re (r—re)+ % <a‘ll7"‘2/>re (r—re)? + % <(§:§>TE (r—re)® + -

= V() + V() =) + 5V ) = v 4 V) =)
o H—TURHOE . BURTA UL, AERARINECE, IO R R A V (ro)
Bl V(ro) = 0;
o HETWI V(re) = 0. “PHZIMEEA I BE 2 RE R I ARAL, RIS REINAMVIMERS, SECNE:
o WU T AR . AT, ol TR DA R T Bk 5
RV (r), HI .

Vr)= iV”(re)(r —re)? = %ka

Horfs
o kRACE I SRR, BB SR AN T AT (3L B B K B R
J1, BALE N -m
o RN E TR A R B
o T =1 — 1o FRIRENNE FIIEE r AIXETAE BB re 10751k
BREBRRL V (r) = Lka? (RASRSHBER SR, RIS
Wy = Nye 92 H,(q)
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2.5 MR F 4 F 4y AR ik

o

° q= Vbr;

o b= 4wzﬂocu/h;

o Ny 2IH—bHEE

o viEtRalE T, BRI v=0,1,2,-- . #HILETIZETIERTERA n TR, ik
SR EER TR v, 28 TR vibration — iR MFERIE, R IR FZRIUR A I T v
X8

o Hy(q) RIEKZTR, HEMILNHFERRRE Ho(q) =1, Hi(q) = 2q, Ha(q) = 4¢* — 2,
H3(q) = 8¢ —12q.

RE R ANMEH 2
E, = v—l—1 hwo = l—i-1 hyy = 14—1 hcry, v=20,1,2,---
2 2 2
~ 1 v > NG — P [EYARNY B > N2 v ~ 1 k
Hr vy = N e RPN R AERER ARG T IO B AL, 7o = 5 — s
e .

FrPARBIRES 2 Ty Mo =00/}, R E, AETE, XEnEmE N,
PR R R R, T2
Gy =22 = (v41)s
(U)——}—[C‘— (U+2> I
TEN g2 é(v) WeFR AYRShI (vibrational term value )

2.5.3 EEFEE]

FEIRENAE R BUCA BT BT A, BREDEE e E N Av = £1. FHFEREETEE
o, iR W ORI 2 AR, MRHAR R 7, T HOR AN Z, B ABCA TR3h
S (BedRzh? itk ARSI ? IE2UUREMEARIOLT?) RIDLiESEEEEN, 2071
Mov BERERIER] v + 1 BB, WO TR Z

P=Gv+1)-G) =
XA, RHEA—ABUR 701, MR TR B IR GIER HA —FE 4.

?/)1=ll)e><¢v><1/1r><¢s

R H BE
¢2:¢exwv’ X¢TX¢8

op O

(e) _ _ 1o I RC I
i _ue(Re)Jr(aR)Re(R Re)+2<6R2)Re(R R.)” +

transition dipole:

(Wrlahpe) = Hw:wmwewdndn
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electronic transition dipole moment:

Oue(R)

_»eR: [ edTe = 62Ade: e(Re ‘ Re
fo(R) = | wissedr, = | fPidn, = pe(Ro) + S50 (R R)
electronic permanent dipole

- ‘|- Oi(R) .

H12 ~ J¢’U |:u€(R6) + OR ‘R:Re (R Re) ,¢v’

= (R [, + g(Be) | (R~ Ro)wdr,
= cg(Ro) [ 05 [Vothwms + VT F T dr

:C\/>9( )vv 1+Cg( e)\/m(sv,vurl

Wb [Yipdry =0 (v#0), R~ Re =i = c(a+al)
RN PR
(1) %E R=R.
(2) Av =41
harmonic
a. Av =+
b. hwo > kpT 1 fEAERZS

c. single transition, 0 — 1,fundamental

# 0, electronic dipole moment must change with vibration motion.

anharmonic

0 — 2,0 — 3, overtones.

254 AR T

KRR, DR T RIRSDEIEH AR A — 584, Ml — RIS L . XFR
B fe 1 iR A2 U5 B R T ) R B A e I TR B T, SREETIBIE. L,
FREREIT U i = i -
V(z) = %ka + ék‘lch

AR AR TR
FFXAFREFRAMNAIRSBEE TR, B2 RERAMER
2
E, = <v+ ;) hevg — | v + > xhcrg

X, xR AERIER R XA
2
G(v) = Ey/hc = (U + ;) vy — <v + ;) X0

Av=+1,42,43, -

N

e N2

R MPLH 2 R, FR T 0T REAERE RS, FroAE RN I B A RS BR AT
BRAETEMIRENES I K 0] ERSRER 0], HIMOA,
7 = G(v) — G(0) = (7 — xi)v — xv*
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2.5 MR F 4 F 4y AR ik

BB AR A 7 — av — b (0= 1,2,8,--) B8, ol a= 50— i, b=
X0 o
MIRBEIHE T, FATH ASAG 20 M EHEE . BRI T e i i
WOMARESRE. IRk RO AR R — D RS EoE N
kE=4r’idcip = 4n*(a + b)*cPu
Kb, o M0 RATAXFHSLE, W ANRIREE A5 X, SRAREEF L
x="0b/(a+b).

2.5.5 [l #2001

DA, IR MAFAEF AR . AT i T =BG, Tk
SE AR SE R O B AT 0 A AN 52 R BER U 2, Bt AT R S B R A s B e As . #E
AR AET S, 2 TRIIRSIRAIF KA

2 1 k 1 k) -
To1 e E / e a =Vm/p2=p
TERER TR, T RAZZR BTG R ESBSR RS (0 1) miksiise

AD = Dy — D2 = Up1(1 — p)

BN AR A
FEARfT IR TR, (A AL B OGRSt Bk A ke |
B X2 = pxa, WIESEH -HES (0 1) MFEGRVEZ

AV =11 — Dy = (Do1 — 2x1001) — (Po2 — 2X2702)

(D01 — 2X1901) — (pPo1 — 20*X1701)

(1 =p)[1 —2(p+ )xa]o1

XFE, I p il o1 (FEMRREIR TR 2 x1) SRIFRIGIENRE A, sk, mFEMENE Ap
K5 po

256 fiRifE

BT RE R A e iR, RSE 737 AB R U IV ) R R T A R B TR B BE A
AR TR TRt 22 TEIRTT R M 28, e REZ Y AP 2 e AR TR, BT ATE
BRI TR oL MAEARTRIE IR TR, AHSBIM BRI IR I RE R 222

AFE = Ey41 — Ey = heg[l —2(v + 1) x]

kA iste  BEEIRSNRE TE 0 RORIIEIN, IRSNBEGCZ AR AN TS /N e 24 AR A i
AIPAAHHHRB IR BIER O 1A E—e . WA MBIk RES & T4 vp, T
AFE = E(’UD + 1) — E(UD) =0
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% = % »TriEit

&l
AFE = Eyy1 — Ey = heig[l = 2(vp +1)x] =0
5
1 1 1
vp = — — 1=~ —
Py 2x

B E—SERE T x EE R 1070 B, W up IR LR Y.
BT — MU B TR B R AT RE R, ARG RS RE . 1CAE De, RI

1 1\?
D, = E(vp) = <vD + 2) herg — (vD + 2) xhevg = vphery — v%xhcﬂo (2.6)

1 1\*

= 7hC]/0 — —_— th]/[) (27)
2x 2x
1

— ~ hei 2.8)
4x

I EEe KRR EAEL, o FMEREENRRE S
Do = B(vp) — E(0) = [~ — 1) oo 2.9)

Hy 73 TS 2E AR RE Do FIDEIEAREIRE De 7352 4.48eV Ml 4.75¢V

2.5.7 LRI

Dissociation Energy

/—__

Morse

Energy

Internuclear Separation (r)

MRS R, WA 0o A x, HEMHES HERIRE. (B2, RAAERIER TR
ARG RASLIAH LA 10% A5 . JREAE T IERIER T AR — ok T35 68

Bhes TR A 54 TE—— A 48 BB




2.6 MRT o Tk FH L

AL ZRIA, EHAERARSSRE SR L A B A . AR NSRS (Morse) #aEH
B ARSI AR AP AP SR . SR RERYIE U

V(r)=D.{1- e—a“—’“e)}Q
HRATRBEEE R, FRIAILAER 2

E, = hw —) — — =0,1,2,---
v ()(’U+2) 4D6( +2)7 v ) Ly 4y
wo = a\/2D 1
ESJUY: 2 )
By = @ B h*wg
2 16D,
vibrational term values:
~ Ev 5 1 B 1
G:R:Ve(v+§)_ye)(e(v+§)2a v=0,1,2,3,---
Ve
D. =
Ay

B !

2.6 AUET5r TP e il

I RGN SEIEM SRR N % BT SRS S B eSS LA, B
¢:¢e®¢v®wr®ws

MRS B — RIS, RS E A A e,
LR SEIRBI M), S ANIRSIRACEAT B E DL, rot+vib, JHRS FR AR PR

E(w,J)=GW)+ F,(J) = (v + %) — xe(v + %)2 + BvJ(J+1)
B, =B, — ae(v + %)

& rotational vibration coupling constant.

E’(z/, J) =ve(v+ %) — UeXxe(V + %)2 + [Be —a.(v+ ;)} J(J+1)
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1=2 3 [ 4

S S
i
S
L

1=2

1=1
1=0

P Branch Q Branch R Branch

Fig. 6 Schematic diagram of P, Q, and R branch transitions

Generally absorption occurs at:

(Av = +1,AJ = £1)

(1) (v,J) = (v+1,J): Qband, forbidden, because AJ # 1; #EFHREFA KA IKIT .
(2) (,J) = (v+1,J +1): Rband, mIEH-ENABRIES) B kLB REL

(3) (v, J) = (v+1,J —1): Pband, hshRES KT 2R Sl RELL ;

hve > kpT = initially all population in v = 0. ]!

R())=Ev=1,J+1)—Er=0,J)

Ur(J + 1) — ig(J) = |ADg(J)| = [3B1 — By + (B1 — By) - (2J + 1)]

3BI_BO>07 BI_BO<07 %%Jijt7 AﬂRvﬁ/J\

|AD,(J)| = | = (By + By) + (B1 — Bo)(2J + 1)

—(Bi+ By) <0, By~ By <0, W% JHK, Miiup HiK.
e e !

~ th a 2De
Ve = = —

‘he  2mc W
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2.7 HCI

ha?

dmep

VeXe =

2.7 HCl

2.7.1 HCI vibration absorption

R

28 ZR T T

2.8.1 a4

WZE T T8 N ET

o MTLILZ T 1, $NER 3 F3f 2 ML B, T A 3N — 5 FifRahiiist;
o MTARKIEZ T+, WHNER 3 AP 3 MBI H M, T4 3N — 6 Fliikahf
e

2.8.2 gy g EEEX

WS 3N — 6 MRS H B ENARE ¢, 02,03, asv—e (—BUHBRABEAIR, KH
WARKR ), XTI RERRECE V. X 3N — 6 AR RN G 2 i 2

3N 6 dq 3N 6 3N 6 3N—6
H=T == ; — ) ¢ ; S (210
v ( ) ( %) “ra E: E: (8%&z>qqk+ @10

i=1 k=
Horr ﬂfWLﬁ%%ﬁAﬁi
FIPAIER], 2803 24 i e 4o

3N—-6

Q=Y Tjig Q.11
=1

—EREREHRE —AUBTARYS Q1, Q2, Q3. -+, Qan—e, TERXAUFTALIRH, W PAZ I 7 g AE Rl
AARAR (HR3h H L) T —FiREh 5. w%tﬁ%&%mmﬁ%?ﬁﬁﬁﬁ W2 5o
THIIREN AT AR M TR TR G, 0 T BIRShG Si

1 3N—6 dQ 3N 6 3N—-6
H:T+V:fz ( > ZkQQ ZHZ- (2.12)
i=1
Sl EAEh, TS REMFE, 58 BN - @Aﬁﬂgﬁ%ﬁﬁ
Hii(Qq) = { Vi + }sz? Vi(Qi) = Ei(Qq) (2.13)

BRI — RS ) FEE IR, BB S — AR Qi XA RSB RR A IE N
7, (normal mode), @ #ii21ENJESNALAR (normal coordinate) .

R, —DNEIEMZ R T TS RE DS A — 2 WHR S A, AT W] DA
S 5 A R RV IR ) Ak B 5 SRR AR — b IE MRS Ry P B o e R — PR A
A, 3T BT T2 DA RE R AR S35 HP A R B BT AR S AR X A R s et
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K = = 2\ ¢ ~
% = F T REER

ARFEAIR ), T4 — LN ARARAR 2 23 b B S =S AR R . BT B RS2
FEAAIE MM IR I LR B, M8 T iR st U B A i1 5 1 BieA I WA &

fRshE R, o TR ARSI ZUAME M (IR-active) , 1073 T A AR A AR
ARSI VA LLANEE (IR-inactive) o QISR TRAMFRYE, IBAIXS T HIIA IR
275 EZLLANEYER TR AU AR RS 173 T I RS A 20N

XF ] B 1 AT AR T IR A A, B EAELLAMEHE T Il R R IR B 4L
H RAIRBIXI PR, dEmiahE ik H g, S0 T RS S . B2, XTRE2Rn
T FERERIFRIERARE 21, BT e REh IR T LB, AR 2RI, (4
RGERIARNRE, NMEA RS SN SERR R AL, AF T S AR F A I
TH, WAEEAIRZLIMERE RS R BULTPARFEBUR R . MR R, R
ZIET 0 THRSESRZE , (B, AR, 4R M TR RSE T 24
M ERIRSNAT — I S LR BRI L o, A B T A AR Sl i i] DA . AT
LR AR X LR i B A O oM, RPN o b A IR LSRR L ], DA S SRR AT T AE 1Y
(=T8I

283 5 FRRANIER
S TR AT DL KK

fhéidiah Il B e s SR O e RIS AR B A A AR AT B A N A AR AR I IR Bl T
Ko HHIIRBN LI NSRRGSR SOS PRI BN, X FRAh i sh A 5R — A AR T SO
f4iREN -

—fRAEOLR, ARG IRE B TR T, BTPAE MR IR, FE 1300 ~ 4000em " {5,
PO ESHRF AR X o X PR ZAZE IR S AR/, St nl DAHIW 7 i A e s A 2
il

R R AT KR RS IREN Iy, 4 A P 2 U RS S 2 R

RS T A KA A, BRI AR, J5E 400 ~ 1600cm " Y. 7EX—[X
SR B G BB A, X ARBIAER L A R A TR AN AL, AT
LK I LR T A A, BT DA SRl BE A F 80K, i T DA SR R 343 T 45 A R
.
2.84 5> FIREIIRIE

Gt TEMASHS , 25140 PR 3R 09 BB BT DA R4S TE DR Sl i o e 7

3N—-6
Y(vr,va, -y van—e) = [ wilv) (2.14)

Hoh o A TIUSIRBIE KB i 5 T8 « AN TENHREER iR, S FTER RS T

B2 i
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2 PR Y IR W e s AR AN E RS S, BRBIE R A
3N—6

(01,00, ,03n—6) = [ ¢i(0:) (2.15)

W TR R VUG, AR SR § N IENIREI RSB 25—k s, R

3N—6 3N—6

IT wi0) = w;0) T wi(0 (2.16)
i i#]

H HaX—BRAT R W R LLAME RN, IR ARRIBRIT NS IR B BT . BRIE B i iy
T REREDAIR (B Fm, TR J RSB, Rmh

1 1
(0 + ) hvyj — (1 + 2) huyj (2.17)

W, voj FRNER § ARSIV ES . X — 2T TiiE, —BH A IE— DRy, flan
C Oy B HALLANE ) EI .

9 AHEM— N IENIRSIA, AR R TR (GER e Av = £1,42,---) R HE
BRI PASL, AT RE MR (v =0) BHABRBR ERIT . I X e BRaE BT 75 ZER SO L 119
v = (D — xi0)v — XPv? (2.18)

TEX0 = 1.0 = 2f 0 — 3BTRS IE 0o = (1 —2x)%. o2 = (1 — 3x)2%
o3 = (1 —4x)300. HTIEEMHEE x RN, oA o2, o3, - HAZ 001 19 2,3, 5. XHp
R — BB ISR S v > 1 RBGL, AR ) WP 2 B A s i g i 500 . &
PP BRI

3N—-6 3N—-6

[T ¢i0) = ;2 T i (2.19)
i i#]

3N—-6 3N—-6

[T ©i0) = v;3) [ w0 (2.20)
@ i#]

IR SOo )—HH o = 517.69cm ™", FEAER— A=A 1535em ™" o RT3 BE I 7 Lo
WU BB D

B A0 T TR A 1M ] IR 1 T e A DA T APy AR, B

3N—6 3N—-6
IT ©i(0) = wi)na) T wio 2.21)
' o

WS F IR Do + v, XFPEIRG IG5, Bt SOx KIA — 4G4 1655em™t, B2 H
P ESH 517.69em ™! Fl 1151.38cm ™1 £H &1 i
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V2

6 = F H TR

o

e HELC SRR ATt AT R A AR R R R AL I A RE B S TR, [ E
DR [l iR sh A A

3N—-6 3N—6
wi(1) TT ¢i(0) = (1) TT #i(0) (2.22)
i#] i#l

X AR T SO G T AR A T RIORN K R B RE = 22, B Dor — oo LA SO2 R, 77
EH LW 845em ™1, B REFAESN 1361.78cm ! Fl 517.69em ! 125,

ZIERT o, B R, A ZEAER R O TR IR AR, F AT AR . 2
AR B AR B 5 SR BE T, R S R ARSI BRI, AR

y F~-H

) B8 Ul 83 THT L 2 355 ) £ A A B AR BE 5, X — IR 2ok (Fermi) LR
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28.5 CO, #il¥

Symmetric C-O
.=.=. v, Stretch
! t Bend
“ Vi
E E E Asymmetric
.=.=. Vs ¢-O stretch

Fig. 1 Vibrational modes of CO,

Bree TARER A 54 TE—— A I 55

H 5



% = F 5Tk

2.9 Wtk

2.9.1 I 2= va-Res e

#2250 JE PR (Frank-Condon Principle) J&f%[E 4 #24 % James Franck (1882-1964) #iI3
[Py 327 5¢ Edward U. Condon (1902-1974) 7£ 1926 4E42 Hif . o 25 w-HEE SR L2 R Afid 431
W TR ERIEAT R, SEMRRAR BT P AR i . AR RS, YO T s
R FAZ RS & AR F P, AT AR IR T AZ ) sh & BUE #f IR« FEf Tt fi gy, iy
ARAEWA, JE TR RSN SR RS M . R ok R 3 S RS AME A
JWIJT%‘J?E’JEE? BT AT REA PR IRBIAERS, XHT R BRI IR B AR AS T & H & 38 1 %
PR, TDAFBT B T RE RS ASE B AR BT . 45500, 4 EVE TR R Y i RBP4
PR BN BEGL ) pR A S SRR s R, XA BRI BRIE A A R e K AR BT
BT H 1 = dgdu, ERITF] Y2 = b 5o BTHTEL ¢y MIRINZ du, AEHRETHARS
be HITRBSHIAMEL, WA TIES oo BITREISHAERERRIT, 0 ¢y, = 0, Pt o

A
Electronic

7 -
"4 excited state

Energy

>
Nuclear Coordinates

Fig. 2 Franck-Condon energy diagram

Vel 2.4: bR IH 22 5B IR B R B R . B ERIT R IR ROBE S /N TR B3, IRsERIT A S Kk
TER TAZ A S /N b, B R RIS E E‘u{iﬁﬁ} The electronic eigenstates favors the vibrational transition
v’ = 0 in the ground electronic state to v/ = 2 in the excited electronic state, while peak intensity of v/ = 0
to v/ = 0 transition is expected to be low because the overlap between the v = 0 wavefunction and v/ = 0
wavefunction is very low. X T 5G5S 1~ vo BRSNS RS [ (7 B IS T vy RSN AR &
%, PR ESRIEARAR R . X T BESH T1E vo IRSNESAY I RECS R 07 B AU S T v IR3D
SRR R/, Hm eI BT ER AR,

- Jwgm Rt (r, R.)dr J L (R)W!(R)AR
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2.9 wF ki

UMY EE DU ARESERB Y, X MBI IR R 95 22 58 -FEE 248 (Franck-Condon factor),
&l

2

Franck — CondonFactor = H VLaldR
i 22 pe- S U T RSN XA BRI BRI DTk . S T RS ORI AR DTk, RN ETS

FIRBNEA S LA EA LR E S (overlap)
PA R 32— [l Frank-Condon Principle JEH A 52 PR3]

H

P
>
—_—
-

A"

Energy

Binding Energy

.
>

Redrawn from data of Sharp, T. E,, Internuclear Separation
Atomic Data, 2,119 (1971)
Fig. 3 Photoelectron spectrum of the ionization of H,

Pl 2.5: FEBLRES TETHEHEOEER, BB T 22 w-BE8 iR . It shows the appropriate
energy curves and the vibrational energy levels, and with the help of the Franck-Condon principle, the transition
between ground vibrational state v/ and excited vibrational state 1/ is expected to be the most intense peak in the

spectrum.

2.9.2 BRiLiieh

HL %% selection rules

Frank-Condon principle

~ 5 N 1 N 1
E= el Ve(v + 5) - VeXe(v + 5)2

~ - - 1 N 1
E' =g+ vg(v' + 5) — Tpxe(v' + 5)2

AR RE R AAE (9,v) — (e,0')
BRAE & MR SIS IS TR BRI 1 B -
if heve > KpT — v = 0 RGAEHEAMAEIRSEA R

2.9.3 EHEM—h 2= vi-Hess R

T2 (9,0=0) = (e,V)
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b = Yg(R)hv=09r1)s
AE BN, HhREX RRERRSE T, TR
Y1 = YgPuths
Y2 = Yehyr iy
TR

ﬁzzqz‘f‘z’ = —GZFj-FBZZkék = fie + fin
: j k

(1)) =1l fielb2) + (Y1finltb2)
L4 L TR R TR
(ll2) = (gt ) = | G003 e + i) brodradradr,
R ETRRS, f

<¢1ULJ¢2>=:J#ﬁ#ﬁ#ﬁﬂh¢%¢u¢%wﬁkd7ndu
= J w;wedTe J Tﬁ;ﬁnwwd% J @%/de
=0
A
[ wpuedn. =0
b TSR S A

ST T A
<¢ﬂﬂJ¢ﬂ==J¢§¢5¢Q%d@¢wwyd@dﬂﬂhg

= J 1/):1/)1/037'” J ¢;ﬁewedTe J' w:ws’de
FE SCHL TFERITEARE  (electronic transition dipole ) :
foe = | 03B R)dr, = e R)
T T AL AR R AL
T R F % VA S A B T, J5 34 2 virontic contribution
o 0fye
Nge(R) - ,uge(RO) + dR R:RO(R RO) +-
condon approximation: fige ~ fige(Ro), BRI — %k
T2

<7/}1 ’ﬁ’”t/f2> = ﬁge(RO) J¢Z¢s'd75 J ﬁ%'d%

ey 22 - R AR (BB 2258 - BRI « S = [ ) _o¥wrdry
TR E N -
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(1) W FIKIEHEAHZE (non-zero electronic transition dipole) ;

(2) #Wp2EF-FEREAANE, PR IE T 922 58- B S R4

(3) HTFHENLKAEZ.

56T RANE IR ECE R SFSIR 527, A RAEEIFRARE RS,

2.9.4 Jp>%vi- s PR TE
ARART— AN PR EER W] DA — 4 58 45 IE A U AMIE BR AR K B

=D bu(t)lén)

ﬂZZI h(,d(] > KBT Ej‘a éj\?quE¥%}J/m\
[%(0)) = [thg) ® |dv=0)

b(t) after excitation o< ||

[1hg)®bu—0) = lightexcitation = [10e)® > fro—o,ur|$ur) ox [the) ®Z —owrlBur) = 16e)@buo)

v'=0
Hr,
S; 0,0 — <¢v’|¢fu:0>

H
> (v |dv=0) - |¢v) Zm (D] dv=0) = |pv=0)

A OLAE 3 == - FEE I B R -TRACTR BRI T, W TP AR B AS . (H2 RO @ AN
RS AFHRAMES T, FEPAML R BRI -

2.9.5 Wy

HL TP N (electronic selection rules )
(1) angular momentum selection rules (linear molecules)
(2) sate-symmetry selection rule
a. molecule with a symmetry
b. state-symmetry selection rule
o molecule with a symmetry plane containing fige. + — +, — — —
molecule has inversion center (i) transition dipole operator is odd.
polyenes
(3) orbital selection rule (with HF approximation)

HOMO LUMO
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2.9.6 W PRFHNA

X R 2 GRS AE — L8 7 BRI A -t RE UL B 55 1 SE R R 2, FL T BRO AN
WAL R & . JECH A RSN “vibronic” — a2 P SCEARIYR SN “vibrational” FIFESCHL
+ “electronic” —iHIAFI. T R—AZETRLSE, /PR RESH B FENER TR
HL A0 T J [ 5 o [ R S A B A . i TSR Ir R R R (B IKiE,
AR WOGH A X)) oK TR A A W BT B f 2 B i (IRShIRE, R AELL A |
—SERRRUR T L TR AR O6T) WBE WU IRSAS R A ERIE o X4 o R A
T HL T RE AR BN AR B U Y LT ERIEAR R HL TR BN BT (vibronic transition) , R[] B A7 AR HL T
BOE ARSI BT, Wi 7 A E R TR & (vibronic coupling) . "I EI IR RLZ 7
T Al BT A A RS A ) A T IR BN ERGE

Electronic
excited state

Electronic
excited state

Electronic Electronic

ground state ground state
Vi
Vo
No vibronic coupling With vibronic coupling

Fig. 4 Pure electronictransition and the electronic
transition couples with the vibrational transition

2.9.7 Spectrum: displaced harmonic oscillator model

2 m

Hrp

i #% >~ Huang-Rhys factor.
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2.9 & F 8

2.9.8 kPRI vd-HES P

o 22 - OB I B T AR H) T I e R TP ) R 23 T L T BRIE . In this use of the
Franck—Condon metaphor, the vibrational levels of the chromophores, as well as interactions of the
chromophores with phonons in the liquid, continue to contribute to the structure of the absorption and
emission spectra, but these effects are considered separately and independently.

Consider chromophores surrounded by solvent molecules. These surrounding molecules may in-
teract with the chromophores, particularly if the solvent molecules are polar. This association between
solvent and solute is referred to as solvation and is a stabilizing interaction, that is, the solvent molecules
can move and rotate until the energy of the interaction is minimized. The interaction itself involves
electrostatic and van der Waals forces and can also include hydrogen bonds. Franck—Condon principles
can be applied when the interactions between the chromophore and the surrounding solvent molecules
are different in the ground and in the excited electronic state. This change in interaction can originate, for
example, due to different dipole moments in these two states. If the chromophore starts in its ground state
and is close to equilibrium with the surrounding solvent molecules and then absorbs a photon that takes it
to the excited state, its interaction with the solvent will be far from equilibrium in the excited state. This
effect is analogous to the original Franck—-Condon principle: the electronic transition is very fast com-
pared with the motion of nuclei—the rearrangement of solvent molecules in the case of solvation—. We
now speak of a vertical transition, but now the horizontal coordinate is solvent-solute interaction space.
This coordinate axis is often labeled as "Solvation Coordinate" and represents, somewhat abstractly, all
of the relevant dimensions of motion of all of the interacting solvent molecules.

In the original Franck—Condon principle, after the electronic transition, the molecules which end
up in higher vibrational states immediately begin to relax to the lowest vibrational state. In the case of
solvation, the solvent molecules will immediately try to rearrange themselves in order to minimize the
interaction energy. The rate of solvent relaxation depends on the viscosity of the solvent. Assuming
the solvent relaxation time is short compared with the lifetime of the electronic excited state, emission
will be from the lowest solvent energy state of the excited electronic state. For small-molecule solvents
such as water or methanol at ambient temperature, solvent relaxation time is on the order of some tens
of picoseconds whereas chromophore excited state lifetimes range from a few picoseconds to a few
nanoseconds. Immediately after the transition to the ground electronic state, the solvent molecules must
also rearrange themselves to accommodate the new electronic configuration of the chromophore. Figure
7 illustrates the Franck—Condon principle applied to solvation. When the solution is illuminated by
with light corresponding to the electronic transition energy, some of the chromophores will move to
the excited state. Within this group of chromophores there will be a statistical distribution of solvent-
chromophore interaction energies, represented in the figure by a Gaussian distribution function. The
solvent-chromophore interaction is drawn as a parabolic potential in both electronic states. Since the
electronic transition is essentially instantaneous on the time scale of solvent motion (vertical arrow), the
collection of excited state chromophores is immediately far from equilibrium. The rearrangement of the

solvent molecules according to the new potential energy curve is represented by the curved arrows in Figure
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7. Note that while the electronic transitions are quantized, the chromophore-solvent interaction energy
is treated as a classical continuum due to the large number of molecules involved. Although emission is
depicted as taking place from the minimum of the excited state chromophore-solvent interaction potential,
significant emission can take place before equilibrium is reached when the viscosity of the solvent is high
or the lifetime of the excited state is short. The energy difference between absorbed and emitted photons

depicted in Figure 7 is the solvation contribution to the Stokes shift.

Energy

Solvation Coordinate

2.10 praeslEl
2.11 by

TESCRI B UG A — SRS, A0 XS R A BRSO 2R L, e R AE U m &
KA “PLEEUNT AR —EPR IO AT R R R, P B0t 2 TR TR e
RAEARE AR R IRSD (Ban: R EEah s, (s n @i miRal) , REHe R
RACRIE . PR A A E T RO SR, ANF Tl ksh i 77 28—, ] RA
PHERFEBURITHUNE, HOERARC “RBOGHE", W] DA IS 5] 2 B S5 14 23R
Ko FUEEHER AP T TR, 2 TR RS s RO TRER B MIETR
A A2 T ] AE AR T 2051 IR 73 RETE AL AL 21 T DLJE ORI . [N 6 A & ek Ve 4051
TEANTE, BT T AR 1A -
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Scattered Radiation
Py Stokes

Incident Radiation
Pa

(a) i i i

Stokes ,' [ (b)
/ Anti-Stokes

PLZEE 75 AT R AR AR, 4 T IRIGE s RE R R A RSN BUE R shikaE, 7
AERERAS/NFDG T, RIS veR . 2 ASDG TR S B AU SR A FHRUN R, 77 AR R
KT, RIS wefm i
VP M T R SRR . WA AT 5 IR SR A 52 30R 1 Stokes
YT WG AL TR 27 TRl =4 Stokes Y& T4 L2 1. WL B4
W 2 2P 1H Stokes Y1, X — IR
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3.1 BALidde TR : YAy 1 e By

XA T R B T RS R ES, IR A5 & — MRS, AR AL
R TR [7-81, WA R

\J

[#] 3.1: Potential Energy Surface of the displaced harmonic oscillator.

Hg = |g){glhg + |e){e|he (3.1
/\[4:'
p° 1 2 9
=—+ = 2
hg o + 2mw q (3.2)
p2 1 2 2
Xt he JBIF, B
p2 1 2/ 2 2
he = Iweg + [2m—|—2mw (¢° —2dg+d )]
= hWeg + 1mw2al2 + i + 1mo.:2 2) - 2d
= Neg q mw”dgq (3.4
2 2m 2

HE d X AN E.



% = ¥ BER TR

WA PAREAT TE R A 5 TR AT &

-1 wm wm
Pz(\/hwm> P Q—( h)q D—< h)d (3.5)
o= (Q-iP)  a=-(Q+iP) (3.6)
V2 V2
Q= \}5((1T +a) P= \/Zé(cfr —a) (3.7)
TR, f
hg ;hw(P2+Q2)=hw<Ta+;> (3.8)
i%:m%y+erl+mﬂQ—Dﬂ]
= ey + " (P +@* ~ 20D + D?)
= fiweg + %th2 + %(zﬂ + Q%) — hw@D
_ 1, 2 tyy 1) o D
—M@+2m0—Hw<aw+J ¢§(+w) (3.9)
HrpEHREE LH
A= St = ShwD? (3.10)
S R BRL-FHITI T
1 7% 2_'mcud2
S—§D =5 3.11)
T
he = hweg + A + hw <aTa+;> — hwVS(a' + a) (3.12)

3.1.1 BALidde B!

To describe the theory behind the optical spectra in terms of transition energies and intensities,
we use the harmonic approximation. The system in its electronic ground state can be described by the

Hamiltonian for a harmonic oscillator
Hy="—+——2?=(ala, + = )hw (3.13)
Hrp ag Qg JI A3 TE LT /u\LEﬁy&djlu\EﬁﬁgﬁE%n(EDE%fq‘

1 mw h 0
BV T was)
1 mw h 0
~ 5! [P/ 2 (3.14)

WER IR RE R KT EREEAGE, B hw > kpT', WIHER TR EIRSIAEGEA N Sfla R HES
10g) -

For a large molecule with several internal vibrations, the deformation pattern in the relaxed excited

geometry projected onto the complete set of vibrational eigenvectors defines a coordinate shift gg for each
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mode and a vibronic coupling constant g

mw
=4/ 3.15
g o 10 (3.15)
The reorganization energy can be written as a function of the vibrational coupling constant

where S is known as the Huang-Rhys factor.
The creation and annihilation operators in the displaced harmonic potential associated to an excited
state are related to the respective operators in the electronic ground state and the vibronic coupling

constant:
a;[ = a; —g 3.17)
e =ag— g (3.18)

According to Glauber [42], these relations allow to express the lowest vibrational level in the

electronic ground state by a superposition of the vibrational levels in the excited state:
10g) = e 9°/%¢ —gae|0 —92/22 \/>|]/e> (3.19)
As aresult, all Franck-Condon factors (v,|0,) can be read off as

(Ve|0g) = e‘92/2(\_/9;)! (3.20)

so that the relative intensities in the vibronic progression are given by a Poisson progression.

The overlap between a displaced oscillator function with quantum number v and the quantum number
1 in the ground state potential was first discussed by Franck [43] and later by Condon, hence named the
Franck-Condon overlap factor.

The Franck-Condon factor describes the overlap between two vibronic functions, one in the electronic
excited state |x”) and one in the electronic ground state |x9*). The relative contribution of different
vibronic sublevels to the optical excitation of the monomer is given by the square of the Franck-Condon
overlap factors, which can be obtained (see Appendix A for details) using the operators stated

S = (XX = 02 MY (C1)rigrtr i)

VIR A TG D)l — D)

When the transitions start from the lowest vibrational level |x") i in the electronic ground state to

(3.21)

an arbritary vibronic level | ") in the electronic excited state, the squared overlap can be expressed as

2 g8
Sige = [ (XX = 72— = P () (322)
!
3.1.2 WE-Falli 1
Starting from the expression!
[X0) = e79°/28 | 309) (3.23)

1Linus Gisslén, Influence of Frenkel Excitons and Charge Transfer States on the Spectroscopic Properties of Organic Molecular
Crystals ,2010
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we derive the Huang-Rhys factor S),,, for transition between an electronic ground state in vibronic level

w1 and an electronic excited state in vibronic level v, by studying the overlap between these states

S =
v X60>

v
2 1
9 J) g /269agX90g>

T )
Xgu( — 792/229

gOg >
Xgog >

= V| ] e e T )

A ! poin~ 9" i
=7 ;i!(u—i)!(_g) Z;)k!<xgu‘(a;) +k‘xgog>
e i (—9)"~ Zi k< W‘\/_k?‘ 9(k+z>
Vi Z,:Oi!(y—z')! P

N m(—g)m (5_ z-)!\//I<><~"’“‘\><g“>

=

< o

e—g2/2 min(v,u) (71)V—igu+u—2i'u!]/!

vipl il —a3) (v —1)!

7

(3.24)

3.1.3 Franck-Condon Overlap

S5k
o Daniel Herman, Electron-phonon Coupling in Finite Multi-chromophoric Systems

Now, we derive the value of the transition dipole.?

(1) The nuclear overlap for the zero-zero transition (1|1/)) can be calculated quite simply using the

definition of the Gaussian form of the harmonic oscillator wave functions.

The zero-point wave function in the ground electronic state is

1/4
) = (9) e~ (@—Re)?/2 (3.25)
7r
The zero-point wave function in the excited electronic state is
= (2)" etz (3.26)
™

where

2https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Map’3A_
Physical_Chemistry_(McQuarrie_and_Simon)/13%3A_Molecular_Spectroscopy/13-07._The_Franck-Condon_
Principle_Predicts_the_Relative_Intensities_of_Vibronic_Transitions
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mw
o X = —(—

h
o R, is the equilibrium bond length in the ground electronic state
o (). is the equilibrium bond length in the excited electronic state
° Qe —R.=d

The nuclear overlap integral is

oo
<I/0|U6> :\/E 6_0(1—35)2/26—11(1—@6)2/Qdaj
T J—0
\/E (™ ot 2R B 2 ole 200t QD)2
“\ = € celve ete)/2dy
T oo
:\/E 0 e_ax2+a(RE+QE)m_%dx
T J—0
o [ _a[$2_(Re+Qe)z+%}
=4/— dxe
T
e'e) —a[ m_ReJrQe 2+(Q6—Re)2:|
:\/E dze ( ) 1
T oo
Ze_a(Qe_Re)2/4 L Joo dxefa(z’%f
T —00
:eia(Q(i*Rﬁ)Q/‘l (3.27)

where we use a Gaussian integral function

J e~ dp = \/? (3.28)
oo o

2
(volvp) = e 25 = =512

Then,

(3.29)

() (volv1)

The first excited-state wave function in the excited electronic state is

1) = (i) v V2a(z — Qc)e 7= Qe)*/2 (3.30)

The overlap of zeroth ground state level with the first excited state level is then

( 0|V1> = \/EJ €_a(I_Re)2/2\/%(.CE — Qe)e—a(z—Qe)z/de

T J-—co

- \F\/ﬁj " (= Qoo R 2l Qe 2gg
n —00

- \/a*/ﬁe_o“(m‘@e)z/4 - J (2 — Qu)e— (= "59%)" gy
T —0o0

[ [ [ Rt ) | (e Q] oy,
T —0o0

2 2
where

ro g2ntle=az® go — (3.32)
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Then,

2
(|} = — %6*5/2 = —V/Se™5/2 (3.33)

vilv)) = a7 2 — Re)(x — Qo) @@ Re)*2gmalz=Qe)* /2y
D=4/ Q
oo 2
::vﬁl.ga.e—aU%—QdW4J (@ — Ro)(x — Qu)e—(e="5%)" gy
™ — 0o
_ \/E o0y . o—a(Re—Qe)?/1 1\/?_ (Be=Q)* [«
T 200\ « 4 «
2
:e—MQrRaW4_‘WRe;Qk).eﬂﬂ@rRaW4 (3.34)
where
Re + e 2 Re - e 2
(0= R)(o - Qo) = (o= Heb Q) (2@ (.35)
J 22e= gy = % 3;- (3.36)
Then,
) = (1= 8)e /2 (3.37)
1

3.2 AR T I BT EERL . 2 o) TR g BB

Butkus, Valkunas, and Abramavicius,J. Chem. Phys. 140, 034306 (2014)

Various models of a set of molecules coupled to continuum of bath vibrations were developed within
the framework of the perturbative system-bath interaction expansion.46 The system then includes the
electronic excitations and bath (vibrational subspace at fixed temperature). The bath is described by the
spectral density function, which represents auto-correlations of the electronic site energy fluctuations due
to the environment. The most popular model reflecting a molecule in a solvent assumes the Brownian
particle-like fluctuations.47, 48 This model is usually sufficient to obtain proper spectral lineshapes in
simulations of systems without well-resolved high-frequency vibrations. Such vibrational modes can be
introduced by adding a §-shaped or finite-bandwidth peaks to the bath spectral density function. The
d-peak does give ever-lasting coherent beats in the coherent 2D spectra,49, 50 while in the case of
finite-width peak, decay of the beats is obtained due to pure dephasing.51, 52

However, this method has two deficiencies.

o First, it neglects the effects caused by quantum-mechanical mixing of the vibronic levels of different
molecules when the vibronic splitting is comparable to the intermolecular excitonic coupling.

o Second, it does not include vibrational population relaxation as the vibrations are assumed to be in
thermal equilibrium at fixed temperatures. These could be important effects when the coupling to

vibrations is strong.
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It is based on the Holstein-type exciton—vibronic Hamiltonian with a multi-particle vibronic state
basis.13, 53 A single vibrational mode per chromophore is included explicitly. Extension to multi-mode

case is straightforward, while cumbersome.

321 sy A

Let us start with the displaced oscillator model of a molecule. It dictates that the Hamiltonian of a

single (say mth) molecule in an aggregate can be given by
s E—, H
o =tiom (W + 3 ) 07"

- [mm (bjnbm + ;) + €m + A — Bom /S (bl + b)) | |€™) (™ (3.38)
Hoeb bl 1 by 53 SRS m A5 TR A R SR 7 A A0 K B

Ground and excited state wavevectors for the mth molecule, | g™ ) and |e™) (we use superscript indices

for later convenience) respectively, in the space of electronic states of the single molecule comprise the

complete basis set, thus

g™ g™ [+ ey e =1 = g™ g™ =1 = [e")(e™] (3.39)

5 (339) SURA (3.38) R, HIIASAF Bl R FAHM %, 1
™) = B,lg™) (3.40)

HJeRIHEHN Bre T2, A

Hyp =heom <bfnbm + ;) + [em ¥ A — Tiom /S (05, + bm)} B! By (3.41)

This brings the vibrational ladder of states in the electronic ground state

(th)

l9i") = i 10) (3.42)

|0) is the vacuum state in terms of electronic and vibrational excitations.

FLAZRG, Q05— AT i B IR S A A

l90) = |0) (3.43)
B A TART TR RRENE kA

lg1) = b]]0) (3.44)
B TR T T RS IR BN A

195) = 10) (3.45)
B A TR TR RRENE R A

l97) = blj0) (3.46)
Bl TARLERS AN 5471 71 H %
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This brings the vibrational ladder of states in the electronic excited state

HARZG, R — A0 AT 75— USRS E S

le6) = Bllgs) = BI|0) (3.48)
H AT B TH R STIRE RSN

le1) = Bilgt) = Bib{|0) (3.49)
A T T TR SRR A

e3) = Bl|g8) = BI|0) (3.50)
A TR T TR STIRE S RSN

le?) = Bllgt) = BIb}|0) (3.51)

3.2.2 Zor TR B

The Hamiltonian of an aggregate of realistic molecules involves three components: electronic states,
vibrational structure for each electronic state, and the Coulomb coupling between all electronic and
vibronic levels. The first two are described by extending the Hamiltonian of a single molecule into the

space of a set of molecules assuming the Heitler-L.ondon approximation. 1

The Coulomb coupling between the mth and nth molecule is denoted by the resonant electronic

coupling constant .J,,,;, and the corresponding term is as follows:

N
Heoutomb =Y JmnBh,Bn (3.52)
m#n

Within this model, the Hamiltonian for vibrational aggregate is given by

N N N
H=Y" hunm (binbm s ;) +)° [em + B S — B/ S (b, + bm)} BB+ > JunBl, B
m m m#n

(3.53)

In this setup electronic and vibrational subsystems are coupled only through term (bin + bm)BJan in the
Hamiltonian. It thus induces the shifts of electronic energies by creation or annihilation of the vibrational
quantum. Otherwise, electronic and vibrational subsystems are independent. The basis set is chosen
accordingly.

The other basis set is possible by using shifted vibrational coordinates in the electronic excited
states.55, 56 However, our approach gives convenient form for various matrix elements and allows us to

easily incorporate the environment as shown below.

Similarly to the electronic aggregate, we get bands corresponding to electronic states, but now the
ground state |g) of the aggregate is not a single quantum level, but a band of vibrational states. Thus,

there are states with all chromophores in their electronic ground states, while vibrational excitations are
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arbitrary:

|g(i1i2-~~z’m~~-iN)> =

C [ )
g1%>:7giﬂﬁ [0} (3.54)

Here iy, is a quantum number of vibrational excitation of the mth molecule. Thus |g;" ) now denotes the

electronic ground state of the mth molecule being in the ¢,,th vibrational level.
HARZEBIN, RGN THRGE N =2, N
o l9(00)) = lgogp) = 10): FARBINFFEAETHFETS, RSN IBA TR
o lg010)) = |gtad) = bI[0): FRWIAS THAL T THAS, 80 TR HE WA,
B AR TIRSNE L
o lgon) = lobot) = b110): REFINH FRATRTES, H— 0 FRASHES, H-
TR N — RS S
o lgan) = lotg?) = bibhj0): FRPAA THALT TR, R UEL TIRAF Wk
&
o laz) = lotad) = b5 (5)°10): FmmA THAT T A, B4 FARIE A
AR, B TR NE AR
The singly excited states are obtained by promoting one of the molecules into its electronic excited
state, while the other molecules are in their electronic ground states (vibrational states are arbitrary). We

thus get the set of states

[ )
|€n7(m‘2,~~-im~--m)> = (%, 1;[ 9¢m> = B), TL[I il |0) (3.55)

m#n

FIRELATI 4 T 258 N = 2 26491,

o leron) = lebgd) = Bi0): FRMATFIRRED, A THME T, WHELTFHTE
R SHARAS A TS 0 T T TESHIRSES.

o lero)) = lelgd) = BIbl|0): FRFiA TR, H—A0 THE T, iHATHETE
MRS ERSATE MES: BN TOT R TESARIES.

o leron) = lebg?) = BIbh|0): FEWISFIRRD, F—ATFHE T, W HATHTE
MR SRS T RS B0 T TR PRSI E LS.

o leran) = lelg?) = BIolb}|0): RAEWIH THFR, B0 THME T, T HAT T4
RIS L TE MES: B TAT R TRSHIRD S MES.

o lea o) = lgbed) = B|0): FRMATHED, H— Ao TATHTESHIRDES: 4
CABTHE T, THATE TS MR SRS,

o leao)) = lgted) = BIbl|0): FmWisFIRR N, H—A4 TAF i THESHIRE 5%
A BOAD TR T AT TE R SRS,

o leaon) = lgke?) = BIbh|0): FARFIHTREF, A4 TAT th THASHIRENIEA: 45
CASTHEK T, T HAT R TS MR SRS MRS,

o leaan) = lgted) = BIbibb|0): FRWIs TR, H— A4 TATF BT SRS —
RS B THME T, T AT RTS8k SRS RS,
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o|el(20>=|e598>=%3*<b*>2|0>: AR P, B T T WA
ﬁ{%{z{/u, \y&ljlu kk - {7%,(7/{&\ ) - %%Lﬂ: %%%/u%ﬂy&m%/u °

3.2.3 Z5r NIRRT G

The doubly excited states are obtained similarly,

()"
| frt irinin)) = |5l H g >=B,£B§ 7|10 (3.56)

m;ék,l
o State ordering k£ < [ is satisfied here.

o The index notation is further simplified by introducing the /N-component vector i= (i1ig---iN)

and the basis states can be written as |gz), |e, =), and |f,, 7).

3.24 BT

For electronic excitations we consider the dipole operator defined as
. N
P=> "du(Bl, + Bn) (3.57)
m
where

° Jm is the electronic transition dipole vector of the mth molecule.
o This form essentially reflects the Frank—Condon approximation where the electronic transition is

not coupled to the vibrational system.

3.3 Wy AR AR B R A R B A

3.3.1 M5 iAR

X

3.3.1.1 Wyt B JERIER

ST RSHE —HMAS EWIREIES, XHEHEEZE 1 1FEY: . Here DHO Hamiltonian trun-
cates the vibrational states at the n = 1 level and uses the ground electronic states’ vibrational occupation

number as the basis state. So the basis states are (direct product states)

|¢n> = |g77/0>’ ‘g,V1>; |€7V0>7 |€,I/1> (358)
The element of the Hamiltonian is

Hy = <¢m’H|¢n> = <¢m|(hg + he)’¢n> (3.59)
Bl TAEfEH 54 1E 74 H3r
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So the matrix form is

‘97V0> |g7]/1> |6,V()> |67V1>
(g,v0] [ 3w 0 0 0
, 0 3 hw 0 0
Hypo = 91! 2 (3.60)
(e, 0| 0 0 hwd + 3hw + hws —hwV/S
(e, 1] 0 0 —hwV/S hwd, + Shw + hwS

Under Franck-Condon approximation with vertical transition, the transition dipole operator is

fr = fo(le) (gl +1g)(el) (3.61)

So, we have

(g, vml|itle, vn) = o - Oury i (3.62)

which means the transition only happened for |g,0) — |e,0) and |g, 1) — |e, 1), that is

’97V0> |g7V1> ‘67V0> ’€’V1>

(g, 0] 0 0 1 0
v 0 0 0 1
=i (g, 1] (3.63)
<€7 VO’ 1 0 0 0
<67 Vl’ 0 1 0 0

3.3.1.2 Wy e i IE R s AR

However, the basis that is choose in previous subsection is not good since it result a non-diagonal
system Hamiltonian. We adopt the eigen basis for vibrational states at electronic ground and excited
state separately. |v) represent the vibrational eigen basis at electronic ground state, |’) represent the

vibrational eigen basis at electronic excited state. So, we have

19,v0)(90) |g,v1)(91)  lesvg)(eo)  lesv)(er)

(9, v0l(g0) 3hw 0 0 0
- (g, v11(g91) 0 Shw 0 1 0 (3.64)
(e, | (eo) 0 0 Tweg + 5w 0
(e, v|(e1) 0 0 0 hweg + 3w
now, the dipole operator is
fr- = fio(le) (gl +1g)(el) (3.65)
So, we have
(g, vnlitle, viy) = fio - (valvyy) (3.66)
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that is
19,v0)(90) |g,v1)(91) e, vp)(e0) e, vh)(en)
(9,v0[(90) 0 0 (volvg) (volv1)
. Agnl(g) 0 0 (nlvg)  (nlv)
fu = fio -
(e;vpl(en) | (volvg) (n1|vp) 0 0
(e;vql(er) \  (wolvy) (n1|v7) 0 0
l9,v0)(90)  lg:v1)(g1) e, vp)(en) e, vi)(en)
<97V0’(g()) 0 0 €_S/2 —\/?6_5/2
—5/2  Qy,.—5/2
. (g,11](g1) 0 0 VSe (1—-29)e 3.67)
(e, )| (eo) e=5/2 V/Se=5/2 0 0
(e, Vi|(e1) —+/Se=5/2 (1-— 5)6_5/2 0 0
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3.32 W&
3.3.2.1 il .
XFRFTFHREN=2,

1
H =hw, <b}b1 + 2) + [61 + hw1 St — hwi/S1(b! + bl)] BiB) + J12BIB,

1
+ hws <b£b2 + 2> + [62 + hwe Sy — hwar/ Sz(bg + bg)} B;Bz + ngB;Bl

[%#] 3.2: Potential Energy Surface of the displaced harmonic oscillator.

Bhes TAREAS A S5A 1 — A 77
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i B2

8L

EH

[1{g(00)!
[2{g(10) |
[BI{g(o1)!
[4](9(11)\

[5){e1,(00)
(6)(e1,(10)]
H =[7]{e1 (o1l
(8l{e1,(11)]
[91{e2, (00|
[10(e2, 10y
[11](ez, o1y

[12](ez (11)]

19(00))[1]
%hwl + %th
0
0
0

[9(10)7[2]
0
Shwy + L hws
0
0

l9¢01) (3]
0
0
%ﬁuu + %ﬁwz
0

0

l9¢11))[4]

le1,(00) (5]
0
0
0
0
%hwl +% hwo
FhwyS14er
—hwyv/S1
0
0
J21
0
0
0

le1, (10 (6]
0
0
0
0
—hwi/S1
Shwi+dhwy
+hwyS1+er
0
0
0
J21
0
0

|61,(01)>[7]

0

0

0

0

0

0
Shwi+3 oy
FhwySiter

—hw1v/S1
0
0
Ja1
0

le1,(11))(8]

0
0
0
0
0

0

—hwi/S1

%hw1+%hw2
+hwySy+ey

0

le2,(00)) (9]

o o o ©

Ji2

0

Shwi+dhw,y
+hwg So+eg

0

—hwa+/Sa

lea, (10))[10]  lea (o1))[11]

0 0
0 0
0 0
0 0
0 0
J12 0
0 Ji2
0 0
0 —hwo+/So
% hwi+ % hwo 0
S hwo S teo
o Shwi+ 3wy
+hwo So+eg
—hwa+/S2 0

lea, (11))(12]

0

0
0
0

—hwa+/S2

0

Shwi+3 hwy
+hwySateg

(3.69)
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HFETCREG], A (Hu)

Hi1 = (g(00)| H|g(00)) = (0|H|0) = %hwl + %hwz (3.70)
Her
(O[b1b1]0) =0, (0|1 BIB1[0) =0, (0|BiBs[0) =0, --- (3.71)
(Ha)
Has = (g900)|Hlg00)) = (0|b1 Hb}[0) = ghm + %hwz (3.72)
Hor
(Ofbr (b]b1)bT[0) =1, (0]ba (ba BI B1)bl[0) = 0, (3.73)
(0[b1(BI B2)bi|0) = (0| BiB2[0) = 0,  (0]b1 (blba)bl[0) = (0[blba|0) =0, - (3.74)
(Hi2)
Hiz = (g(o0)| H|9(10)) = <0’Hb1|0> =0 (3.75)
(Hss)
Hss = (e1,00)[H e1,00)) = (0| B1H B|0) = %ml + %7@2 + hwiS1 + A1 (3.76)
(Hse)
Hsg = {e1 00y | Her,q0)) = (0| BiHBIbB}|0) = —hewr /St (3.77)
(Hs7)
Hs7 = (eq 00| H |e1,01)) = <0|BlHBIb£|0> =0 (3.78)
(Hss)
Hsg = (e1,00)|H|e1,a11)) = <0’BlHBIbIb£|O> =0 (3.79)
(Hsg)
Hso = (e1,00) | Hea,00)) = (0 BLHB}[0) = J1 (3:80)
(Hs,10)
Hs 10 = {eq,00)| H |e2,(10)) = (0| B1HBb|0) = 0 (3.81)
(Hs11)
Hs 11 = {eq,00)| H |e2,01)) = (0| B1HBJbS|0) = 0 (3.82)
(Hs,12)
Hs 12 = {ey,00)|Hlea,(11)) = (0] B1HBIbb3[0) = 0 (3.83)
(Hgr)
Her = (e1 a0y Hler o)) = (0|B1bi HBIbS|0) = 0 (3.84)
(Hss)
Hes = {e1,(10)|Hle1,(11)) = (0] Biby HBIb]b}[0) = 0 (3.85)
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(Heo)
Heg = (e1,(10)|H|ez,00)) = <0|Blb1HB$|0> =0 (3.86)
(Hs,10)
He 10 = (€1,10)|H |e2,(10)) = (0| Biby HBIbL|0) = Jio (3.87)
(He,11)
He 11 = (e1,(10)|H ez 01)) = <0|Blb1HB$b£\0> =0 (3.88)
(He,12)
He 12 = (e1,10)|Hez,11)) = <O’Blb1HB;bJ{b£|0> =0 (3.89)
(H7s)
Hrs = {1 (o1)|Hler, 1)) = (0| Bibo HBIbIbL|0) = —hwi/S1 (3.90)
(H7)
Hq7g = (e1,(01)|H e2,(00)) = <0|Blb2HB;|O> =0 (3.91)
(H710)
Hz 10 = (e1,01) | H|ez,10)) = <0|Blb2HB$b];|O> =0 (3.92)
(H711)
Hz 11 = (e1,01)|H e, 01)) = (0| Bibo HBJDS|0) = Jio (3.93)
(H712)
Hr 12 = (e1,on)|Hlez,a1)) = <0!B152HB$b§b£|0> =0 (3.94)
(Hsg)
Hsg = (e1,11y|Hlea,00)) = (0| Bib1ba HBJ|0) = 0 (3.95)
(Hg 10, Hsi1)
Hg 10 = (e1,11)|Hlea,10) =0 Hs 11 = (e1,an)lHlea,01)) =0 (3.96)
(Hs12)
Hgg = {e1,(11)|Hlez,(11)) = J12 (3.97)
(Ho,10)
Hy,10 = {es,000)|Hle2,10)) = (0|B2HBJb}[0) = 0 (3.98)
(Ho11)
Hy,11 = (e,000)|Hlez,o1)) = (0|B2HBJB}[0) = ~hwa /Sy (3.99)
(Hg 12)
Hy 12 = {3 (o0)| H |ez,(11)) = 0 (3.100)
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(H10,11)
Hion1 = (e, 10| Hlea,01)) = (0] Babi HBbY[0) = 0 (3.101)

(Hi0,12)
Hig12 = (e, (10| H|ea,11)) = (0| Babi HBIbIDS|0) = —hewsy/Sa (3.102)

(Hi112)
Hitaz = (e, on)|Hlea,q1)) = (0| Babo HBIbIBS|0) = 0 (3.103)

3.3.2.2 fr—

MNFWpTHRAN=2, H
1
H :hwl <bJ{b1 + 2> + |:€1 + hw151 — ﬁwlv Sl(bJ{ + bl):| BIBI + JIQBIBQ

+ BBy + Jy BI B, (3.104)
ety - )
eb)
l91)
gy - 193)

P¢] 3.3: Potential Energy Surface of the displaced harmonic oscillator.

\9(00)>[1] ’9(10)>[2] ’61,(00)>[3] ’61,(10)>[4] ’62,(00)>[5] ’62,(10)>[6]

[11{g(00)! $hwy 0 0 0 0 0
21(g(10)| 0 3 hwr 0 0 0 0
- [31{e1,(00)! 0 0 ,élh;il —hwi/S1 Ji2 0
[4]{e1,(10) 0 0 —hwi/St hélh;}ll‘:_ﬁl 0 Ji2
[51(€2,(00) 0 0 Ja1 0 L +eo 0
[6]{e2,(10)] 0 0 0 Ja1 0 3 o e
(3.105)
(L& x|
P=d\(B] + Br) + dy(B} + Bo) (3.106)
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R (AR R 4 h
1900 (1] 19¢10))[2]  le1,00)[3]  lex,a0))[4] ez, 00)) 5]
[1]{9(00)| 0 0 dy 0 da
2]{9(10)] 0 0 0 d 0
7= [3]{e1,(00)] dy 0 0 0 0
[4](e1,10)] dy 0 0 0
[5](e2,(00)| dy 0 0 0 0
[6](e2,(10)] 0 da 0 0 0

TR, A

(fi12)
fi12 = (9(00)|]%‘9(10)>
= (O] [d1(B] + B1) + (B + By)| o}j0) = 0

(fi13)

<9(00 |P\€1 00)>

<\M@h3ﬁw&@+&ﬂﬂm

=d

(fi14)

fia = <9(00)’ﬁ’el,(10)>
— (0] |d(B] + By) + da(B] + B2) | b} Bl 0)

=0

3.4 RETHOTY

’62,(10)> (6]

S

o o o O

(3.107)

(3.108)

(3.109)

(3.110)

Andrei Tokmakoff” notes: Time-Dependent Quantum Mechanics and Sepctroscopy, Chapter 12.

Here we will discuss the displaced harmonic oscillator (DHO), a widely used model that describes

the coupling of nuclear motions to electronic states. Although it has many applications, we will look at the

specific example of electronic absorption experiments, and thereby gain insight into the vibronic structure

in absorption spectra. Spectroscopically, it can also be used to describe wavepacket dynamics; coupling

of electronic and vibrational states to intramolecular vibrations or solvent; or coupling of electronic states

in solids or semiconductors to phonons. As we will see, further extensions of this model can be used to

describe fundamental chemical rate processes, interactions of a molecule with a dissipative or fluctuating

environment, and Marcus Theory for nonadiabatic electron transfer.
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3.4.1 BHIGLRBIRSIA

Molecular excited states have geometries that are different from the ground state configuration as
a result of varying electron configuration. This parametric dependence of electronic energy on nuclear
configuration results in a variation of the electronic energy gap between states as one stretches bond
vibrations of the molecule. We are interested in describing how this effect influences the electronic
absorption spectrum, and thereby gain insight into how one experimentally determines the coupling of
between electronic and nuclear degrees of freedom. We consider electronic transitions between bound
potential energy surfaces for a ground and excited state as we displace a nuclear coordinate g. The
simplified model consists of two harmonic oscillators potentials whose 0 — 0 energy splitting is £, — E,
and which depends on q. We will calculate the absorption spectrum in the interaction picture using the

time-correlation function for the dipole operator.
We start by writing a Hamiltonian that contains two terms for the potential energy surfaces of the
electronically excited state | E') and ground state |G)

Htotal = HG’ + HE (3111)

The Hamiltonian for each surface contains an electronic energy in the absence of vibrational excitation,

and a vibronic Hamiltonian that describes the change in energy with nuclear displacement.
He = |9)Eq(9] + hy(q) (3.112)
Hg = |e)Ee(e| + he(q) (3.113)

For our purposes, the vibronic Hamiltonian is harmonic and has the same curvature in the ground and

excited states, however, the excited state is displaced by d relative to the ground state along a coordinate

q.
~2
S
hg = o + 5Mw"q (3.114)
3 PPl 2
he = o + 5w (¢ —4d) (3.115)

The operator ¢ acts only to changes the degree of vibrational excitation on the |E) or |G) surface.

These terms describe the dependence of the electronic energy on the displacement of a nuclear
coordinate q. Since the state of the system depends parametrically on the level of vibrational excitation,

we describe it using product states in the electronic and nuclear configuration,

"Il> - |¢elecv¢nuc> (3.116)

or in the present case

|G) = 1g,7ng), |E) = |e,ne) (3.117)

Implicitin this model is a Born-Oppenheimer approximation in which the product states are the eigenstates
of Htota,la i.e.
Hg|G) = (Ey + Ey,)|G) (3.118)

ARG TR P, — e T A T RS HIEASHBER, By, Ees Ji—

Bhes TAREAS A S5A 1 — A 83 H 5%




% = ¥ BER TR

0 d q

¥ 3.4: DOH

T FL T AIAL T RSO S IR TS e, RIS RARSIBER AR, he(a). he(q); T

JE M 5 R R A
g [Fothdla 0 (3.119)
0 Ee + he(q)

W —: FHEFIRESRRF, FAME—4 Frank-Condon 7{ll. This approximation implies that

transitions between electronic surfaces occur without a change in nuclear coordinate, which on a potential
energy diagram is a vertical transition. RJJRiE it JE A% ARSI ASA A AR U (SR A% R 5k
RNEEMAE), BRI EIREREA SR FAZTE K. BRI RR A

0 flge J .
p= (q g) = fige|g) (el + fegle) (gl (3.120)
Heg

Hrft (glfile) = fige-

LW WRGHSHE T TES (l9)(9]), WSSLETHPHE (1), B peg = 9) (9l @}
(4 Ee — Eg > kT 1)), ?%ﬁﬁﬁ*&%ﬁ%’*’fﬂ@ IS ) K R R
(

u(0) = (u()p(0)) = Tr {7 e 15}

= Te {3 (Figelg) (] + figled gl ) e~ F1 - (Figelg) el + Fiegle)(al) - l9)glof? |
=1 {eitt (ugerg el + Fiege) gl ) e H1 - icgle) o1}

=T {7

Meg#geeh |6 th | ><g|pzq}

Tr

- Tr{mge\%n%*hﬂ e HEE ) (g1} (3.121)

ESURXTEARGEWGE, FATATASSH T BGE ((9] - [9) + (el - [e)) FExf#A (Bath) By
e M GRAETEE, BroA i PRGOS RESIOE, T2, A

Con(t) = Trp {Trs { ige[2eFFotholte= i Eethot| g) (gl oia |

=Trp {(g|ﬁge|geﬁ Bo-thy)t o=, (Eethe )t|g><g|PZq‘g>}
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‘ng‘Z e (B Eg)t-<e%h9te_%het>
B

= |fge|* - e oot F(t) (3.122)

HAt weg = (Ee — Eg)/he XAER TBROEIIAR |fgel® - e oo AT Iy R 20 i o
T o I AN RBCHIBAIL K%L (dephasing function)

F(t) = (erhote=rhet 3.123

(t) = (eihatemihet) (3.123)

The last term F'(t) is called the dephasing function and it contains all bath influence to the dipole-

dipole time correlation function. Note that the electronic part gives the intensity and peak position of the

spctra, whereas the dephasing function give the “shape” of the spectrum.

The dephasing function has a time-domain interpreation, i.e. start from a equilibrium wavepacket,

the overlap between propagation by ﬁg and h, potential energy surfaces.

3.4.2 BAINLEABO A S 2t s

KT A FIRA LR L F () AR, JRATTH he 805 h

he =e 1% oy . en¥ = Dh,DF (3.124)
Hi D RZsal ER 845 (spatial displacement operator ), HJI
D = exp(—ipd/h) (3.125)
FAER R —EA (¢) FE=S ) A3 d iEs,
DGDt =g —d (3.126)

(3.124) = AFEEHZ LA K . Note p is only an operator in the vibrational degree of freedom. We can
now express the excited state Hamiltonian in terms of a shifted ground state Hamiltonian in eq. (3.124),
and also relate the time propagators on the ground and excited states

emthet/h — o= 3db . ¢~ it . 1P (3.127)

(3.127) CEMIZ AR, TR ’ﬁITU\E& 5H

_ <67dﬁ<t) .e%dﬁ(0)>B (3.128)

ot p(t) = eilot - poe it SEMISL (3.127) SUUERA. BUAERRATHE SRR F (1) B
MTFWEIRT, SRR p AT AS STHEFATRESC, B

p=i mzwo( —a) (3.129)

HampeCh, MgRE2 7T RRHN
]A)(t) - mzwo (aTeiwot . ae—iwot) (3130)
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(3.130) XIEHS WA K., T2, ILhHBAEECH

F(t) = <exp [_Zd . 'L m2 0 (d‘l‘elwot _ de—let)] exp [;d . Z m 0 (dT - &)] >
B

= <exp {Jeiwoth — Jefiwot&)} exp [—J&T + J&} >B (3.131)
Sofrd =d\[ " AR R R
eA+B _ A B,—3[AB] — praltua _ haf a5 in (3.132)
f
7 iwot 7 —iwot L 7 7 1~
F(t) = <exp (de OtaT) exp (—de 0ta> exp <—2d2) exp (—daT) exp (da) exp (—2d2> >B
— <exp <Jeiw0th) exp (—Je_i“’ot&) exp (—JdT) exp <J&) >B (3.133)

3.4.2.1 &REE
PAERE— 2% B — PR Y, BMREIETE (o > kT) , REALTIRSNBERWER,
ppd = lv=0)(v =0]. HFHEE/ERTRL al0)=0. (0laf =0, &
e0) = €0y = 10)  (0]e* = (0] (3.134)
R EAF I RBRITEE] . TRABHGLREL F(2) 7T AE— 2B ik
F(t) = e & <0 ‘exp (Jeiwotaf) exp (—Je—iwota) exp (-Ja*) exp (Ja) ‘ 0>
— <0 ‘exp (—cie*iwot@ WD (—cZaT ) ’ 0> (3.135)
JE I FATAT AR B TR AR T 0, (B2 AR A BT PIANEAT, TR AR S
B HTREAFANS, TR HAF A

eAeB = ¢BeApBA (3.136)

F(t)= e <0 ‘exp (—JdT) exp (—Jeii“’ot&) exp (—cpe*iwot[&t &]) ‘ O>

B e_dve(czze_moz) _ ed’Q(e—intil)

— D (e7iw0t=1) (3.137)
HAHE] (3.136) AR TR BN 5 % 2R a,al] = 1. D #5E Lh

D= = P (3.138)
7 2h ’

D J& Huang-Rhys factor, measures the strength of vibronical couplings, 7= IR i 1] i) 23 [6] A2 BEAT
X4 HF% . Itis a dimensionless factor related to the mean square displacement and therefore represents

the strength of coupling of the electronic states to the nuclear degree of freedom. reorganization energy

A= Dhwg = %mw%dQ
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The dephasing function determined the lineshape. Ofen we define lineshape function
F(t)=e9®

Horr g(t) B R ERIL iR
g(t) = =D (e —1)

WEBH—. (3.124) =EB: W PAA Baker-Hausdorff identiy jiF B 753
e‘Be ™ =B+ [A,B]+---
P -
R (3.127) RAEWD: RRTRGRIL, REIERE, 4 i WAHRTT, A
e%:1+%+%%+%@+~‘
$(3.124) 1A,
ehe = e~ idPerdp + e*%dﬁﬂge%dﬁ + %e*%dﬁﬁge%dﬁe’%dﬁﬁge%dﬁ + e

i g A P i
_e—wm<1+hg+2h§+gﬂﬁ+~~>eh@

AN 7 i n

ER=. (3.130) AEW]: A WFHIEN 7.
F—R MT YRR T, BiEREIEE IR, A

dao 1 . o dat 1 . .
i l—ﬁ[ g, ) = —iwoa T ﬁ[hg,aT] = iwoa!
fiftts,
a(t) = a(0)e ™! = ge™ ™t &l(t) = al(0)e™! = ale
T2
hw hiw . .
plt) = iy TS (@l (1) — (1) = iy [T (af et — qemior)
k.

(3.139)

(3.140)

(3.141)

(3.142)

(3.143)

(3.144)

(3.145)

(3.146)

S5 RIS AR AL, B RRER TR SR B TR RAT RN, by =

S . e
(N+§)ha)07 /E\:EPN:aTa7 ﬁ
e%i}gt Lhat _ ei(N—i—%)wotA —i(N+3)wot _ einotA

ae n ae ae Nwot

1 —4EE IR T T+ ST

A
Nai—aN=-a4 =  Na=aN—a=a(N—1)

T (3.147) KT FAF L E

ezNwot&e—zNwot _ dez(N—l)wote—zNwot _
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(3.148)

(3.149)

(3.150)
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TR R R RO, ATAR G R 1. T2, A

pihgty o —ihgt _ 5o —iwot (3.151)
X B,
(eiﬁgt de—%ﬁgt)* - (e*%ﬁgty af (e%ﬁgt)T = entolgfemnhot = 4T giwnt (3.152)

FHIE.
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3.4.3 4

A, KRR (3.122) kAN
C##(t) _ |ﬁge|2 . e—iwegt . F(t) _ |/«_de|2 . e—iwegt—g(t)
— |ﬁge|2 . efiwegt+D-(6_iW0t71) (3153)
To illustrate the form of these functions, below is plotted the real and imaginary parts of C,,, ().
F(t). g(t) for D = 1, and weq = 10wp. g(t) oscillates with the frequency of the single vibrational
mode. F'(t) quantifies the overlap of vibrational wavepackets on ground and excited state, which peaks

once every vibrational period. C),, () has the same information as F'(¢), but is also modulated at the

electronic energy gap weg.

D=02 D=1

9(t)

15 5 15 X 15
t(m t(m (T

F(t)

[
\\\‘
AN

15 1 15
t(m t(m

Cwlt)

) (M t(m

3.4.4 WO NG S g 2= vl R—REG T
WO L 1 R R B i A A3, A

e.¢] o0

w . . . .
I(w) — J dt - 6zwt . CMN(t) — J dt - 67"’*’t . |Meg|2 . Q_W’egt . F(t) — |Meg|2 . J dt - e'b(w—weg)t . F(t)

—00 —0o0 —00

— Jtteg? J O i S B L Z fn J dt - eilse—nen)t
-0 n=0

= |ptegl® - > f(n) - 6(w — weg — mur) (3.154)
n=0
Horboxt F(¢) 07 980, |
. . —zwot
F(t) = eD(e7™0t—1) _ D De~ot _ —D Z
= — D" —znwo —inwo
:nyﬁe b.— o ¢ Zf : t (3.155)
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n
M f(n)=eP- Z‘ +& Franck-Condor factor.

The spectrum fs a progression of absorption peaks rising from w4, separated by wp with a Poisson
distribution of intensities. This is a vibrational progression accompanying the electronic transition. The
amplitude of each of these peaks are given by the Franck—Condon coefficients for the overlap of vibrational

states in the ground and excited states

DTL
e P2

] (3.156)

[(ny = Ol = n>‘2 _ )<O|ﬁ|n)‘2

The intensities of these peaks are dependent on D, which is a measure of the coupling strength between

nuclear and electronic degrees of freedom.

D=0 D=0
4 -3 -2 - 0 1 2 3 4 5 6 7 8 0 05 1 15 2 25 3
60 T T T T T T T T T T T 15 —— T T
Isof E .
&
o
Baf B 05
Ex0f B 3o
=
s
S0k B -0.5
s
Zrof B -1 ——'Re Cyy(t)
— ReF(t)
0 I I I I I I I I I I I 15 I I ! I
4 3 2 - 1 2 3 4 5 6 7 8 0 05 1 15 2 25 3
(w-weg)/wso t(m
D=0.04 D=0.04
-4 -3 2 - 0 1 2 3 4 5 6 7 8 0 05 1 15 2 2.5 3
60 T T T T T T T T T T T 15 T T T T T
3s0f E 1
oA
2
Faof B 05
8
S30F B 30
=
§
S20F B -0.5
21k E
< T — Re Cyy(t)
N S | N N, ‘ ‘ ‘ L LT ReRd
-4 3 2 - ) 1 2 3 4 5 6 7 8 0 05 1 15 2 25 3
(w-weg)/wo t(m
D=0.2 D=0.2
-4 -3 -2 -1 0 1 2 3 4 5 6 7 8 0 05 1 15 2 25 3
50 T T T T T T T T T T T 15 T T T T T
3
840 1
@
z 30
g
£
§20F 1
e
20f ]
<
0 L L L | A A . L L L L
-4 3 2 - 0 1 2 3 4 5 6 7 8
(w-eg)/wo
D=1
4 -3 =2 1 0 1 2 3 4 5 6 7 8
25 T T T T T T T T T T T 1 T T T
3 — Re Cy(t)
820 B — Re F(t]
1 05 ©
5
RS !
H 30
= &
§10 A 1
a
5 -05
2 sk 1
H
<
0 L L L I I | A A . L L 4 I I I L L
-4 3 2 - 0 1 2 3 4 5 6 7 8 0 05 1 15 2 25 3
(w-weg)/wo £(m
D=2 D=2
4 3 2 A 0 1 2 3 4 5 6 7 8 0 05 1 15 2 2.5 3
16 T T T T T T T T T T T 1 T T T
SuE E
H » Re Cyy(t)
g 0.5 — Re F(t)
210F E
g
] 5
£ sf E 3o
=
S 6F E
a
S 4F E -05
22 /\ El
0 . | I I I | | A e - I I I I I
-4 3 -2 1 0 1 2 3 4 5 6 7 8 0 05 1 15 2 25 3
(w-weg)/wo £(m)

Pl 3.5: AN[A) B R D7 T i i

Now let’s investigate how the absorption lineshape depends on D .

The spectrum is a series of §-functions, each represents a transition to a different vibrational excited
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‘2

| #,

eg

\ D<1

D/l

2

D*/2!

e @, +20,
@, +

D>1

~

~

eg

F¢] 3.6: Absorption

state.
o at D =0, single peak |Oy) — |O¢);
o at D < 1, small displacement;
o at D > 1, large displace ment. width v/ Dwy, peak w = Weg + Duwy.
D corresponds roughly to the mean number of vibrational quanta excited in vertical absorption.
o For D = 0, there is no dependence of the electronic energy gap we, on the nuclear coordinate, and
only one resonance is observed.
o For D < 1, the dependence of the energy gap on ¢ is weak and the absorption maximum is at we,
, with the amplitude of the vibronic progression falling off as D™.
o For D > 1, the strong coupling regime, the transition with the maximum intensity is found for
peak atn ~ D.
So D corresponds roughly to the mean number of vibrational quanta excited from ¢ = 0 in the ground
state. This is the Franck-Condon principle, that transition intensities are dictated by the vertical overlap

between nuclear wavefunctions in the two electronic surfaces.

3.4.5 HmAlREMSIA

To investigate the envelope for these transitions, we can perform a short time expansion of the

correlation function applicable for ¢ < 1/wq and for D > 1. If we approximate the oscillatory term in
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the lineshape function as

) 1
then the lineshape envelope is
r+oo ) A o
Tenw (W) = |fteg” dtewlte=Wegt gD(e™0%)—1

J—00
r+oo

~ ’,Ueg|2 dt@i(w_wegt)eD[fiwot*%W(Q)tQ]
J—o0
r+oo ) s

= |peg? | dtel@mwes Do)t o=y Dt (3.158)
J—00

This can be solved by completing the square, giving

27 (W — weg — Dwy)

2 eg

, 3.159
Teno (1) = |tes Dz P 2Dw} G159

The envelope has a Gaussian profile which is centered at Franck—Condon vertical transition

W = Weg + Dwp (3.160)

Thus we can equate D with the mean number of vibrational quanta excited in |E') on absorption from the

ground state. Also, we can define the vibrational energy vibrational energy in | E') on excitation at ¢ = 0
A = Dhwo = ~muld® 3.161

= 0 = 5mwp (3.161)

A is known as the reorganization energy. This is the value of H. at ¢ = 0, which reflects the excess
vibrational excitation on the excited state that occurs on a vertical transition from the ground state. It is

therefore the energy that must be dissipated by vibrational relaxation on the excited state surface as the

system re-equilibrates following absorption.

D=0.2 D=2
-2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12
60 T T T T T T T T T T T T T 20 T T T T T T T T T T T T T
Ssof 9 3
e r L0 i
o T w15
ERUS 1 a
£ [ £
e [ A
9 <
£30f ] Eof ]
c [ c
S 2
a0 ] a
[ [ ]
Z1of E 2
ot 1
-2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12
(w-weg)/wo (w-weg)/wo
D=25 D=5
-2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 -2 -1 0 1 2 3 4 5 6 7 8 9 0 11 12
20 T T T T T T T T T T T T T 12 T T T T T T T T T T T T T

Absorption lineshape (a.u.)
Absorption lineshape (a.u.)

-2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12
(w-teg)/wo (w-eg)/wo

Vel 3.7: ANla] g R PR 1 1 R i i
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S S EHT

346 SOk

In FL, We assume the vibrational relaxation is rapid, thus the emission is from a quasi-equilibrium

population on the excited-state potential energy surface. Thus

po = |e; O¢){e; O| (3.162)
and
Irp(w) = J dt - eH@mweg 2N 5 =" (1) (3.163)

FL and abs lineshape are related to each other as show in Fig. 3.8.

Stokes shift

Mirror image

[#] 3.8: Fluoresence

3.5 LB

Coupling to Multi Harmonic Mode or Coupling to a Harmonic Bath.

Itis worth noting a similarity between the Hamiltonian for this displaced harmonic oscillator problem,
and a general form for the interaction of an electronic “system” that is observed in an experiment with a
harmonic oscillator “bath” whose degrees of freedom are invisible to the observable, but which influence
the behavior of the system. This reasoning will in fact be developed more carefully later for the description
of fluctuations. While the Hamiltonians we have written so far describe coupling to a single bath degree
of freedom, the DHO model is readily generalized to many vibrations or a continuum of nuclear motions.
Coupling to a continuum, or a harmonic bath, is the starting point for developing how an electronic system
interacts with a continuum of intermolecular motions and phonons typical of condensed phase systems.

So, what happens if the electronic transition is coupled to many vibrational coordinates, each with
its own displacement? The extension is straightforward if we still only consider two electronic states ( e
and g ) to which we couple a set of independent modes, i.e., a bath of harmonic normal modes. Then
we can write the Hamiltonian for /V vibrations as a sum over all the independent harmonic modes

N N
T e Po 1 o
he - Z he - Z + mawa(qoc da) (3164)

a=1 a=1

each with their distinct frequency and displacement. We can specify the state of the system in terms of
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product states in the electronic and nuclear occupation, i.e.,
N
G) = |g;n1,na,-+ ,nn) = lg) [] Ina) (3.165)
a=1

Additionally, we recognize that the time propagator on the electronic excited potential energy surface is

N
muhet = TT U4 (3.166)
7N ':'j
(@) — o~ iht (3.167)
é\
Do = d2 ”;";a (3.168)

Dy
Z e~ i 71naw&t Z fa na 7znawat (3.169)

)
+

(3.170)
AIFHES:, SEHE B R

N N oo ' N 0o N '
F(t) = H F(O‘)(t) — H Z fa(na) . e~ nawat _ H (Z fa(”u)) . H e~ Mawat

a=1 a=1ny,=0 a=1 \nqs=0
N
- Z {[H fa(na ] " €Xp [—i (Znawa) t” A REIRIL R (3.171)
Na=0 @

F(t) = FU(t) - FO(t) = exp [Di(e™" = 1)] exp [Da(e ™" — 1))
= [A0) + AW + 1@ [£(0) + (e
= £1(0)£2(0) + f1(1) f2(0)e ™t + f£1(0) fa(1)e ™2 + f1(1) fo(1)e 1 Hen)t
+ f1(2) f2(0)e ™2 4 f1(2) fo(1)e 1 Ferten)t (3.172)

the dipole correlation function is then just a product of multiple dephasing functions that characterize

the time-evolution of the different vibrations.

N
Cou(t) = |peg|Pe™ =" - T F (1) (3.173)
a=1
o
Coupn(t) = |preg|Pe et T9(t) (3.174)
Hr
ZD el 1) (3.175)
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3.5 %A EH

I(w) = J di - ™t . Cpuu(t) = J dt - et . |Meg!2 . e~ iWegl | F(t)

—0o0 —00

2 > (w—weg)t b & -D DZ —tnwat
= |fteg|” - dt - e o e Y- —=-e o
g oo n!

a=1n=0
o D 0o ) N A
= |Meg‘2 : Z e Pa. 7(‘1 . J dt - etlw—weg)t . H e~ inwat
n=0 : —00 a1
= |Neg|2 . Z e_Da . nif!)é . J_OO dt - ez(w—weg)t . eZa:l —inwat
HiEFAT )8 (3.176)
I(w) = J di - et . Cpu(t) = J dt - it . \/ieg|2 . g iwegt F(t)
= IuegQJ dt - el (t)
—00
= |Meg‘2 dt - ' (W—weg)t [fl( ) f2(0) + fl(l)fz(())e_i“’lt + fl(o)f2(1)e—iw2t

+f1(1)f2( ) —1 w1+w2)t+f1( )f2(0)6—2iw1t+f1( )f2( ) —i(2w1 w2t

= |pteg|® - [f1(0) f2(0)8(w — weg) + f1(1) f2(0)5(w — weg — w1) + f1(0) f2(1)d(w — weg — wo)

)
+1(1) f2(1)6(w — weg — w1 — wa) + f1(2) 2(0)0(w — weg — 2w1) + f1(2) f2(1)d(w — weg — 2w1 — wp)]
(3.177)

In the time domain this is a complex beating pattern, which in the frequency domain appears as a
spectrum with several superimposed vibronic progressions that follow the rules developed above. Also,
the reorganization energy now reflects to total excess nuclear potential energy required to make the
electronic transition:

A\ = ZDahWa (3.178)

Taking this a step further, the generalization to a continuum of nuclear states emerges naturally.
Given that we have a continuous frequency distribution of normal modes characterized by a density of
states, W (w), and a continuously varying frequency-dependent coupling, D(w), we can change the sum

in eq. (3.175) to an integral over the density of states:
g(t) = J dwW (w)D(w) (™™ — 1) (3.179)
Here the product W (w)D(w) is a coupling-weighted density of states, and is commonly referred to as a

spectral density.

What this treatment does is provide a way of introducing a bath of states that the spectroscopically
interrogated transition couples with. Coupling to a bath or continuum provides a way of introducing
relaxation effects or damping of the electronic coherence in the absorption spectrum. You can see that if

g(t) is associated with a constant I', we obtain a Lorentzian lineshape with width I'. This emerges under
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%] 3.9: Multimode

certain circumstances, for instance if the distribution of states and coupling is large and constant, and if
the integral in eq. (3.179) is over a distribution of low frequencies, such that e=! ~ 1 — jwt. More
generally the lineshape function is complex, and the real part describes damping and the imaginary part
modulates the primary frequency and leads to fine structure. We will discuss these circumstances in more

detail later.
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3.6 7 —Hre M Energy gap Hamiltonian

o

3.6 55— hpy i \,——Energy gap Hamiltonian

Now, what if a real bath of harmonic modes is coupled to the electronic excitation? In this case, it

is easier to use a “energy-gap” Hamiltonian.
eg+hy 0O 0 0 0

0 -
. == + +hg ® I (3.180)
0 ec+he 0ge—ceg+A Omwodx

H=Hs+ Hp+ Hgp
= (e — g+ N) - ) (€] + hy + mwid|e)(e|z
= Hg + Hp + gwole)(e| (b +b) (3.181)
Her g R ARE.
B AR SE A, WA
H=Hs+Hg+ Y _ quwile)(e|(b] + b)) (3.182)

E X 00 = mwod|e){e|z, A

F(t) = <exp+ [—z’ ﬂ dr - 6@(7)] >

ey JEdta 2 dt1(5w(tz—t1)0w(0)

t to t to /Bh'('do
g(t) = J dtgj dt1Cspsw(ta — t1) = DlwgJ dtQJ dty [coth ( 5 > cos(w;t) + i sin(wot)

0 0 0 0
(3.183)
Note that for a continuous bath described by the spectral density
= glwib(w — w) (3.184)
then

- Bhw .

Cswsw(t) = coth 5 cos(wot)J (w) + isin(wt)J (w) (3.185)
0

As we have mentioned!

3.6.1 RSB

Itis worth noting a similarity between the DHO Hamiltonian, and a general form for the interaction of
an electronic two-level “system” with a harmonic oscillator “bath” whose degrees of freedom are dark to
the observation, but which influence the behavior of the system. Expressed in a slightly different physical
picture, we can also conceive of this process as nuclear motions that act to modulate the electronic energy
gap wey. We can imagine rewriting the same Hamiltonian in a form with a new physical picture that

describes the electronic energy gap’s dependence on g, i.e., its variation relative to wegy. If we define an
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Energy Gap Hamiltonian:
2 2

N N P 1 1
heg = he —hg = o + —mwi(q — d*) — om + 5muwid

— g+ A (3.186)
/\EI:[
p2 1 2 2
he = %—I-gmwo(q—d) (3.187)
2
p 1
hy = o+ 5mwgcﬂ (3.188)

The Energy Gap Hamiltonian describes a linear coupling between the electronic transition and a harmonic
oscillator. The strength of the coupling is c and the Hamiltonian has a constant energy offset value given
by the reorganization energy. Any motion in the bath coordinate ¢ introduces a proportional change in
the electronic energy gap.

In an alternate form, the Energy Gap Hamiltonian can also be written to incorporate the reorganization

energy into the system:

Hiotaq = Hs + Hp + Hsp (3.189)
/\qj
Hg = |e)(Ee + A){e| + |9) Ey (g (3.190)
2
P 1
Hp = o+ 5mwgq? (3.191)
Hsp = —mwidq (3.192)

This formulation describes fluctuations about the average value of the energy gap hw,, + A, however, the
observables calculated are the same.

From the picture of a modulated energy gap one can begin to see how random fluctuations can
be treated by coupling to a harmonic bath. If each oscillator modulates the energy gap at a given
frequency, and the phase between oscillators is random as a result of their independence, then time-
domain fluctuations and dephasing can be cast in terms of a Fourier spectrum of couplings to oscillators

with continuously varying frequency.
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945 W 5 ettt
R, SRR, B

4.1 WOk

LR PO (linear absorption spectrum) &AM, TEBRCASRFAIEIHTT , LRIk
TSI R4 . BB RBISH ORI HE0) o NP0 5 SRR s . Tt
T SN ) S W) O AN [R]JR Y 55, MG E SRR R, BT W55 .

4.1.1 JET PR 2@ MG hhk

PUAE B K BT 4 MRt MO g i — et ik . AE R BAGE LT, S5 Y
HAE S

Hiny = —fi- E(t) = —fi - Egcoswt = V - sin(wyt) (4.1)
FERFHA AR .+ TREE T RGN B iR
H = Hy+ Hipy = Hy+ V coswit (4.2)
WRIE KBS N, SN AT RS (Ho) AMERSAN R ARIT, 40
Holi) = &) (4.3)
Holf) =es1f) (4.4)
& i) BRER | f) yEERs
Ry ;= 2%|Vfi|2[5(sf—ei—hw)+5(ef—sﬁhw)] (4.5)

Hrp
o B0 AU e = i + hw FURMES i) BRAIEZIES | f) Welle— 615
o HTAN 0 BB ef = &5 — hw FURMES [i) BRIEEIES | f) o — e T
ESGRERGA, HBCA E AR R RE RS R, U ARIE T RERSTE.
MRS ) B2 ) S OB i Y67 2 ad R I SRR 22 A RE RO 1. TR e LARE EERLE
AL R NI T 2/ bRk . BERGAET ) SHRE P, T ARG AT ) &, Bl
WO e T RERRAE BTAT | f) &, PreAZORPE KA, T2h

<‘j;) S (w) = zf: Zi:Pi(gf —ei)Rpei

ab.

_27r

. hw -y Py [Viil? - [0(ep — i — hw) + 8(e — &i + hw)] (4.6)

f?i

"SSP AR



$omF AN

0 RECE MR BN |Vy|* = [Vis 2, H
Z Pi|Vfi|2(5(5f —& + hw) = Z Pf|VZ’f|2(5(Ei —E&f + hw) = Z Pf|Vf¢|25(€f — & — hw) “.7
fi fi fi
Hrp s — A2l i PR 2] SR R R Z BT, RELTHPIPRE, 28540
B H LB, |

Pp/P; = e P (4.8)
T2
(“) (@) = 2101 — ) B2 S PI(f1uli) Po(es — 21— ) 49)
dt abs fi

Horpt (1= ) B RIAEIRFLE, 0 32 5, Pil(f1ali) 3y — i — hw) R AMAOHSHE
TR RGO T 3R AT DA SCA
:§:mfmmW@rwrwm:ﬁEZMUmmWwﬂ—w (4.10)
fi i f
Horl PyORAIAS (5P (F|Al) 2 HIAS § 128 £ BTN wp RAASTIISHEN
HORIRIE w RASDERIBIR: 6 BEERR w Ml wp BETIIOCHERER . FEEEme, X2
WO AR, R O BRI RIS R, FRATHT DA 5) P et

5 EAIRY FR ‘.
§(z) = % J_ et dt 4.11)
B ERBTE N Swy — w) BB § MECh
5(00]%' _ w) _ ﬁlh Jio ez(wfi_w)tdt A é% Jio e%(af—si)t—iwtdt 4.12)
A T(w), 3
1 * -
s zfj Pi(flild) (eIl f) - JOO en(ermelte =ity (4.13)
BB SRR LS, 1
eHEEt f| i) = (ehert flale™ 7o) = (fleh otie ity = (FA()l)  (4.14)
Horf
fi(t) = et ot o= Hot (4.15)
FRA
1 o0 )
1@0=%m§;LmHMMﬁUW®W€WWt (4.16)
FIIASHISERPE S, 1)1 =1, 13
I@) = 5o 3| Pl ol e (4.17)

MY SR, B3 Y2, Pl fi(2)16) W R IR0 « iR i - fi(t) BOFEG S (E
&l

SRl ) = YOI Ol) = - i), @.19)

i
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4.1 Bl

HATNR Ho 25Xt RER PTA T FESHEFS .. A I(w), 15

1 > = = —iw 1 > —iw
I(”)ZMJ (i fi(t)) mye tdt:MJ C(t)e ™ dt (4.19)

Heh C(t) RIS EL, B O(1) = (F(0) - f(t)) my o LA IR B C () FEHE S
J T(w) Z IR AR e, gt o KT ) (5 SRR (5 S A O R, MR e
P 4 5 A 1t T 5580 Y 5 A 6 B 50 o R e, O

1

C(t) = > f et (w)dw (4.20)

4.1.2 F& T i ek B b i

LA AT PA R — B Z AR A B Al

PW(t) = J:O dty E(t — t1)SW(ty) (4.21)
Horp SO (1) B B R RN RS T, o SN, A
SO) = T {p(t) s ) (422)
S 2 B R TR, R RGBT
(1) sk
s = 71w, 5} = + (1 (e}~ el o))
= 2 (Telu(e )y — el (1)}
=+ (Telu(tyup™} — Tl
= —tmag {Tr{(B)up*"}} = — Tmag{p()1(0))cq (4.23)
S IS T RGBSR R T4 = St ) T G M
Tr{A"} = Tr{A*} = Tr{A*} = Tr{A}* (4.24)
%
Tr{p*pp(t)} = Tr{(u(t)up )}y = Tr{p(t)up*}* (4.25)

Tr{p(t)pup®} FEAHERL, 2N

Te{p(t)up} = a + bi (4.26)

|
Tr{u(t)up™}" = a —bi (4.27)

TR

Tr{p(t)pp™} — Te{u(t)up™}* = 2bi (4.28)

Al
SU(1) = 7 2bi = —b = = Tmag {Te{u(t)p ) } (429)

(2) B
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A
STr{p(t)upt) = i

STe{p(t)ppt ) = - + T (4.30)

;HG"DHQ

l
SW(t) =2 <2> — 2Real {;Tr{,u(t),upeq}} = 2Real{

(3) =
ARk R A AE, X

iw@mmg} 431

>t

Hot iHgt

e A = Ae h (4.32)

TR, A
Tr{u(t)pp} = Tr {eiHTotue e tupeq} Tr {Me‘mTotupeqemTpt} = Tr{pe "pup“}  (4.33)
Hoh B BB AL . T2, XA
SW(t) = —%Imag {Tr{pe " up®}} = 2Real {%Tr{ue_”’tupeq}} (4.34)
(4) Ty
S (1) = T Te{ (1), 1]}
= %Tr{u(t)upeq — pp(t)p} = %Tr{u(t)upeq — p(t)p®u} = %Tr{u(t)(upeq —p®p)}
= LT ()l ]}

iHgt
r

*Tr{e W e (upt = pfp)} = %Tr{ue‘mTOt(upeq — e}
= (e (e T
= {1 ) (439)
Hp p* A= pA - Ap.
W (t) % P H
SM() = S Te{ut) o1} = Tr{u(b), 1™} = £ Tr{pe ™ (o)}
- —%Imag {Tr{,ue*iLtupeq}} = 2Real {;Tr{,ueiu,upeq}}
2 2
= — 3 Imag {Tr{p(t)pp™}} = — - Imag(u(t)u(0))eq

= oReat { LTt} | = 2Reat {1 (u(0(0). | (436)

4.1.3 ZePEW Ok i i 21k % M 5 By

WA R TAE @ J5 1) LB AR 0.5, 0.8 Jehkih e 2, il s TR
SEESHATE. AT SR E A 2 DA TS RE RO IRIR G I, IR e
R AR, s 2 R TE .
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4.1 Bl

IRAMRIOEIE B IS, Frh

Ho=H,+ H, (4.37)
Hr
Hg = Eo|0>< | (4.38)
H, = ZE In)(n| + Z Vim|n) (m (4.39)
n,m=1

JSESER Bo MH 0. REHIMEI AR, Y
N
i =3 dn) (o) (4.40)

H d, 22 In) BRIE(EMAE (transition dipole moment) . A1, B ABLTH

N —
=" d,[0)(n] (4.41)
=1

XEFWHOLHE, RGH AT EL pg = (0)0], RIGEAARFEE, IWNES SRS
T,

";p

4 -
=S dymo] (4.42)
n=1

I, .
VIR ﬁLﬁkﬁ?ﬁmZ%,hﬁ@@% AT, FERH EXF AR GEAIE fE R
ko M A S DR AR AL RE R, 2R A R TE .

In the site-basis the equation for absorption spectrum reads

I(w) =Re ro e“htr {i_jia(t)} dt (4.43)
0

4.1.4 PGB FR SN TERBOL %

o )(all [o)(g]
e )( gl |9>(e|j";
o )( gl [e)gl

Figure 2.1: Ladder diagrams describing the terms which make up the linear response of
a two-level system.

PARAPHBE RGN B, R A2 RS |g) MR —BR RS le), ANMETTRE N
Hole) = ecle)  Holg) = e4lg) (4.44)

PRI AR BT N
i = tigelg){e| + tgele)(g] (4.45)
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% ova F MRk

U
N

TR B, b6 2
i

sW(t) = 7 (u(t)u(0)p(—00)) — {u(t1)u(0)p(=00)))
= ImTr {1(2)1(0)]g) {91}

= 1Tr {379 [ugeg) (€] + pregledgl] e H% x [ugelg){el + pregledgl] x lg)g |

k3

= 10T { [1geeh '™ 7 g) el + progei=e'e R0 e (gl] x pregled (gl }

= 1T { [tgeei5'e™ 45| ) (ele) (o] }

= |fige|?e™" " (4.46)
In this example the density operator is in a ground-state population until the laser pulse arrives at ¢ = 0,
when a coherence is created with the excited state. Afterwards, during the time interval ¢; , that coherence
radiates a polarization (corresponding to the dashed arrow) which decays, reverting the density operator
back to a ground state population. This process describes a free induction decay, which could then
be measured using an ideal photodiode and Fourier transformed to obtain the absorption lineshape for
the |g) — |e) transition. Another important note, is that the two diagrams in Fig. 2.1 are complex
conjugates, and therefore in the discussion that follows we will only list one set of diagrams letting their
conjugates be implicit. Lt we, = =772 ORI TAMERIIESE, W, g)(el x |g9){g] = 0.
le){gl x [g)(g] = le){g

o

PW (@) = J:O dt E(t — t1)SW(ty)
_ JOOO dt1 Eo(t — 1) [e+iwg(t—t1) i e—iwo(t—tl)] X |[Gge[2ewests
= et f dtyEg(t — ty)ei@owealtn vt J:O dty Eo(t — ty)e"otees)s (447
Hrotsh

E(t) = Ey(t — t;)e ™ot (4.48)

BT IRZ I, B 0o Eo(t) @Il @ AZE R, BIS. 2 wey ~ wo IF, HIJL
RIS, ARSHES . U U B A, WTE w = wo = weg 77 E—MIEAE

4.1.5 S5

— B AR A A
PO (@) = —%,ﬁoe—iwot J:O dt, Eo(t —t)e™Th (4.49)
R Eo(t) 2% ik
Eo(t) = FEoe™ - 5(t) (4.50)
A
PO(r) =~ Bopge e T “51)
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4.1 Bk

s (1.79) 3, —BrE ML R f 3 (55

E)(t) ~ iPD (1) (4.52)
X2 A RS, WE (4.1) FoR.
_ED)
(1)
/lF’ (0
|l\
0 Time

Pl 4.1 —Bir B B e

4.1.5.1 U5 )5 X —

ERIE ERATATIACIAFE ML T, AL 2% BRI & 730, 672 A
A E SR MR B o RIS P R FRERIR S S Y, 2R RIS HsRE, i
PO IES (square-law detectors ) o 33X SEAS: I 4 ARG IR R] FUAE AR e R i ) AR 18
1, PR (G S R A5 S EmMA. WE (4.2) FoRp3E, R ASHE B t2 b

Detector

=

Vel 4.2: —i B (e 5 A I

I, PERMESRNARRIRE NI SE ST, Rk

L |Eo(t) + B (¢)2dt = L {]Eo(t)\z +1E) ) + 2Re [Eo(t)Eg; (t)} } dt 4.53)

4.1.5.2 85 & g5 X

TEARZCHE SCs T, T8 S A DU Hi TR 3 B — G (SO BB SR 37 A A HEL A 4
e (4.3) Fron. SGIECITE B AR ) f 3 EA 7 (e HE A 4 -
I(w) = | Bio(w) + Esig(@)[* = [Eio(w) + Esig(w)] [Efy (W) + Ejig(w)]
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kA

Spectrometer
\_E® H EQ) (1)
............... »
E(t)) ED (w)

» 51
., Sig
-

., Detector
E(® X\

Pel 4.3: 53X B RGLR MM IGE (— AL iR ) J24h2% (heterodyne) R, H A SOGB4 B sk
AHIRZ#S (local oscillator)

= | Bio(w)[* + | Buig
= | Bio(w)[* + | Buig
= ‘Elo(w”z + [Esig(w
~ Ijo(w) + 2Re[Ej,(

lo

W)? + Eio(w) Eig(w) + Bjy (w) Esig(w)

[ + [Bjo(w) Bsig (w)]" + Ejy(w) Esig(w)
[ + 2Re[Bj,(w) Esig(w)]

OCQR(Z[EZO( ) sig w)]

;H\:':F' 2R6[El*o( )ESZg( )] = 2R6[Elo( ) szg( )] 1Ej‘jTﬁ@T¢ TWH%F%E/]}F/I—EE Isig =
| Esig(w)|? 5 HABIFA H A/ N T DAZBE AT 24 0 B i A Bk, 3 78 2 45 B 10 5 e i

AL T e SR A I — AL L

1 _ 14 2Re[Ej,(w) Esig(w)]
Lo | Elo(w)[?

Hrp B A AIERT, Eio(w) HEL

X Re[Egig(w)]

4.1.5.3 P S5 A e A e %

F T 2R ST G S R P ) SRR AN ] 433 A I R IR MACSR 555 - T A A G T T AT A5 AN Tl
SIS A A A TG UERT REAIR e 8 5 R A 9 Pl A Bk o B A TG X A E—HERy, B
HE IR R B N A S FRAE R RV IGE 5 ASHEA AL T % .

TERA BRIkl E(t) RTREMRE SR, (ARSI N AR A R
E(w) = |E(w)|e"*®)
Hrr o(w) HiEHA .

PO() = [P dt E(t —t1)SW ()
Eig(t) oc iPM(t)
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4.1 Bl

A

Eyig(t) = zJ E(t —t1)SW (¢1)dt;
0

A B AR (AR B AT DA B B () ARk 2638 20H
Byig(w) = iB(w)SM (w)
XEIES 2 ASDEkel E(w) 1ERSM 2R, A
I(w) o Re[Ej,(w)Esig(w)] = Re[E*(w)E(w)iS™ (w)]
E(w)E*(w) FHHRASHEHN, BIPRPEIGE 5 A SR 07 65 .
Y ASHEHEIER, E(w) = constant, £
I(w) o Re[iS™ (w)]
XA P TR LR GE BT R I A2
FEHIE

416 GeHEWICIM A T F AT ST

(1) WAk A LMEIGY (linear absorption) PR 22 e M 2 i B DA A &5 LA
BNt FMO 74 (population) H F it W5 25 i 2

N N
Ho =) Eyln)(n| + Y Vim|n)(m|
MRS R s, AR, TRMEIENS N
Hy = H, + H,
Horpr
Hy = Eo|0)(0

N N
He=7) Euln)(nl+ Y Vam|n)(ml

= n,m=1
WYL, T A-LREZE FMO, T M iy e, eyt ph VA SRRl 7 < 7
R T 8 x 8 .

(2) Jedsmemfipnds  THREMRIGER, HESMRER B KEH 0; MIEREL py = 10)(0]

(3) BRTMBAEI I SLhrf

BB, DL FMO S, SEs AR Aot KR BEL
J7 )i FMO 73 TR, [ il #5552

Jr Tl E TS . AR HE S B R B R AR
Hyjelq = pE(t)

BB 5 E(t) W7 MR . BE R S O 1 T 7 MR, 1 0L
VER T AR 7 1 e 0 431, FRATT AT ATA R AN [ 5 1] Ao e VPR 1 T 7 1) ) il 431,
THE. [EE]
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% 2R MK

w

B o, UGN
fim (6, 0) = din@rm - 1{9,0)

dim FIBACSREERI KN, BACEAFROITI, 10, 0) MBOEIAR I 1. Horf
I($,0) = (sinf cos ¢, sin 6 cos ¢, cos )

Hm = dm (emxlx + 6myly + 6mzlz)

1% AT DAFRARE AR i v AR AR T AR BSOS T ASTROEHRE o Rk
ﬁrﬂ*ﬁlﬁl B R, A RS SR 105 A RS0S4 IV E T A R RE i 431

BB AT A SR o7 AR R, BRI S B bR ER L

AR, J7 W R AR ] DAJE e — B0 i T ) sRAS S PP, B — IR &R
B RINR Z AR T . XA E R R KA.

WEC L = (1,0,0), W oy = dmemas I = (0,1,0), W) g = dmemy; I = (0,0,1), 1

Hm = dmemszo

(4) fady HSLR: Static disorder
TELNMENOSOE R —4E S h A e e AP S BRI g RSS2 SIS
P fEsE, H— eSS, RS R SEIR B & 1 RS (%?b’?)‘(ﬁuﬁﬁﬁ'@%ﬂ@%
zl1), BTDALE site energies BLAL SRS (static disorder) . 78 4EGiE RS RS HIVE T J2 P
X FEUEE o
AT site energies ()R K RIEIAFHRRIE, €5 — 5+ Aejo RIFR/IMIRETE Ae;

P(Aegj) = Lexp (—AE?>
o2 202
Sy o RUERYIRIE RS 4z le i v (full width at half maximum:FWHM) SRR, SXAIRRIHEDr 22
M o, FWHM=2v21n20 = 2.354820045 o,

Xf Redfield J73AMI &, B AT LAREHTIOG I AR RIE, {H/2 HEOM AfE. XfT HEOM W75
BEHLIY T YETE site energies EMAFFSKNE, RS MEARFE. T FMO Z&4), A
%1k 1000 />,

Variations of protein environment of an individual pigment molecule introduce differences in tran-
sition energies and determine the timescale of such changes.

Interaction with local protein environment is usually qualified in two limiting cases corresponding
to static and dynamic disorder of the transition energies of the pigment molecules.

The static disorder corresponds to the slow protein movement while the dynamic disorder reflects
the opposite limiting case of fast vibrations of the environment, thus, determining the exciton dephasing
and restraining the coherence in exciton transport.

The entire set of such vibrations might be considered as the bath while interaction of these vibrations
with molecular excitations is treated perturbatively within the frame of the so called Redfield theory

approach.
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4.1 Bl 8

[Interplay of Exciton Coherence and Dissipation in Molecular Aggregates]

(5) WEMCIIISE SR AT AT dipole-dipole 1) F1/H % B Ky I LM A58
1 [t

() o 5= j At (u(1)a(0))

b
+

EACEAT

fim
CIK

o fu
N

p="> mm(|0)(m| + |m)(0])
m=1

XL o BBURAIFRY o
o TR g FRE AT RAM K A SR TS

—BHpp 1
p=00le e (8=
PERARAC ST o AT H R BE, Br AR E A & BT AN R
(u(t)p(0))g = Trs {ups(t)}
Horp
PS(t) — TI'B [efthptot(O)eth]

At B2 R G L FERE 2

prot(0) R RV, RN

Ptot(0) = ppgy

AL LA AW G T DA S RIS R prot(0) = ppg MIRGLAWERE ps(t), A5
(u()p(0)g = Trs {pps(t)} TEHEMAL H AR R AT .

4.1.7 Stick Spectrum

Ref: Superradiance at the localization-delocalization crossover in tubular chlorosomes, PHYSICAL
REVIEW E 93, 022414 (2016).

= dpd(w — Ey) (4.54)
2
di = > (nlve)iin| =Y (ch)*chjin - fim 4.55)

where
o dy, is the oscillator strength of excitonic state k,
o 1 is the k-th excitonic wave function,
o F is the corresponding energy,

o |n) represents a local excitation at site 7,

2HEOM SR AN N 2] ¢ ) R G0 241 5 B A ey ?
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o cF is the nth component of the k-th excitonic wave function,

o [iy is the dipole vector corresponding to the n molecular dipole in the structure.

4.1.8 Lo PEW ik iy el il —— e e

eI, FAVITE R (B B HA SR, WA IRAETA T A 7R
ot P R, BT AR SRR A B RE R R AR S PR O . AR ARG I R R — I
MIRTHEAE T, e SYRAHEAE R, 4B e A M B2 T A /R 2 (Beer-Lambert

Law) i
I = Iy x 107=We (4.56)

L To WAGPEHISREE (AGHE); Ir HEFHEHRE GEFE); | @i R e o ot
MR EE (RS ) s e(N) HEERIIREL, 2 5Ymmots A 2 aEE. B R e
6T A ) R S AT A O C Y S, AR AUA . R AR, T IR TR T AR
IRGEHE, ORI EAER, RUOEERIA. HESIENDEH Ak & 5.
RG] AR %34 % (transmission, f&j#k T') 8GR (optical density, fajfk OD)
efthiig
_Ir _
Iy
OD=—-1gT =— 1gg =e(N)le (4.58)

BEAFR ARG, MO R R O . 28 EE g 1938 SR T IR RSO
EREAR SRR RE W To xR, RS0 K. BIEATRAT R 2 SRR Gt ok
ASL/RIAC R e(N), I RABR 1g ol SO B i A i AR 0) P 8 S OISR o RO S B
TR PRI R R —E BRI T R GRS R e a1 P it .

T 107¢Mke % 100% 4.57)

4.1.8.1 Welie= LW e e et bl

TE LI HP AT AT —AE i IO B R BRI B B A A, BRI B2 A T WA~ i BBl P9 ] DA
W (1 9EERR, 1-T) SEeEE? |
1-T =(1-10"°P) x 100% % a - OD 4.59)

Hta BH R BB TGRS OD BXHR. Wk (4.6) Pos, ATUAEES], ARG 1
OD A FICRIBE] T 90% 5 T4 Gy 700 mOD (£ OD) PR gt k3 T 80%),
R T ASTESRAY 80% , ORI A SRAYE DL 1T I, OD J&— AR KAy EAL,
FESEH I 7 mOD Sy EAfir

MR T A E], 43Ok OD A HE 100 mOD I, Wi 5L REA R 4F
RIZHER R . YA S0 mOD B, Zefk X RIREHARTE 14 . ek Eu A, aTAIRIR
ZSUR LS o
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4.1 Bolokag

120 A —_—
= abs(w)
100 S
‘; 80
8
2 60 -
wn
c
g
£ 404
20 A
0 -

11000 11500 12000 12500 13000 13500 14000
Wavelength (cm™1)

Pl 4.4: AR ERIIEDR . SREROEIEN T2 FH] 6B (Rhodamine 6B) , R LA FIDE AU (4 it ik
%, GRS . DO SO

1.0

-

0.8 A

S

-

0.6

o

[a)
(@]
0.4 1
—_—T
= 1-T,nor
0.2 1 — OD
= OD,nor
O abs(w),nor
0.0 A

11500 11750 12000 12250 12500 12750 13000 13250 13500
Wavelength (cm™1)

Vel 4.5: W] LAFR EIRE A IOEE SR BOE IR A% — 20 .

4.1.8.2 ZLbiHE

FESER PN R IR MR OLE , Y50 B RAE SRR i vu o o el . FRATHF
W RAER A RO R R ODtarger (TSI BRI AR, [RVRES B [R5 59
O G B A, BT DA 3 i— ) A OB IR 2 BERA BT BV R SRR IS ) R
RIS R ODsampre (£135 T BTER R HH RO RERIE R B oLig) . S (i

Bl TAER A S A TE—— A 111 Hx
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1-T (%)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
oD

Pel 4.6: MR SIREIE

reduced Chi-squre: 56.717, a: 0.135

+ 1-T=1-10~{-OD}
—— 1.T = a*0D 50
80
o 40
60 >
—_ 7]
S = 30
; o
— 40 8
3 204
S
20 4 104
0 01
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
mOD mOD
Vel 4.7: WG SERERAAR > 700 mOD R L& 1T
reduced Chi-squre: 0.953, a: 0.195
40 1.0
+ 1-T=1-10~{-OD}
35{ = 1-T =a*0OD
0.8 1
30 4
g
25 1 2 0.6
9 @
e =
= 20 5
~ 154 g 047
8
10 -
0.2 1
5 B
0 0.0
0 25 50 75 100 125 150 175 200 25 50 75 100 125 150 175 200
mOD mOD

Vel 4.8: WZIERE AR > 200 mOD B R ML & 15T

BIR) BHOLE) FR5°8 ODyrep. TR, A

Ir—sampl
ODsample = _lg %7 OD'ref = _lg

IT—ref

T (4.60)
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reduced Chi-squre: 0.073, a: 0.211

5] * 1T=110"{0D}
—— 1-T = a*OD 7:_::5" 0.07 1
0.06
15 A
[}
£ 0.05 1
9 g
& £ 0.04 4
K 10 1 ©
- g
< 0.03 A
el
o
5 0.02
0.01
0 0.00
0 20 40 60 80 100 20 40 60 80 100
mOD mOD
. N =) > > » = T
Vel 4.9: W YEEFc K AE M 100 mOD B R E 8 A 15 1
reduced Chi-squre: 0.005, a: 0.221
+ 1T = 1-10~{-OD}
10{ — 1-T=a*0D 0.005 A
8 0.004 A
g
3
—_ o
R 61 2 0.003
- 5
— [
44 5 0.002
o
2 0.001
01 0.000 A
0 10 20 30 40 50 10 15 20 25 30 35 40 45 50
mOD mOD

Vel 4.10: WOGRE R RAE S 50 mOD B A1 TE

Ip_ Ip_
ODtarget = ODsample - ODref = - <1g Tosample lg 4 T€f>

Iy Iy
IT_sample 1

Iy IT—ref
Ir_
_ —lg 7} sample (461)
T—ref

4.1.8.3 ZiligA M S22k F

~ g (_T> “lga (4.62)
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refs: Johan Strumpfer, COMPUTATIONAL INVESTIGATION OF LIGHT HARVESTING IN
PURPLE PHOTOSYNTHETIC BACTERIA, 2012
PN, WA

In case of emission spectra the system is initially in the equilibrium excited state

N
= Z pe,nm‘n><m’ (4.63)

n,m=1
such that 0;p. = 0. DAARIA] site ARIAS, R8N PHSESE—FER, Hogsh Ji#mta ROZEARRE .

It is subsequently de-excited by a non-polarized light source to give the initial state for emission

calculation
ne(0) = p-pe = Zd Z Penm|0)(m (4.64)
WHRAPIAES %ﬁéﬁﬁﬁiFﬂﬁﬁﬁ?ﬁﬁﬁﬁﬂlié&iiﬁﬁ ﬂ%ﬂ%ﬂﬁjﬂ
00 O 011
pe=1003 0 p—=1000 (4.65)
0 0 0.7 000
|
00.30.7
p—pe= {0 0 0 (4.66)
00 0
In the site-basis the equation for the emission spectrum reads
I(w) = ReJ e e {py up(t)} dt (4.67)
0
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S. Mukamel. Principles ofNonlinear Optical Spectroscopy. Oxford University Press, Oxford, 1995.

5.1 AR

T HE R R AR TRRS, EERRENRGE T 2wy, —iba el
R R OIARSE S (BFRST); H—iba_WE B (BEARKE) . ARG T E MR
pr(t), WXFT @7, TR RGN A R B TR 2 TG, B
ps(t) = tp{pr(t)} (6.1
RIS B St R A8 S A B A R . AR IRA TR K 0 S T J2eE A 191
PIE, W
<A> = tI'T(ApT) = tl‘S{Atl‘B(pT)} = tI'S(Aps) (5.2)

WO S5 TR ELAE 7 A 5 B WAL 3B (macroscopic polarization) P(t) #5i, &
Al DA R G AR O EEAEAS R, B
P(t) = (fi) = rs{fips(1)} (5.3)
Fr PAE RS R D@ RIS R T RGN AL E R T 4 uigms, &=k
HE RS R I = AR S, B
PO(t) = Tr{up™ ()} n=3 (5.4)
JIT PAFRA T B 38 3k = Tk 4 RS i R s

5.2 ML

X AMFRSE, HEARR R mE A S A
H=Hs+Hg+H =Hy+ H (5.5)
Hrp He AEHRSGE (System) mEgwis (BN RGEHIATT LM ), Hp #% (Bath)
gl (SPRBEG E iR ) , H AH MRS SR EAEHE TR, Ho MRS
B R R R A
F R HAE S FRIXI4E R RE, A

0
Spr(7) = = [H'1(7), pr(7)] (56)
XFTHE
Y0 = =1 [ ar [, 5.7
J, grontrar == | i [f10). a0 5.7

ot

?
huto

dr [ﬁ’l(f), ,51(7)} (5.8)



o RIS N N
% B kPR KR

v
k=

pr(0) = prlto) — + || ar ['4(7), ) 69

HEEARN—8E, KAERE N,
(1) —Frd T
Rop—THEIZE R, (FEXEOHBR pr(r) HA S

pr(7) = prlto) - ;L v’ [E'1(2") ()] (5.10)
Forn, XARmE,
i) =prteo) 3 [ ar | 81600, (prte0) - £ [ 7 [0 007) )]
= intto) 3 [ o ([Esorten)] + |00~ [ o [E ] )
— pr(to) - ;J: ar [H'1(7), pr(to)] - ;_LE dr [H’I(T), -z LT ar' [H'1(7), pI(T')H

(5.11)

BRI A B, MO DR B s 1 (—1)° J7, dr [T, dr’ [ (), [H (), pr ()] |
TR, AN

(2) ~WridRTT

KA TR, POl o () i

!
. . i 7 5 .
pir') = palte) 5 | dr” (B3, ")) (5.12)
to
R, f
pr(t)
=prtt0) + (~ ) [ ar [ s pne)] + (— 1) [ ar [T ar [H ™), [H;(r) (pz(to)—%j:/ ar'’ [m7 ("), m(#’)})”
0 0 0 0
—pr(t) + (-2 J:O ar [8'1(). o1 t0)] + (= 2}:0 ar | ar’ [H <H1<T> pz(to)]fg[HI(r)J ar’ [A7 (! ’),m(r“)]m
0
=orteo) + (<) [ ar [Aroprceo] + (- 2}:0 ar | ar (H;(r) iy (r >,m<to)]}+{H1<r>,—% [Hm )fo ar'’ [ﬁ}u”),mw)}m
—pr(to) + (- %) | ar A s prt0)] + (- %)Zj; ar [ art [, [ 1 o)
2

0
J dar’ [HI(T) ‘ [H AL e )]H

=pr(to) + (—%)Lt dr [H 1(7), Pl(to) ( ) J T HI(T) {H}(T’)yﬁl(to)“

(=3) [ ar ]l o jjo ar' L1ty (o), [, [5G, 0 ]

Forf
( %) fto dr [Hl (7),p (to)] eI (1% order);
o (=4)* [1y dr [7, ar' [Ay(r), |77, i (to) | | =BV, RBHIIAE I, 7T OARCHE
POFSH

VEBIH, g RIS AR R, GNU g i A0

Bhee TARfER A S A H—— R AT 116 H 5%




5.3 R R AL

o (=4) [1,dr [7 dr' [7 dr” [Hy(r), [Hy(r), [Hpe). o ()| | bt aolzzmg !
W LT T, —YERAE T, “REREBEI L >« > 7 B, T
PAT SRR TE
o0 S\ 1ot Tn T2
i) =rttorw S (~2) [t [t [ ), () ) )]
n=1

to to to

(5.13)
HP AN - R0 A ]
e I B2
ﬂ@>=p@®-%§3(—;>njtm%j”dm,ynjmdﬁ
n=1 to to to
Un(t: o) [H} (1), [Hy (a-1), -« [Hi (7). pir(to)] -+ |US (¢, o) (5.14)

PR RS 2R R, I AR AR AT AR B 220 Rl TE RS WE Ho T, &
ITMBE p(to) Fe AN Bl IR TR] BACAE P P A A 5 LA o XN FRATTIACH ¢ — —oo, B

—BHo
(&
p(to) = p(—00) = p™ = 5 (5.15)

5.3 J B

The theoretical framework for the interpretation of 2d spectroscopy was developed in 1985 by
Mukamel and Loring[9] who introduced a nonlinear response function formalism to simulate four-wave
mixing signals.

T B R FOHE 2 Shaul Mukamel Jz A PR A A —Fp-F 22 JLHHE [3]. X HHR ATy
MAETRFFE AR TR, PR EOE 2 fr. BRI EIE A

Hiotal(t) = Hs + H'(t) (5.16)

Hrh Hg FnbEm & iias, POy REEMG R (system); H'(t) 206 S5 AH B i
e (light-matter) o O35 R i AR BLAE T B AL (DA 45 11 2
H'(t) = —fi- E(r,t) (5.17)

Hodr [ R ERIT G 4F (transition dipole moment operator) , AJUAB I i = er, 7 eV B ELT.
RO B AT AR, P X FTT N 0, BFRA i AR ATE: E(r,t) BRI, R
FEA ASPRSO eI, T e, X B I8 7R E(t) B, B AR R
DA SREOREAE, 41 i~ E(t) = cos OuE(t), XA REUR RIS . HAEVFELIT R,
X A R R E R, EHEME SR — MR AR . ARG, H figeq PT
PARLCATEE, A

H'(t) = —puB(t) (5.18)

HER AR LT A7 .
p(t) = 0+ 3 P (1) (5.19)

n=1

32 WA E T 65 Y B FLAE I g e
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23 = N >~ = <
% B kPR KR

Hr
P (1) = (;) " J;o ir, J;O dryy - Eo A E (1) E(ra) -~ E(my)
Uo(t,to) - [ (1), [ (7o1) -+ [ (71), p°9) -+ 1] - U (¢, o) (5.20)
EAHEAER 25, BAERR E SO
pr(t) = Ud (£, to) uls(t, to) (5.21)
Hrp
Ult, to) = e~ #(t—to)Ho (5.22)

TERL H(6) P 60, (1) S (—5)" RS HIN. e e, BT o 2 S
TR FEMEAEM S, RO RGE T RGN SR Ho TRENRE L, BALRAF 0o St
A K. s I Zoni @M EAE 25, (RRm s 2n, i A 25T S5 aY ¢ R kA
B FEREETPREN, SWEICK, M pdon, EMEAENSRT, SEEHE M uit) F5.

HIOE S E R AR R PRI OEIE R S XS, BT LA SRS 7 Y
W ERERE

—

P(t) = (fi) = Trs{fps(t)} (5.23)

W ps(t) PIPAEE RS S TR . XA AU BB IR R SRR AgARE:, TEROX B 6L
EXYERGE , PSS WITRS, PANE TR S &

MR BT SRAFI 0 By o) (), X HEATPASE], n ki
P™(t) = Tr{up™ (1)} (5.24)

n pt Tn T2
:<;’L>J dTnJ dTn_l"‘J dr E(70) E(Tn—1) - - - E(11)-

Te{ wUo(t, t0) - s (7a), [ (1) -+« [ (71), %] -+ 1] - U (8 t0) }

-\ N et Tn T2
:<;’L> J dTnJ dTnl"'J dr E(m0) E(Tn-1) - - - E(71):

— 00

n et rTn (T2
— <Z> dro | dra1--- | dnE(m)Emn_1)--- E(11)-

J =00 J—00 J =00

Te{ Uo(t, to)ar(t) - [ar (7). [ar (F—1) «+ - [ (72), 0]+ 1] - U (1, 10) |

S\ ot rTn [T2
— <;i> dry drp—1--- dr E(m0) E(Tn-1) - - - E(71):

J—00 J =00 J—00

Te{pur(0) - (ar (), I (7)), o)1} (5.25)
R AT, BB RERAASE. FERAR T p PIBE URRR, AL p ok
% B PR AR . SR el p @k E PO () = Tr{up™ (1)}, HHERE U AAEFA7S
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()85 BEAR R R — e . RN EAE IR AR T A4, A
s\ "ot Tn T2
PM(t) = <;> JOO dr, JOO ATy JOO dr1E(0) E(tn1) -+ E(11)-

T pu(t) - (), () - (), 97711} (5.26)
VR, T FORMORIEL, SRR £ - 25

< t, » < t, > ., — [
| ] | |
! ! LA : >
7=0 T [ T time t
Pl 5.1 Bfa) AR
=0
th=T0—T1 — m=ti1+711 =1
1
to =73 — Ty = T3 =1+ 79 =12+ 1
1
lpn—1 = Tn — Tn—-1 = T =tp_1+---+1 or Tpn-1=Tp —tp_1=t—1p —th1
I T
th,=1t— Ty = t=t,+th 1+ --+t1 or T,=t—1,
(5.27)
T2H
P4 = (;) J dth dtnl---J QLB — 1)) E(E—ty — by 1) Bt — by — by 1 — -+ — 11)-
0 0 0
Trq p(ty +tn—1 4+ -+ t1)[wltn—1 + -+ t1),- - - [(0), p9] - - ]} (5.28)
HEAX AR
Rl n BrIEZ: fij% M 5. AT PAS R AN HL 3 78 b
PO = dt, dtn - J dt;
0 0 0
E(t —t)E(t —ty —ty1) - E(t —tyn —tn1——t1) - Sltn,tn-1,---,t1) (5.29)

B St by, 1) BEFRA AR
SOty 1) = (;) Te{ b+ttt o ) [ulbas - 12), - [u(0), 0]+ ]} (5.30)
FEHOCSAT O 6 A, TG O T oS R

4 =Bt lE s

=B AR kR
PO (¢) = J dt3J dtQJ At E(t — t3)E(t — t3 — to) E(t — t3 — ty — t1)S® (t3,t2,t1)  (5.31)
0 0 0
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23 = N >~ = <
% B kPR KR

Horv SO (83, ta, 1) R =B ALk BR 4L
-\ 3
SO(ts, ta,t1) = (;) Tr{u(tg +ty+11) [M(tQ +11), [u(tr), [1(0), peq]ﬂ }

o =i (plts + o + 1) [lta + 1), [(t2), [6(0), 1] |)
—i<uG(t3)l/G(t2)uG(t1)l/peq> (5.32)
Hor po RGVAES s p(t) = etstpe st v fEHIT p Fm vp = [, p); G(t)p = e~ Hstpeillst
R p MBI AR E] ¢
=B AR Y pR £ AT PAE— 2P IR 4 1

5(3) (t3, to, tl) = <u(t3 + 1o + tl) [N(t2 + tl)a [,“(tl)v [#(0)> peq]]:| >

NE

= [Ra(ts, ta, t1) — R} (t3,t2,t1)] (5.33)
a=1
HARETT N
<M(t3 +ta +t1) [H(tz +t1), [pu(tr), [1(0), Peq]]]> =
+ (u(ts + t2 + t1)plte + t1)p(ta) n(0)p(—00)) — Ry
= (ults + ta + t1)p(tz + t1) p(t1) p(—o0) (0)) — —Rj
— (u(ts + t2 + t1) (b2 + 1) u(0) p(—00) p(t1)) — —R;
+ (u(ts + t2 + t1)p(te + t1)p(—00)u(0) u(t1)) = I3
— (u(ts + t2 + t1)p(t1)p(0) p(—00) u(t2 + t1)) — —Rj
+ (ults + t2 + t1)p(t) p(—00) u(0) pu(ta + £1)) — Ry
+ (u(ts + t2 + t1)pu(0) p(—o0)pltr) u(tz + t1)) — R
— (u(t3 + t2 +t1) p(—00)u(0) pu(t1) (b2 + £1)) — —Rj (5.34)

RT’ R; RE’ RZ 7‘% Rlv R25 R3, R4 B/‘J/\%I)ﬁ\o TIE% 5
(ABCDE) = ((EDCBA)") = (EDCBA)* = (AEDCB)* (5.35)

HrAiE], Te{(ABCD)'} = Te{DCOBA}, Te{A'} = Tr{A}*, WA BUEIRIAALN: . 4REEF
BOBRAHAEYE, R Ra. Rz, Ry WDAGE—5 M F B

Ri(ts, t2,t1) = (ut1)p(te + t1)p(ts + t2 + t1) n(0) p(—00)) (5.36)

Ro(ts,ta,t1) = (u(0)p(ta + t1)u(ts + to + t1)p(t1) p(—o0)) (5.37)

Rs(t3, to, t1) = (u(0)u(tr)p(ts + to + t1)u(ta + t1)p(—00)) (5.38)

Ry(ts, t2,t1) = (u(ts + t2 + t)p(ta + t1) p(t1) n(0) p(—00)) (5.39)

2 FE BB E A B = R ik 4R
3
_ Z |: —iwnt+iknr + eiwnt—iknr (540)
XFERFIRVE RGO 6 Iﬁéﬁﬁk TREMEWRGES (531) 85

6% 6x6x4=864 (5.41)
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mmvowwzmmvkﬁAmﬁmwmﬁ%;vM%& MEAFEX AL, HILTH ST
SRt AREZRES .

55 ZAptisioe Mkt

3
E:ﬁ B(t — t;)etk=iwilt=t) 4 ¢ ¢ (5.42)

° ﬁ is the dipole operator.

o A is the intensity of the electric field, which is assumed to be weak compared to the characteristic
energy scales of Hg.

o ¢€; denote the polarization. Should be noticed that, the word polarization was used in two different
ways. To denote (a) the orientation of oscillations of the electric field and (b) the density of electric
dipole moments in a material. The meaning should be clear by the context.

o E(t) is the slowly varying pulse envelope, which we choose as a Gaussian with width o, or

full-width half-maximum

FWHM = 2v21In20 (5.43)
E(t) = e /(207 (5.44)

o tj, Ei, w; denote the time center, wavevector, and carrier frequency of the ¢th pulse.

o 7 is the position of the center of mass of the molecular.

5.5.1 philit PR VL0l (impulsive limit)

o ek ek (BB mJE kb ol) . = A~k (IR A EASZ AR T AR, B0f
o FERIT, BRBEOCHK A o kel T2, A

E\(t) = By - 6(t)(e”™1tHikr e e) (5.45)
BEy(t) = By - 6(t — 7) (e~ ™2+ kem 4 c) (5.46)
E3(t) = E3-6(t — 7 — T)(e"™st=s" L ¢ c) (5.47)
BRERLTAE TN (5.2) FREIBkeh EA . B = A (S S R A Bk R R AR, B
Pulse 1 Pulse 2 Pulse 3
; 1 T t

At ot
> Lt

i
|
T3

t=0
Pl 5.2: FoEhkihesil

Bler TARER A1 5418
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% B F bR BRI

P FVRE i) Ry B e ik, 57 2 B 2 RIUR R o

2X2x2x4=32 (5.48)
ZIEH 0 fkap, (5.31) MW =FRUML I DAEE, A
PO ) x Ey-Ey- Es-S(t,T,7) (5.49)

5.5.2 J§s ¥l (rotating-wave approxination )

% BHOLT R

Vi(t) = —ji(t) - E(t)
O [ 'Lwegt’g | + eiwegt|e> <gH . E_u'o(t) [efiwotJrikr + eiwotfikr] (550)
~ —jio - Eo(t) [|g><e| e iweg o)l omRT o) (g] - e o)t e*"’”] (5.51)

Hor (5.50) XITEE 4 00, (HRRAFAEM IR, AR o R L, ATDAZNS , Xt
TRFWAL, PEAR] ASH Lt 5y, L HAREE (5.51) sy i
In general, applying RWA allows us to peak a single field contribution for each term in the

S (ty,ty, - ,ty,). For 3rd-order experiments, this further reduces the terms contributing to P(%)(t) to
Ix1x1x4=4 (5.52)

BUIS, AR XIGE R 2 R 1 5.

5.5.3 FfiPLfic (phase matching)

b)

» » » »
2k1-k34. 2kz-|<3

2k;-k, :1 :z |<L+2k2
+, k+k3—.. . ka . katlths

Kos2k, K, +2K,

¢l 5.3: #H{7 VLML Picture of the emitted fields. Several possibilities of phase matching for third order responses
are highlighted. Moreover, it is also possible to observe weaker beams from higher-order responses. 3
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5.6 i % F

ek (5.45-5.47) T, SEREES BTk
kg =tk kyt ks  (wg=dw +wy+ws) (5.53)

8 ATri.

1. operate on ket side (from left)

excitation (|g) — |e)): +k

de-excitation(le) — |g)): -k

2. operate on the bra side (from right)

excitation ({g| — (e|): -k

de-excitation ({e| — (g|):+k

5.6 Xuh K

e K, HA!
3-pulse photon-echo: ks = —k; + ko + k3
eliminates inhomogeneous effects

why? ““photon-echo?’ Ry strong inhomogeous effects

L
(P20 = | s(rate = ryar (5.5
F{f*gt =F(f) Flg) (5.55)
[ifum@—TmT:g@ (5.56)

T TGRS R — R SO OBk 7 S R R A Z AR AL R SRR

e s ] i o ) A BB S

o BB AMERTHREMAY bk SR AE RGBS SR SR T B A FHR R 7 Rk

A s A]

o BTNV R T R A EUE WO ST AL o B8 AN IReORIES Z AN kR R R]

VPR T Bk 71 Ja ik [ 5 3 U 3R 1]

o B AN Ik AR A A B S AN & ASEAT R AT o IHIRIE] B ¢ 8RR R rephasing BifTa], EAH

PEVCREL ) ks = —ky + ko + ks KRR =B (55 donu 61l .

B e R (7)), FFEE(ES S(r, T,t) 2T (r) FfESErE (¢) SEFrda
72 4G ) BE SRAGAH . AU BV S (wr, Ty wi) o HoH wr Fl1 wop 43 SR R IISCRT A SRR . —
AT ] FR I 2 PR E MW SRR X B 1 o TN FRGE , 5 FR A LI, IR AN R 2 R] AR &
FIRERAL 4 .

= B . B R A R B AL SRR A T DUAS A RIS A = MRS (X 2+ L)
SR & =R AGHEOCVE TR B 1%, TR AN UAHERT A ts + to + ¢ AF L AT
WA P(t) = Te{up(t) } KRB RGN ZEIFI LY .
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o RIS N N
% B kPR KR

B0 2 =Rk A4

E(t)=— 23: AaEq(t, 70) expliwgt — ika7) + c.c. (5.57)
a=1

S g SARI Bu(t,7a) 0% (envelopes, FAEMRHOLIKIEILAR, 15 ¢ = o BAWOL
BEREIR AR ) s wa RUOEHIR; ko 2 = AOBOEIBER .

& impulsive limit &, FZEHIERE 6 K%L,

Eqo(t,7a) = 0(t — 7a)
M} EOM-PMA (equation-of-motion phase-matching approach) 75, Fu(t,7) M2&—A4 ik
I,
Eo(t,75) = exp ( —[2(t — 7,)?)

Hrr 2¢/In2/T, & full width at half maximum (FWHM),

X BRI B Bk W — B0 AR, EATEA M FEIIEEE , AR AR A .

5.7 =il i e B gt

571 X

HC= e 137 oK £
SO (ts, to, 1) = <uG(t3)1/G(t2)1/G(t1)upeq>

TE 4GS v, phase matching fill_F G %l (rotating wave approximation, Rl ZB&#3
PIRBNT) AT A HEE Ks = tky £ ko & k3 Wi, SEEG A F H A rephasing (RP) {545, 3
JimE Kg = —ky + ko + k3, F1non-rephasing (NR) {55, H2 Kg =k —ko +ks. TR=
7 i 1. R E5 728 Ay

Srp(ts, to, t1) = (u—G(t3)v+G(t2)v4+G(t1)v—po) (5.58)
Spr(ts, ta, t1) = (u—G(t3)v+ G(t2)v_G(t1)v4po) (5.59)

Hrp
N N ] 4
vip=lus,pl, pe = pmlO)(ml, py =D pmm)0l, G(t)p=e et (5.60)
m=1 m=1

Bt Srp(ts, ta, t1) Fl Spr(ts, to, t1) HAKEIF4r 504 8 i :
WA 5 W 5 A, W62 R TR 4E R R AR AT 8 45 BRENRRAN T IR A 2o e i e i A iy
Dit, XNAEREEFER NN 2 x 2 x 2 = 8. BRI AE/RER AR AR N R Eh iy — 30T, BTDAA 8 35
MBEEMBER , Srp(ts, ta, t1) Fl Spr(ts, to, t1) &= MMRERIX 5T, AERIF#ME 2x2x2=38
Tl

BIRRE Srp(ts, ta, t1) Fl Spr(ts, to, t1) SERJEITA 8 F5B&AE, X T SLPrit BARBRG . (E2XT
WIEHER, X8 WP AR 0 HA 35 (TERB R TWEAE 2 4), WS britamn

ST ATRIMBIRE S WO AR

Bhee TARfER A S A H—— R AT 124 H 5%




5.8 Mg T IHEHH

T EAEIT, B R e .

5.8 WHT-HE
5.8.1 A1 st ik

FEHEHLTIE TR, T IR RO AL ARG, RBEORNE
(A%, BT A ORI SRIE S . A R SRIE 5k A AR @R
53T IR AR SR T o QAR TERU 113, I8 AR G0 A i W 4 i Ay [10]

H, 0 0
Hs=| 0 Hier 0 (5.61)
0 0 HQex

Hrb Hy = 0 fURELS; Hiee KERNR P TIRIISEHEE, H4ERER N (RS sites ML) ;
Hoer TR TR BME %l H (two-exciton manifold, double-exciton manifold) , ‘B4 H B
TR TR, ARy N(N — 1)/2. TRHZLA52) 54 & 00T 1 R GER & i 1Y
AR
N(]\;—l) N4l N(N2+1)

o DABGA sites ) dimer ffil, N =2, WAL ERUH T 1Y FR G0 5 W 5 A0 MR AE Rl 4

o XJTF 74 sites 1)) FMO, 2R 7 x (7T—1)/247+1=29;

o TMiX}T 8 /4> sites f) PC645 B, PES45 2Ky 8 x (8 —1)/2+ 8+ 1 =37,

AT AN Lt B O SR ST 75 site B AR SUT [ig) 27
BT, Hb1<i<j <N (N ERRRG sites ML) o TRAGL T W Hoer X TTIN
4

+1 (5.62)

(ij|Haexli) = (i|Hieald) + (j|Hieald) (5.63)
PA 3sites REGE (N =3) R, BIHFH 005 wEEH
e1 Jiz Ji3
Jiz €2 Jos (5.64)
Jiz Jaz €3
WX e s X e, i=1,7=2,3, i=2,j=3, I
(12[Haer[12) = (1| Hiea|1) + (2| H1ea|2) = €1 + €2 (5.65)
(13|Haex|13) = (1|Hiex|1) + (3|Hiea|3) = €1 + €3 (5.66)
(23| Hoez|23) = (2| H1ee|3) + (2| Hyer|3) = €2 + €3 (5.67)
B A T I
(51 Haeali'5 )izt e =0 (1 = 0;0) (G| Hiewld") + 635 (1 — 85 ) (| Hiea| 1) (5.68)

+ 0jir (1 — 0350 ) (i| Hiea|s") + 0557 (1 — 047 ) (i Hiea|1) (5.69)
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= = NERRIA > oy .
% A F L3R EHHILH

TR DS i M T RR N
(i Hoeald'j") =0iidj0 (€1 + €5) + 0iir (1 = 850 )Vigr + 8ijr (1 = 85ir) Vi

+ 6jir (1 = 635 )Vijr + 0550 (1 = 03¢0 ) Vi
IAES BEREIE . BRI e 725 il oy

e1 Jig - Sin
Jig g2 -+ Jon
Hlem =
| JiN Jon c-c EN |
LEINAORSE R b= )
e1t+e Jos oo Jov Jiz - 0
Jog e1+ez - Jan Jig - 0
Hieo = | Jon  Jan -rert+en 0 - Jynoy
J13 J12 0 g9+ €3 - 0
0 0 Jl(N—l) 0 €N—1+5N_

(5.70)

5.71)

(5.72)

BERT: Xﬂ‘ﬁ%fnﬁ@%%ﬁ%ﬁ@%%tﬂ%, FT X AT AT CRBEEESR )RR
pINGiE 1 =R/ I | BV b= DT {1l Y S W pIVAS O/ 2 S ed == AN A < 0= P 1 73T 7 [

gl et e - en fi2 fis - fin fos fiv-nn
g 0 0 0 e 0 0 0 e 0 0 0
€1 0 &1 J12 N\ JlN 0 0 s 0 0
€92 0 J12 €9 s JQN 0
eN 0 JlN JQN s EN 0 0 ce 0 0
J12 01 0 0O -+ 0 |et+e Jog - Jon J13
J13 01 0 o - 0 Jaz  e1+ez e J3n J12
fin |0 0 o - 0 Jon Jsn o E1ten 0 Jin-1)
Jo3 0] 0 0O -~ 0 J13 J12 0 €9 + €3 0
f(N—l)N 0 0 0 0 0 0 Jl(N—l) 0 EN—-1TEN
(1) DA sites —2R{& (dimer) Rgfil, JERJL-FE %10 A
J
Hio= |77 (5.73)
J12 €2
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5.8 Mg T IHEHH

00 0
0e J

He—= | °t 12 (5.74)
0 J12 €9 0

00 0 e+e2

I IR S S . BRI ROBU TR S ) R G R A
0
0

HAEFER2x (2-1)/2+2+1 =4,

(2) PA3sites RGE (N =3) FB, BIHFH 0065w EH
g1 Jiz2 Jis
Hico = | J12 €2 Jo3 (5.75)

Jig Jaz €3
W 3 sites RALEL IR BB RIRU 1Y 1 22 G0 225 il 8y
00 0 O 0 0
0 e JigJis 0 0
0Jig g9 Joz O 0
Hg=|0J13 Jog e3 0 0
00 0 0 e14+eg Jog Jis
00 0 0 Jyg er+ez Jio
00 0 0 Js Jio ez tes
HAEERH3x (3-1)/24+3+1=T1,

0
0
0
0

(5.76)

5.8.2 Wi FEREMmB

T (WEES) SRR

0 u
a=| . Hlea (5.77)
lu’lez 0

Hot uf, = (u1e.)", FRH

N N
il =Y )0l fire, = Y pal0) il (5.78)
=1 =1
PA 3 sites 24 (N =3) R,
fifee = 11 |1) (0] + 112]2)(0] + p3|3) (0] (5.79)
BRI TEACN
M1
it = | 12 (550
H3
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= = NERRIA > oy .
% A F L3R EHHILH

TR BRI

0 p1 po ps
P (5.81)
g2 0 0 0
s 00 0
[ R P 2 e ) A — e , AR AR A AR A i 3 o B AL SR A 2 R 1) HE
site FRN, A i) FRB T, Hf 1 <i <j <N (N FIRRG sites M) o L8 T
XU o R (AR R A A [10]

0 Hee O
ﬂ = lu’1+ea: 0 /‘5273;1; (582)
0 e O
N N-1 N
_= Zui!())(i\ 3D i) gl + iy i) (5.83)
' i=1 j=i+1
HABS T BRAT 1%1‘&%5%5[@757@
(151113 1") = Siar (31111 |O) + 8jir (i 13, |O) (5.84)
/\qj
— (T
MZex | (IU’ZECC) (585)
XT3 sites RG, WA |i7) A, [12). [13). [23), Hp
<12|/J’§rem|2/> = 512/<2|Mlex|0> + 52l/<1|1u1+ex|0> = 611",“2 + 522'//'61 (586)
(13[ 13, 1) = G1 (3|17 |0) + Fair (1|11, 10) = Ovirpas + G311 (5.87)
<23‘lu’;—eac‘2/> = 52@’<3|M16x’0> =+ 53Z’<2‘/’L1::c‘0> = 62i'lu’3 + 531"”2 (588)
BRI N
<12‘lu’;—em‘1> = K2, <12’/’L;ex’2> = M1, <12‘lu’;—ear‘3> =0 (5.89)
(13|13, 11) = 3, (13|p3.,12) =0, (13[p3,[3) = (5.90)
(23[ 130, 11) = 0, (23|p3,,12) = p3, (23|43, 13) = 2 (5.91)

WAL BT BT B I RAL AT

g e e ez fiz fiz  fu

g |0 pw pe pg O 0 O
ex. |lpgpr 0 0 O pwp ws O
€9 12 0 0 0 M1 0 U3

e3 | uz 0 0w p2
fiz | O g2 pp O O 0
Jis | 0 p3 0 pp O

fas | O 0 ps we O 0
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5.9 S,zp(fg, to, tl) a9 ‘1?— 75 Tj"l/a

XTF A sites B R G NHN
0 w1 p2 0

0 0
4= H1 K2 (5.92)

2 00 py
0 popr O

5.9 Spplts, to, 1) WITEANIT iR

5.9.1 Sr"p(ti% t?a tl) Hgﬂ'ﬁ‘(h—éﬁ
Srp(tss t2,t1) = (u-G(t3)v4+-G(t2)v4 G(t1)v—po)
v_po = (k-po) — (popi—)

Srp(ts,ta, t1) = <M—G(t3)V+G(t2)V+G(t1)(N—PO)>
— (p-G(t3)v G(t2)v G(t1)(pop—))

v G(t)(p—po) = [+ G (1) (1—po)] — [G(t1) (1—po)p+]
viG(t1)(pop-) = [p+G(t1)(pop-)] — [G(t1) (pop—) b+ ]

Sep(ts, ta, t1) = (u-_G(t3)v G(t2) [y G(t1) (1—po)])
— {u-G(t3)r4 G (t2)[G(t1) (1—po)4])
— (u-G(t3)v1 G (t2) [+ G (t1) (pop-)])
+ (p-G(t3)v G (12)[G (1) (pop—) 1))

vy G(t2) [+ G(t1) (1—po)] = {4+ G(t2) [ G(t1) (p—po)]} — {G(t2) [+ G (t1)(k—po)lp+ }
v+ G(t2)[G(t1) (h—po)p+] = {pG(t2) |G (t1) (u—po) 4]} — {G (t2)[G (1) (h—po) i+ ]+ }
v+ G (t2)[u G(t1) (pop—)] = {4 G (t2) [+ G(t1) (pop—)1} — {G (t2)[u+ G (t1) (pop—)] i+ }
vy G(t2)[G(t1)(pop—)pt] = {n+ G(t2)[G (1) (pop— )+ ]} — {G(t2)[G(t1) (pop—) i+ 11+ }

Srp(ts,ta, t1) = (u-G(tz){ps G(ta) [y G(t1)(u—po)l}) = ¢a
— (u-G(t3){G(t2) [+ G (t1)(1—po)l i+ }) = o
— (p-G(t3){p+G(t2)[G(t1) (u—po)pu+]}) = ¢
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F A F G RHIE

+ (n-G(t3){G(t2)[G (t1) (—po) 1+ }) = ¢d

— (u-G(t3) {1+ G(t2) 114G (t1) (pop— )]}> = ¢3 (ESA)
+ (n-G(t3){G(t2) [+ G (t1) (pop— )+ }) = ¢1 (SE)
+ (u-G(t3){p+ G (t2) [G(t1) (pop—)pi+]}) = ¢2 (GB)
— (p-G(t3){G(t2)[G(t1) (pop—) 1y u+}> — ¢e

XFRIS NS po = [0)(0], ¢ =p=c=0¢g=0¢e =0 (ZWF—T7). TH

Srp(ts,ta,t1) = ¢1 + P2 — @3

Ra(ty, ta,t3) = (u(ts + ta + t1)pu(t1) p(—00) p(0) pu(t2 + t1))
= (u-G(t3){us G(t2)[G(t1) (pou-)ps]}) = 62 (GB) (5.93)

5.9.2 S,,(ts, t2, t1) NEIFS BRI B 5 Pr
5.9.2.1 ARG
(1) ¥1E o= b= e =¢a =0 DA3sites, 4 RERRG A WIS TRS, E

1000
0000
po =
0000
0000
WO SRER IS — AR EAEA, popo, BP
Oabe\ (1000 0000
0000 [0000 0000
[i—po = =
0000|0000 0000
0000/ \000O 0000

R0, ZJEEAAIEE Y 0, R
¢a:¢b:¢c:¢d:0

(2) %?% (be =0
pe = (p-G(t3){G(t2)|G(t1)(pop— )iy 1y })

PA 3sites, 4 BERRG MBI, WAL THLE, H
1000
0000
0000
0000

L0
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5.9 S,Ap(fg, to, fl) a9 ‘I? 75 ‘I’j‘i/a

OSSR S — UM AR pop—, BD

1000 Oabc Oabc
0000 0000 0000
pPop— = =
0000 0000 0000
0000 0000 0000

SRIGPA pop— MRIZSHEAS IRZsh #E (HEOM) 81k t1 Bf1E], G(t1)(pop—).

Oabec 0000

. . 0000 . Ode f

b3 I PO ) WaiEh H = ,
0000 0gh 1

0000 0jkm

PRGN E, N EE defghijkm F5 5 abe TR f, MEAXELE] defghijkm L, R
defghijkm ¥U{EA N 05 MBS B&E, SUESIEsh H R SR, AR WA 3
de fghijkm 53BN 0. AL t1 A,

0 p1 p2 p3

00 00

00 0O

00 0O

G(t1)(pop—) =

B SHEM IS WA EER 14 G(t) (pop—), Bl

0 p1 p2 p3 0000 ap1 +bpa +¢cp3 000
00 00 a000 0 000
G(t)(pop—)p+ = =
00 00 b00O 0 000
0000 c000 0 000
IRIG LA G(t1)(pop—) v ARISHEARIZ S 7 (HEOM) AL to IR,
a000 0000
N 0000 R Ode f
MTHEN p= MR Hs = ,
0000 0gh
0000 0jkm

pHs =0 Hsp=0

¢e:0

(3) ESA ¥1% o3 BT B FIE LR ¢3 (excited state absorption,ESA) ik 0, X HAM
BEAII AR M. DA 3sites, 4 BB RS A

¢3 = (-G (t3){u+G(t2) 1+ G(t1) (pop-)]})
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= = NERRIA > oy .
% A F SRR HHILH

WIESAETHA, B

1000
0000

po =
0000
0000

BOC SRS — UM EAER pop—, B
1000 Oabc
0000 0000

Pop— =

0000 0000
0000 0000

0Oabc
0000
0000
0000

SRIGUA pop— MRIZSHEASLBGZ s HE (HEOM) 1k ¢y Bf1AE], G(t1)(pop—)e.

Oabc 0000

. . 0000 et ) Ode f
MR A WEiEN  Hs = ,
0000 O0gh 1

0000 0j7km

RGN E, NYBLER defghijkm iR abe TTMG, i~z
N E e == TS i e M DR E S PN N S 2 e B S

de fghijkm FAEAIHN 0;

HALE] defghijkm L., BJ

de fghijkm 5 40EH 0. AL ¢ BHES,
0 p1 p2 p3
00 0O
G(t1)(pop—) =
00 0O
00 0 O

WOLSFER IS WM EAEN 14 G(t) (pop—), BT

0000\ {0 p1 ps ps 00 0 0
000 00 0O 0
pe Gt (pop-) = | =
c000 00 00 0 cp1 cp2 cps
[FIRESR G PA 1y G (1) (pop—) SARIZSHE ARG 3l 7 FEi Ak, Ak to B(A], G(t2)[M+G(t1)(P0M )Mo
HE—RKETHE—FE, PIASEEIEERS (ap1,ape,---) SEEIEHY (55—, 147, BUE
O/ WAEMEG, RAHEMEBIEIEA N
000 O
0 d/ / /
Glta) s Gt ) oo = |2 T
0g R i
07 K m
Bl TR S A E— A 132 H3x




5.9 S,-p(fg, to, fl) a9 ‘I? 75 ‘I’j‘i/a

O S U EAER 14 G(t2) (4G (t1) (pop—)], BI

0000\ {000 0 0000
a000||ode 0000
p4 G (t2) [+ G(t1) (pop—)] = =
" " booo||logw 0000
c000/) \oj K m 0000

[FFESR G DA 14 G (t2) 104G (t1) (pop—)] ARSI A RSB B RE AL, JfL t3 BA],
G(t3){u+G(t2) [+ G(t1)(pop—)]}o EIAN O BIFIZSEHAL G N 0, Bl ¢3 = 0,

(4) WEEBENRE - REH XTRETHR, O85ira B aniE —wIEH, u_o, H
0Oabec P11 P12 P13 P14
0000 P21 P22 P23 P24

0 0 0 0
0 0 0 0

ap21 + bpzr +cpa1 ap2z +bpz2 +cpaz  apaz + bp33z + cpaz  apaa + bp3s + cpaa
0 0 0 0

0000 P31 P32 P33 P34
0000 P41 P42 P43 P44
A] Wt Ja G A2 BURL RS T o

5.9.2.2 W15

ESA 42 o3 BUERI M BT IE T ¢3 (excited state absorption,ESA) Tk 0, XU
LR RZE? DA 2sites, 4 BERARG A, HARALEAFH

0abd0 0000
0000 a000
H— = H+ =
000a b00O
0000 0baoO

¢3 = (-G (t3){p+ G (t2) [+ G(t1) (pop-)]})

ISV THZS, H

1000
0000
po =
0000
0000
WOL SRS — A EAEH pop—, R
1000\ {0aboO 0abo
0000[]0000D 0000
pop— = =
0000[]000a 0000
0000/ \00O0OO 0000
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RIGVA pop— ARISHEARIRIZEN T (HEOM) 84K t1 ], G(t1)(pop—)-

0Oabo0 0000
. loooo N 0de 0
XTI A Wl Hs, =
0000 0gh 0
0000 000 m
AL ¢ BHE
0 p1 p20
00 00O
G(t1)(pop—) =
00 00O
00 0O

WS RIS UM EAEN 14 G(t) (pop—), BT

0000\ [0 p1 p20 00 00
a000 00 00 0 apy apz 0
p+G(t1) (pop—) = T
b000]|]00 00 0 bp1 bps 0
0bao 00 00O 00 00
A AL EETE AN
0000
0d e 0
G(t2)[n+G(t1)(pop-)] = o
0¢g RO
00O0O0

WO SRR =M AR 14 G (t2)[n4 G (1) (pop—)], BRI

0000\ {00 00 0 0 0 0

a000]||0d ¢o0 0 0 0 0
4+ G(t2) [+ G (1) (pop—)] = N

b000|[0g KO 0 0 0 0

0ba0/ \00 0O 0 bd + ag’ be’ + ah’ 0

FAESR G DA 1y G (L) [t G (t1) (pop—)) MRIASHE AR B By Bk, Ak ¢ BfIa]
G(t3){p+G(t2)[ur G(t1)(pop—)]}e

e —AEH, p-p',

0ab0\ (00 00 00 00
000b[[00 00| |[0bps bpss0
000al]|0 0 00| |0apsmaps0
0000/ \0 psa paz 0 00 00

MEHTHEOLT, ESA %42 ¢ W BUE(E. 1T HA B FS0Mr9He, mTRAKEL, BT
AL BT IR, AT AN T T 5 R B8 1 1) s «
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510 —#d,FRgayit &
510 “Hrokisn v

iRl EREA AR

HIMCE AU T, 4tk scs il i H Gl rephasing (RP) 5%, Hym@ Ks = —k1 +
ka + k3, Fl non-rephasing (NR) {5%5, HiE Ks = ki — ka + k3. Hi Ky, Ko, K3 43 JIHFR
B B BRIkl . A RPAFSAINR G5 A AR, H e o5 — s ik
T ] DA 5 —AME T o ANARE RP GRS A 55— kb 0 58 AN kv £ e 1) ) o 52 SRy
£ >0, W NR G T < 0.

e A ] T, FFEsRAES S(r, T, t) 43 FIAH T a] 7 FE S e ¢ 7 AR st
REZRASAH B AR — 4B S (wr, T, we) o BP

Hw, Ty wr) = ReJ dTJ dt |:€i(wTT+wtt)Snr(th7 T)
0 0

el g (T, 7)]

TR TOGIESE R EE AR AR (VST 6] By = — K1 + ko + k3 1) rephasing (RP) {52
Fil ke = k1 — k2 + k3 J5 ) non-rephasing (NR) {55, 3XFjAH (2 PEE )y ]t 2 S-S
B TRROERE, RSSO R R S, 2SR AT ARSI At
FRLVCEE T 1], 0 Ky + Ko — ks A980 002 4 X0 TAHTOERE (11,

FEmp R R (impulsive limit) 5, 2 SGRERIIGETR AN B Ry (7, T, ) F Ryp(7, T, t) XA
T 7 A5 ST ¢ A A E),

Spr(wry Tywy) = ReJ J drdte™ Tt R (7, T, t) (5.94)
IR o
Spp(wr, Tywy) = ReJ J dete_ZwTTH“’tthp(T, T,t) (5.95)
0o Jo
S(wr, Tywi) = Spr(wr, Ty wi) + Spp(wr, T wi) (5.96)

T BT R, 3 HL A A L A e RS v e B AR R RO 5 AN (] o A L
RS (PR MR R B, FEEOIURAT TS 1. X AN A2 IR, ERXH RSt
AR, FRBONIE S A2 s il B84 f5 1 52l K s il Bt A8 4 5 0 JE 7S, i HH 2
FEFREUE RS 3% 2t MR A S P

e = cosz +isinz e = cosx —isinx (5.97)

VSR SRS rephasing Yt B AR (5.95) HHOT 7 474 IL S . S HLAFAESRRAINIL
ATRAE TR L S OCHOR SRR REARR S, BRI wr — we, MBS
LA R 227 TR SRR DS, R A B s B Ry T B
PR PCBRG . AESEH . nonrephasing YEHEHETT I B EHENTT . T rephasing
SIS wor (9SS, S0 THO O, P LA SO B, 0] DARIEASI X
00555, {ERE wr BRI 180°, PEANIAMDR, TDAZ IL i 3515 1) = R R4

SEIREESA AN 6 BRAK
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945 N i dad BRIV ACH R

B TRV /7Y, equation of motion-phase matching approach (EOM-PMA).

e s B e e T DU

S.Mukamel I |, b ZA A4 ]38 -

4% (2D electronic spectroscopy ) <& HIAH{ZVEHL (phase-matching) J5 i1 by = —ky +
ko + ks I RIEE T E A5 S Prp(t) k. FERARITET, Ppe(t) SN R EGH 2.
7 limpulsive limit " ($EHIIKRFA ), A —/ NG b B EIOW 554 DTk, PR T AT A B it
74534 . However, when finite-duration pulses are used, pulse ordering cannot be enforced, complicating
the description (and the calculation) significantly.

1E 3 T REAH VL ¥E 224 iR : based on a reduced density matrix description of the system that

treats the field—matter interactions explicitly, thereby including pulse-overlap effects and contributions

from all Liouville pathways in the calculation,

6.1 T 1 JifL

LA BT A2 I TERGRE p(r) B0 P T DA P B T e
0l = ~ilH, + Hina(1), p(t)] ~ Rlo(1) 6.1)
S
o & h=1;
o H, SERBHW 50
o Hins(t) SHOLH 5 FGHTE A5 KA B0
o B[ o5t R0 5 M 13 0 R i TRE0 3D %%

6.2 WOl 5 eI 1 11 Wy i

TERABHGERL R, SS9 TR R M BT Hone (1) WTDAZER N
Hipi(t) = —i - E(1) 6.2)
Horp E(t) J2 SR 00O ko B R BT IR .
T AR R TATE RN
fi=Y fin(an+a}) =X+ X7 (6.3)



$ o~ F B FEARCRIL S

oot a, I ad A LR KRR i 245 n AT IR . B U M 2
0 fiy fiz - fin

N N 00 0---0

X =) finGin =Y fin|0){n|=[00 0 - 0
n=1 n=1 e . .
00 0 0 O

0 00---0

N N g1 00---0
XT:ZﬁndIz:Zﬁn‘n><0‘: fiz 00---0
n=1 n=1 R

n 00 0 0

TEREBAE LT . 50T RGEAE MR N SO IKh al DA A -5 IR 5 A fL 3%

N
E(t) = Z 2An By (t — 7) cos(wnt — ki - F)}
N
=3 [AnBult = 7a) expl—i(wnt — Fu - 7} + e
N -
— Z _A En(t — 1) exp{—i(wnt — kn - 7)} + ApnEn(t — 1) exp{i(wnt — En . 7:*)}]

—

N o
= Z Ap By (t — 1) exp(—iwnt) exp(ikn - 7) + ApEn(t — ) exp(iwnt) exp(—iky, - F)}

(6.4)

o XY, WkhEh 3, N =3;
o Ay IR ;
o Epn(t — ) @Bk 5 B s U2 Bk 2 (laser pulse profile) , Joi4dfl4%
(dimensionless envelope ) ; G Hkid £ FLK 52 (Gaussian pulse profile ) :
E,(t—m7,) =exp(—4-In2-(t— Tn)2/'r5) (6.5)
Hrp
o Tn FEfkaf AL A (central time of the pulses) ;
o Tp e Bk A HFSER ] (pulse duration), HZRIEREE TG (full width at half maximum,
o wy RWOCIKMATA ;
o ko RWICHLR
TR CIkf 5 R GEAH EAE F e i
Hint( Z [MA B (t — 1) exp(—iwnt) exp(ikn - 7) + ptAnEp(t — o) exp(iwnt) exp(—iky, - 7#)}

n=1
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6.3 —ZERIFE T RT

3
= [VJ(t) exp(ifn - 7) + V.= (1) exp(—ikn - f‘)] (6.6)

n=1
Horfi
Vo (t) = pAnEn(t — 1) exp(—iwyt)
Vi () = [ViH ()] = nAnEn(t — 1) expliwnt)

n

exp(iky, - 7) YERAR AL FREZBOE ) 457 1EH .

6.3 Ak TR

% JE S E B rephasing T K3, = —k1 + ke + ks BI55, BATHFERBGRBOLS &
SR AR ) W B 0 P XX A7 TR Tk . B0 5 AR AP T exp(—iky - 7). exp(iky - 7) il
exp(iks - 7) BIJ7 ). T J2 R S A S T DA g

Hiota) = Hs — ‘/1_ (t) - V2+ (t) - ‘/3+(t) (6.7)
FIIREHE N 5
i1 = —ilHs = Vi () = Vo' (1) = V5" (1), p(8)] = Rlp(1)] (6.8)
RO TEAR RLITEC 7 a4 3R Ge 204058 FERE MRS AL S M), R i FR “REGEDERE” 1Y
Ik
The total three-pulse induced polarization is defined as
P(t) = (up(t)) (6.9)
where the angular barckets indicate the trace.

As an example, we show how to extract the three-pulse photon echo (3PPE) polarization Psp(t)

from Eq.(1). The polarization in any other phase-matching direction can be found in the same manner.

Specifically, we search for the contribution to the total polarization P(t) which is proportional to
exp{=iks, - 7} , where
kap = —k1 + kg + ks (6.10)
is the 3PPE phase-matching condition, so that
Psy(t) = P expliks, - 7} + c.c. (6.11)
ﬁ * -
= Pé;) exp{iksy - 7} + [Pé;)] exp{—iksp - 7'}
{E2 FIEHXA IR HGR IR §o(t) = —ilHs+ Hin (1), p(1)] — Rlp(t)] RS T 2L %)
HEIRBRAT o
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% oN = B H) A ALAR T ELIE S

6.4 L)AL IR 2 e T

LI BERE p(t) oA =Bk BIER], B p(t) @— D5 Bk s A e & . ki o
JE (Apyn=1,2,3) SKIFHIFRAER K i p(t). 5 p(t) $ Ay #E4T Taylor FEIT,
p(A1, Az, Asst) = Y AJAJASpP IR (1) (6.12)
i,5,k=0
Hop p(Aq, Ag, Az t) AT AAH @A R X AR PR AR 0 7 A2 BRI, XA ] DALEFR AT S0 S AR A
P € B TTHRI, RV AR € AR AL DL BC 2% F o X T rephasing —4EFLFOLIEAT , where p(Ay, A2, As;t)
can be regard as the generating function for the various Liouville pathways, which allow us to compute a
particular contribution to the total polarization, obeying the necessary phase-matching condition. In our
case,

PP (1) = (up'(2) (6.13)

B p(Ar, Az, Az t) ¥ Ay Tl Az T2 T -
p(A1, As, Az;t)
=p"(A1; 1) + Agp™(Ar; 1) + Asp” (Ar; 1) + A3p™ (Ar; 1) + A3p%* (Ar; 1) + A Azp' (Ar;t)

(6.14)
+0(A5A),  k+m>2
A4 Ay =0,43 =0, A3=0f Ay =0, f
p(A1,0,0;t) = p%(Aq;t) (6.15)
p(A1, Az, 05) = p™(A1;t) + Agp'®(Ar;t) + A3p™(Agst) (6.16)
p(A1,0, As;t) = pOO(Al; t) + AngI(Al; t) + A§p02(A1; t) (6.17)

A=At
p(Ar, Ag, Az t) =p* (A1;t) + Agp(Ar;t) + A3p™ (Asst)
+ p%(Ap;t) + AzpP (Agst) + A3p%% (Agst)
— PP (A1st) + AsAzp' (Ar;t) + O(A5 AT
=p(A1, Ag,0;t) + p(A1,0, Az;t) — p(A1,0,0;t) + Ag Azp'' (A1) (6.18)
+oAkAmy, k4 m>2

AgAsp™ (A t) =p(Ay, Az, Az;t) + p(A1,0,05t) — p(A1,0, As; t) — p(Aq, Az, 0;1) (6.19)
+O0(A5ATY,  k+m>2
A2 A =0, f
A Azp' (0;1) =p(0, Ag, Az;t) + p(0,0,0; 1) — p(0,0, Az; t) — p(0, Az, 0; 1) (6.20)
+0(A5AY,  k+m>2
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6.5 A few comments

15 p7F(Avst) # Ay BEET R R IT

PR (A t) = pF (1) + A1p!H(t) + O(A7) (6.21)
il
AipttH(t) = pt(Asst) — p'1(0;1) + O(A7) (6.22)
TR
A Ay Agptt(t) = Ay Asp (Arst) — Ay Aspt(05t) + O(A2) (6.23)

B (11.19) K. (11.20) XA (11.22) =, FH
A1A2A3p111(t) =p(A1, Ag, A3;t) + p(A1,0,0;t) — p(A1,0, As;t) — p(Aq, Az, 0;t)
— (0, Ag, Agit) = p(0,0,058) + p(0,0, Ag; ) + p(0, A3, 0;8)  (6.24)
+O(APASATY,  n4+k+m>3

[AA there is no permanent dipole moment in the ground state, £ (Xp(0,0,0;t)) = 0.
A

5
p(A1, Ao, Agit) = pr, p(Ar, A2, 058) = pa, p(A1,0,A358) = p3, p(A1,0,058) = pa
p(0, Az, As;t) = pu, p(0,42,05t) = pa,  p(0,0,As;t) = p3
Horb o, p2, p3 R p1,po,ps 0T VA(E) T T2, A
Ay Ay Asp' ' (t) = p1 — p2 — p3 + pa — pr + P2 + P (6.25)
AH LA
9 prlt) = i [Hy = Va(t) = VJ(6) Vi (1), 1 ()] — Bl (1)
9 palt) = i [Hy = Va(t) = V. po(0)] — Rlpa(0)
 put) = —i [y~ V(1) ~ V. ps(1)] — Rlps(1)
copa(t) = =i I = Vi(0),pa(0)] ~ Rpa(0)
9 pilt) = i [H, ~ V() ~ Vi), (0)] ~ Rlpa(0)
o palt) = i [Hy V. a(0)] ~ Blp0)
o palt) = i [Hy V. ps(0)] ~ Blps()

6.5 A few comments

o First, the quantities p;(t) and p;(t) are not true density matrices, since V,, (¢) and V! (¢) are complex,
and p;(t) and p; (t) are no longer Hermitia operators. They have been introduced in order to optimize
the computation of the signal.

o Second, Eq.(21) is valid in the leading order of the perturabtion expansion in the optical fields in

volved, that is, P3, ~ A{A2A3 + O()\’f)\lg)\g”), n + k + m > 3. Thus the domain of validity of
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Eq.(21) coincides with that of the third-order perturbation expansion.
o Third, Eq.(21) accounts for all effects due to pulse overlaps automatically.
Summarizing, in order to determine the time evolution of the 3PPE polarization for particular values
of the pulse delay times, one has to perform seven simultaneous propagations.
It is important that not all seven equations depend on the 71, 7, and 73 simultaneously, which allows
for considerable simplifications and optimizations in a computational numerical scheme for the evalution

of 3PPE signals.

6.6 Jigks DAL V)

o For optical transitions, the energy gap between the minima of the ground and excited electronic
state potential energy surfaces is much larger than all other relevant energies.

o The situation suggests that the rotating wave approximation (RWA) is applicable for the description
of driven dynamics in Eq.(6).

o To apply the RWA, it is convenient to single the corresponding energy w, from the original excited
electronic state Hamiltonian Eq.(3) by introducing the renormalized vertical excitation energies

€; = €; — w, and the renormalized system Hamiltonian
H=H — P.w,

where P, = [g)(g

, P. = 1 — P, are the projection operators on the ground and excited states,
respectively. Evidently, H is defined through Eqs.(2) and (3) with ¢; replaced by &;.
We switch to the renormalized Hamiltonian (8) and reduced density matrix p, which is connected

with the original p in Eq.(6) via the unitary transformation
p(t) = O(t)p(H)O (1) (6.26)
O(t) = exp{—iPewet} = Py, + P.exp{—iwct} (6.27)
Makeing use of the fact that the electronic dephasing and vibrational disssipation operators commute
with O(t) and invoking the RWA , that is, omitting the terms proportional to exp +i(w, + wy, )t but

retaining the terms proportional to exp +i(we — wy, )t , n = 1,2,3. We arrive at the equation of motion

for the renormalized density matrix

9 plt) = il + Hina(1), 1)) ~ R[o(1)

where

3
Hine(t) = =X Y ApEy(t — 70) exp{i(@nt — kn - 7)} + H.c.

n=1

and the renormalized pulse frequencies are defined via
WO = Wy, — We (6.28)
Using the properties of the X operaters,

99l X =X,  Xlg){g9/=0,XX=0
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6.7 XK A EHN N5

one finds that

o (Xpa(t)) =0
o (X[=p1(t) + pa(t) + p3(8)]) = 0
(Xp1(t)) = (X (p2(t) + p3(t))), because only the terms linear in the laser fields contribute to p1, p2(t),
and p3(t).
A
P (1) = (X[pa(1) = p2(0) = ps(0))

9 prlt) = i [Hy = Va(t) = VJ(0) — V5 1), 1 ()] — Blon 1)

9 palt) = i [Hy ~ Va(t) = V. po(1)] — Rlpa(t)

0 r _ _
opa(t) = =i [H, = Va(t) = Vil pa(t)]| = Rlpa(t)
VRGeS R 2 I B . AR T it Wt RN oA S 5 e 1

A R
H=H,—WVi(t) =V, () = V5" (t) &

RABN Gz 307 R th AT B A B AR M rT PA T
X GG F AT IRFR] ~ A R I IR) T i i o e kel i) oD IS RIS, [ E T, —A>
T ISR Y. 1B ¢ B A AR p (6, WA T IR RO T AERE R, RO Ak

6.7 el kA Zh 1%
W
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o4 b an A O br

7.1 XA T2

ARG SRR

PO (¢) = J dt3J dtQJ Aty By (t — t3)Ey(t — tg — to) Es(t — tg — ta — t1)S®) (t3,t9,t1) (7.1)
0 0 0

JEop SO (1, b, 1) H=BARREWIZBREC WURAABOL IR AR 8 ko, Bt IR 01,
R B AL
SRR

AN
591,12, = () Tt + 12+ 00 e + 00, o) 0]} 229
Skt po RIS, WORGETHS 0T RIE, —BEAN ARSI TAAS: ul(t) = et e,

WA PAS AT K,

-\ 3
8(3)(t3,t2,t1) = <;L> <[LG(t3)I/G(t2)l/G tl Vpeq> (73)

Lot vp = [, p], G(t)p = et petHat | e s P A% I S TR R 5 30 P44 B ) 95 5 50T
FEMR, & h=1.

) FHAH A7 PERD 2614, Erp =k + ko + k3, Knp = k1 — ko + k3, ZHYIRRREL S3(t3, b2, 1)
A AGT IR R4

Aq. \bﬁz'-

Srp(ts ta, t1) = (n-G(t3)v4 G(t2)v+ G(t1)v-po) (7.4)
Snr(ts,t2,t1) = (-G (t3)v4G(t2)v-G(t1)v4po) (7.5)
H R NS R Hrp R AT DA A R =53, A Srp NBI, B
Srp(tssta, t1) = — (p-G(ts){p+ G(t2) [+ G (t1) (pop-)]}) —  (ES4)
+ (u-G(t3){G(t2) [+ G (t1) (pop— )1+ }) = (SE)
+ (/LG t3) {14+ G(t2)[G(t1) (pop—) pi+]}) = (GB)  (1.6)

X =T BN RGBSR (GB) . A (SE) AL (ESA), H4NHES I
FITTRIRH S ZEYY o XG0 Bl & VRl B 75 (58 T WL ) JR /s A 1 e 30 1 L SR 4 — 4B 5

o) =32, b

U (t)
(A1) = (¥(t

)|A

$(0
|4(2))

| N0 U" = U(t)p(O)UT(;)

= (®(0)]e" AT p(0)) = (W(O)IUT(OAU®)[(0)),  A(t) =U®)TAU(1)
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Figure 5.2: Feynman diagrams for the rephasing (RP) and non-rephasing (NR)
Liouville pathways. The Liouville pathways are given by excited
state absorption (ESA), stimulated emission (SE), and ground state
bleach (GB). The sequence of the dipole operators that must be ap-
plied to the density operator is indicated by arrows. Arrows attached
to the right (left) line of the double-sided Feynman diagrams require
the multiplication of the dipole operators from the right (left) to the
density operator. Arrows pointing to the right (left) require multipli-
cation with dipole operator yy (p—). Each diagram contributes with
sign (—1)", where n is the number of arrows attached to the right
line. ESA contributes to the signal with a negative sign, while SE
and GB contribute with a positive sign.

L WM BN EEHESORE PR i, el EZ AR (ket, [)), A1l
RILAEAR (bra, (). BHTRTARE L2 A IGHE TH .

2. fkmnE S5ANMNE (R MRS FA AT AR M, 2t
. BETHEVE, TR IO R AR, LA R Sk R A AT
AR R, XERARAEL A A, ARk

3. fi kR (—) SRR AR R AR 1y, AR T A% T AR A ST
Pt peo pg M pe AERITAREMPIBE SO, py BIER ST R RS R
- VEZORA T RSB E EAR .

AR () SEMEEARRR ARG e R SR I AR A 1
I e AR R LB L E(t) = 2Eq - cos(wt — kr) TTRASS BIESA]
ﬁlb"ﬁ%%ﬁﬁ E(t) — Eo(t) . (e—iwt—f—z‘rk 4 6-1—z’wt—ik7~)0

S BB BTG P(E) = (o) (1)) BRI UAER AR E SR LU
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7.2 BRLR AR

PERRAN R, R FES R SR, PRI % e fs — UORH AR T 79 1) R LA K
PR

BRUL, EANEIY AT 46, ATAR —R

o Hi—H WIEARGAMSHEN (B T REHEIRINBER)

o H T BREBKIERIAIRENE, RIBREEIAEEAT

o T R THEEIHE T A 9 2 T

7‘2 ﬁjﬁ%g&%r‘b

N TN B At —HE Tk, UEIE - NRFIRIRG, WRESARLE, BRI AX N E
LR R T RS BRI A SRR, ik (7.1) FoR. H aaE A RS g
fsesE stz . nTAE S, BB RS "4k Boa M SO, PN B HIN I ERE . PiRE

L
T e
SE GB SE GB
| &) s | g){g] " [&) gl | ){s]
el | /|e><g| )l |7 <|e><g|
|2){e| lg)(g]|” RP e} lg)(g]| NR
el BY e o]
BEs el el e)el

P 7.1 —RER ARG _4Etik e K

ARG RN

0 O)
(7.7)
0e¢

T
I
~—

AR RGN R R R AR SRS
P RE FR G BRIT AR AT I A R T 5Uh

g 0 Hge
p= ! (7.8)
e \fleg O
0 fige 0 0
po=1| "7 py = (7.9)
00 feg O

(RP.1) SEifiE, rephasing Sty GB #f4:, Rl
Srp.aB = (p—G(t3){ps-G(t2)[G(t1)(pop—)p+]}) (7.10)

)
+
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Bk e R, A

1 0 0 e 0 e
poti— = ( ) ( ”g) - ( “’9) = lg) (elpge (7.11)
00 00 00
ffiﬂ% tl HT‘“‘ETJy ﬁz

G(t1)(pop—) = e 7 (pop )&t 111 = e ([ g) (el rge ) ot
= (e O g) el ™) e
|g)(e| - e @attet ety
|9) (€] - prgee’ e
9)el - pgeciest o)
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(1) 4&tie, rephasing i) ESA 4%, Bf
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Figure 2.3: Calculated absorptive 2D spectrum of a 3-level, purely homogeneously broad-
ened system at t; = 0 fs. Shown are the two separate contributions to the spectra cor-
responding to the GB and SE contributions (left panel), followed by the EA (middle
panel). The total spectrum is the sum of the two, and all plots are normalized by the
same scaling factor. Contours given at 4%.
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7.3.2 A ORI BR R S aBr

Z:2% Hk: Finite pulse effects in single and double quantum sepctroscopies. Vaclav Perlik, et al.

B weg = 14700cm™ | wye = 15600cm ™", T' =500cm™, pge = ppe = 1,

4 o5 o o5 1 £,/1000cm”
12 14 16 18 14 16 18
18 (@) 5 fs pulse, (b) 13/fs/pulse,
- t,=0fs t,=0fs
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— fe
12 14 16 18 14 16 18
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Fig. 2. Real part of k; (photon echo) 2D signal [Eq. (17)] of a
three-level chromophore after (a) In(2)7" =5 fs and (b) In(2) 7T =
13 fs laser pulse excitation, evaluated for waiting time #; = 0 fs.
Parameters:  @; = 17000 em™, @, = 14700 cm™,  wg, =
15600 cm™, 2y = 1000 cm™, p,, = fis,. In the bottom insets,
the frequency scheme is as follows: the gray filled line depicts the ex-
citation pulse; the solid green (orange) profiles the ge (¢f) transition.
Positive (negative) 2D signals are shown in red (blue) with full
(dashed) contour lines.
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[13] “However, coherent oscillation of the 2D spectra can also arise from another origin, that is,
local vibrational modes, which is not directly related to the efficiency of energy transfer. Since then, there
has been much dispute on the origin of the oscillation, whether it is from purely electronic or vibrational
coherence and whether such quantum coherence plays any important role in efficient energy transfer of
photosynthetic LHCs.(41, 42) Unfortunately, the oscillations of the two different origins are supposed
to appear at the same locations in the 2D spectrum, making the assignment difficult. Accordingly,
several methods of distinguishing the two types of coherences,(33, 43-45) or lack thereof,(46) were
proposed. Thus far, the most reliable method of distinguishing the coherences of two different origins
is to decompose a 2D spectrum into rephasing (R) and nonrephasing (NR) components and examine the
presence of oscillations at various locations on the R and NR components.(33, 43, 44) The oscillation
arising from electronic coherence appears only (1) at the cross peaks on the R spectrum and (2) at the
diagonal peaks on the NR spectrum. In contrast, the oscillation originating from vibrational coherence

appears at both cross and diagonal peaks on the R and NR spectra.”

[14] The study of coherences (nuclear or electronic) is facilitated greatly by experimental techniques
isolating them from population contributions. For this purpose, two-dimensional electronic spectroscopy
(2D-ES)(22-24) is an ideal tool because coherences give rise to off-diagonal peaks in two-dimensional
spectra. Besides static off-diagonal peaks, oscillating coherence pathways will contribute to the signals
and modulate the diagonal and off-diagonal peaks. While the observation of static off-diagonal peaks(25)
does not clarify the nature of the coherence (cf. Figure 1), it is widely accepted that an anticorrelation
between the width and the amplitude of a peak (both diagonal and off-diagonal) is indicative of electronic
coherence.(16, 18) This argument is based on a simulation study of an excitonic dimer.(26) However, it
is not clear (and was not dealt with so far) if this type of modulation is unique to electronic coherences

or if a similar pattern may also arise from nuclear coherences.

We thus conclude that neither the observation of off-diagonal peaks nor anticorrelated width and
amplitude modulation can be taken as a unique proof of electronic coherences.

[15] Often, so-called off-diagonal or cross peaks in 2D PE has been thought to directly reflect system
coherence. Here, we discuss background, applicability and limitations of this assumption.

Observations of multiple frequencies in 2D PE have been interpreted, e.g., as coherence transfer, 22
as well as a manifestation of the coupled electron-nuclear motion. 5,16,23 None of these two mechanisms
is present in the considered models. The effect is solely due to technique itself and we clarify the origin of
the multiple-frequency oscillations using the response-function stick-spectrum expressions that allow us
to separately analyse the role of stimulated emission, ground-state bleach, and excited-stated absorption.

(2) The observed oscillations may indeed arise from coherent population transfer, but underdamped
vibrations in the environment and the coherent nature of the excitations may lead to oscillations as well.

Theoretical models and simulations are needed to disentangle these effects.

(3) Alternatively, one can treat the environment classically using molecular dynamics simulations
and use a quantum description of the chromophores. For this to be valid the thermal energy (kBT) should

be high compared to the energy difference between states of the degrees of freedom treated classically.
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7.7.1 rephasing SE §&4%

1 HLHE 2% 2 & rephasing Sk SE 45, AH R B0 I 5K K
Ssp-rp(ts,t2,t1) = (p-G(t3){G(t2) [+ G(t1) (pop—)] s })
e TR DL
[ = ZMM\MHO\ pn = ZMmCE(EM)

BWRRYIE AR p(0) = [0)(0]. IR IkopAEHIFER S, FEZ R MR a =AM T &

s
0) i1y = Z e |0) (M

TES ARk RS, RGEFTAL R

lu’lexp tl Z MNNM|N> <‘]\4|6FLEMt1
M,N

FEAHILL en B0 I S — ok Skt R4 SR it ) TR R o BELPAR 0 0. TR
k15 RGEAL T mAS . Wi AR ¢ SEES 2 R A T3 125 MT3h 1%k
pltnt12) = 3 vy N) (M Pt (B Eants
M,N
IR B 6 R BE, WERER (i)t 2RI, SpisE
HIRG 5 S . e EN-ER Grp gl RSN S IR A E S B
S —IRIACERER , PGS,

SRPfsE'(t37t2,tl) _ Z |NN| ’uM|267%EN1L36%EMHefi(ENfEM)tz
M,N

1|7 B o A R et () 3
7= Exy — Env B

PEATIE M AR S, A

Irp_sp(wi, ta,ws) = Y |un|PlparPe sV =EM)R6 (0 — Ep)d(ws — Ew)
M,N

HI AT AE 4B ns s 6 B AL T R RAE(EAL , IR R/ N AE 73 (dipole
moment) P o X T ADFE A T3l %73 2 , rephasing SE %424 filg DP(N, N) (w1 = w3 = EN)
e /NREAE R IR A, REXT AR R AERY ;. A XWE CP(N, M)(wi = Ey,ws = En) 2k
FEIR IR, ARSI A

wym = (En — Eum)/h
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(3)

275 SOk

o [16]

o [17]

The rephasing spectrum contains contributions from Liouville pathways that result in rephasing of
induced dipoles in an inhomogeneous distribution of transition energies(photon echo signals).

The non-rephasing spectrum contains contributions from free induction decay signals.

e OGS T ENEO ki R RS (A, BT R AR BT LTI
A, RS A R T BE R A AL . X RESR A S R RER MR I E B, Bl T iE &
M= L8 5 — A 15 KRR e . S50 B, 4B iR m R RHOGE . &
DG R TR K R S8 I5 FEH — 25 B[R] I 1) S BRI Bkt A T R 58, X REsREAG 26
A Z DA AR S . 4R TR Y i KA R Z A e T 4k i il
e HER . R YEGEE, FT R DATA A B ik i VR e A RO U SR AR TR &R
58, MAEBAR (wexcite) e RN IXLEARIHINASHY . TEGFRF— BN H) t2 (FhEINTR]), RIARSE
FHE LI 2 5, BRIV TE TR Z BIRhR R RS MRS 387 ORI SRAER
ML (wexcite) o FIIXANTTWE, U7 A T WA S A IATASAE IR — 4605 T .

THEGTE PR R U SR A UEEARDRE R, X e GRS DN S B R SE Y

ALV, FRATT AT DA 3 - 58 B A5 S U] 1R
A2 SV S A IR IR LA 00 EATIRIESZCAS R & nak sy (i, &) P,

Wt 1 e I T AL, A2 SUERRE ™ A ik, HOBA L2 158 2R A SRl A e 22 T LA S
AR AEPI A 38 2O A RS W . SRl AR Pt g P 4 1, (EUR di i Jl X 28 9k
5, AT AR A T AFAE R R IA] o

AT SUVEE V) FAE ZR B A IS X A U6 [R] ) BB B % i o 6 ) A I T ) 22 LU 3R A g o p o) B AS A%
FIMRARAS; AH AT A U TR 52 SR B e B P IR BE S AL B i RS o ol A SIS G 1) 114
AL L REAS 21 BE LA R A TR B A2

THER O ARG AR E S AR T B ISR AL AL, EERR UL, X LR
i S TP AR o (AT ) AR AL EL A 5K

#T (coherence) 4, ¥rzshAHT (vibrational coherence), Hi 14T (electronic coherence) Fl
HLFIRENAHT (vibronic coherence) =ffiZe7,

o BT REIE I A TR SRR IR (5 SN . IRG 5T 2] (GRHER
FIE]) (eR%k, IR FRERZ 25, B, |o) F1|8) MIBASHM T & A4
FEXS B AT o) (B, SRAEHDEHE (hwr, hay) = (Bp, Eo) AP ERGE S, H91
WEE 21 (B — Eg)/h = wr — wro BTPAULAE SRR 7 AR 7n & T4 T

o TET = 0 WZ|, Juilk EEAA 7 A0 I, XSS S OGR4 B35 HH T Sy
[17].

o The dynamics of the cross-peak CP(N,M) is related to the time evolution of the off-diagonal entries

in the single exciton manifold of the reduced density operator in the eigenbasis representation,
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PEN,Ex (1) = (ENn|p(t)|Enr).

o S LTI TIOR3 A 5 B ) rephasing Al non-rephasing i . T
7 < 0 [k 51 A5 /2 non-rephasing St , KR 2 A /B IR E S (free induction
decay signals). X[ T 7 > O (¥ ke 51 4504 W J& rephasing ¢, involving rephasing of
induced dipoles in an inhomogeneously broadened distribution( the photon echo).

o FE AEL T PO LIE LI P AR AEFF rephasing Al non-rephasing {55 7) BT R S AR A
HY s SRR AT DA DR AR S i R e AR SR ) TR R TR S A B
M (181 £ ZENEIE A s A T A2 A i & T I BN 7E rephasing Al non-rephasing ik /741
A AR R TTER [17]. rephasing A58 LB RSN non-rephasing 7 A5 A B A 511

o 1 rephasing JGili b, XIAIERIF SIS (Ja)(al) BIGHMAER, LR R
&FAHT

o amplitude beats due to coherence between states appear in diagonal peaks in non-rephasing spectra
and in cross peaks in rephasing spectra.[17]

o The rephasing and non-rephasing spectra show phase-twisted peak shapes.

o rephasing W2 HI{HXS 7717, T non-rephasing W42 fir fift SO F J7 [h] -

o SLHHR N " HECIEAY A2 A ST 2 U, X2 A SR (excited-state absorp-
tion) [¥{ER.

o U UTEIE(EAIE E ARG M E I EX AL EEIE, JEATREEA R, X RGP
HAEM R4

o rephasing FXJ £ W%TTT A%, RS BLBEN: non-rephasing XS A H BLIBY, <2 LI
PREFAAS

° XT%WRE’J&QJEEE% H non-rephasing FJTTHR, 1M A2 U3 5 4K H rephasing (17T
Mk

The 2D spectrum can be viewed as a map that correlates the absorption(w,) and emission (w;)

frequencies of the system.

7.9 {55umpELk

rephasing IR 22 L non-rephasing WERYIRIERMR L . BIANTE PCO4S 1y —4EJill S
[16], £ T" = 0 It}, rephasing {5 7 E 5% /& non-rephasing {55 IE & 3.6 ff%, £ T' = 600 I, &
2-9 1%0

iXFf rephasing 1 non-rephasing 5558 B2 @ AL TR I . FRER G [ 50R 22 8843 T B
rephasing Y H IR I RETE, BT DA rephasing ki 751 7= AE 4552 L non-rephasing ikt 751)
PR H Y B 55 (free induction decay signals ) T am—28 [3][17].
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7.10 SRR 4GSR

bEE TR AR, B ik e 2 BB B, X8 C 4T FMO &2 A1 4k
iSRG AR EUER [19]. B 4EERE X A e ke AR 2 K T non-rephasing 4 I H1 i #H T2
Ko PH°A non-rephasing I Hv{d S X} Al , T B3R non-rephaing {55 5T Rk 1) 45 K 52 2.1
THS G T AR B . PRI 4G T B2 IR AE rephasing FlI non-rephasing {55 FH B AE A
g5

711 54k (dimer) RBIn e
SHHk: [17, 20]

7011 BERIGERE e BB Ve

B 1R TR RGN 4R B .

TG
00 0 00 0
Hg = |0 350 150 A E N 0242 0
0 150 450 0 0 558

R 7Tk, THREN A = 48em™t, 7. =1/y = 60fs, XfAICRERY static disorder J2 IE 540 ,
o =50ecm™ . BRITERA AR A EEE, wm = (1,1,0), u2 = (—1,1,0),
BF LRI 2 WA ARG IR N - f = 558 — 242 = 316em ™1,

1 105
\ A —‘SHAF,/ I T: C —
HIBLH RIS T = ——om = ———

fs=105.5fs.

7.12 YRR S A bHE

The frequency w;, which is related to the delay between the first and second pulses, is the so-called
absorption frequency.

The frequency w; is conected to the detection time t and is referred to as emission frequency.

7.13 YyizE S

rephasing 4t TG, Y 4856 TR OERE  (Two dimensional photon echo, 2DPE)

X U 5 B I RS T B IR R AR BN S i . TR RGO, XA
3513 w432 LRSI 81 e3 1 B0 oR  K4 ) | W7 0/ E PO 1 E P

BAIInge s BAAE BT 1AL R A Y 3 i 5 A2 ST SO A 407 Tl R B4 5

BTN pE : FRABRIE R fE 0 S 2y

TR B TSRO B AR R DTk, IEMERT Y T BRI B -5 S22 A P B AR TR
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X AR £ 1 [R] Jo B e i SRR, R T R DA G SR S R AR %, Ik
20055 A B B BRI AR AL A 5K o S LB R 3 JEE R waiting time F)ZASAL, S ) M5
PEATRE R i T AR S MEORRS, MITTHeRe, ey, DARESHFAR A RES ERY .

7.14 i AR e SOk ok
7.14.1 Annu. Rev. Phys. Chem. 2015. 66:667-90

IR -

o Excitonic coupling between transitions is manifested by cross peaks in the " = 0 spectrum, whereas
the growth of cross peaks at later waiting times reflects energy transfer(24).

o Waiting-time-dependent oscillations of the diagonal and cross peaks reflect vibrational, vibronic,
and electronic coherences.

The physical origin of such oscillations and their possible importance for photosynthetic energy
and charge transfer continue to be subjects of instense debat (27,29,43,46,66-76).

o Excited state absorption is also evident in 2DFT spectra, often showing up above the diagonal in
electronic spectra and below the diagonal in vibrational spectra (providing a measure of anhar-
monicity).

MIEIEHKF -

o The T' = 0 correlation spectrum contains valuable information about the fundamental lineshapes
of the transitions under study, in which the ratio of the diagonal to antidiagonal width reflects the
degree of inhomogeneous versus homogeneous broadening (8,10).

o Atlonger T delays, the diagonal elongation of an inhomogeneously broadened transition is lost as
the system loses memory (correlation) of the initial excitation frequency.

The timescale of this memory loss provides the timescale of spectral diffusion and has found
applications in understanding liquid dynamics and solvation(8,52,64).

o The dynamic Stokes shift is also directly observable by the shift of a transition from being centered
along the diagonal (65).

Obtaining Absorptive Line Shapes in Two-Dimensional Infrared Vibrational Correlation Spectra,
M. Khalil, N. Demirdo ven, and A. Tokmakoff

To understand why the addition of equally weighted rephasing and nonrephasing signals results in
a purely absorptive line shape, consider the pathways S R and S NR represented by the two Feynman
diagrams shown in Fig. 2(a) and their corresponding 2D line shapes. The response functions for SR and S
NR in the motionally narrowed limit differ only in the phase of the frequency during 1 [8]. The line shape
observed in a 2D IR mea- surement is related to the 2D Fourier cosine transform of the data collected
as a function of the evolution and detection time periods. The rephasing and nonrephasing 2D spectra
show a phase-twisted line shape tilted along the diagonal and the off-diagonal axes, respectively. This
phase twist arises because the 2D Fourier cosine trans- form of a signal evolving with complex phase in

two time periods leads to a combination of absorptive and disper- sive features [7]. The dispersive wings
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effectively broaden the linewidth of the transitions and distort their shape, making it difficult to resolve
overlapping resonances and interpret the underlying structure. When the rephasing and nonrephasing 2D
spectra are added, the dispersive wings cancel to yield a purely absorptive line shape shown in Fig. 2(b).
The resultant purely absorptive line shape is dependent on the addition of equally weighted rephasing

and nonrephasing pathways.
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Excited State
Absorption
— [1) E,
Pump Stir_nm_ated Detector
Emission
0)
Pl 8.1 (A) =ZBeRARS%: (f) Fil— DG EUR &
RN CHE T2 0 3 k=4, (BERE R, 55 7 @y, i HAm
FetARAE RSP 2N E (heterodyne detect) AYAMLYR (local oscillator) . FEHESL VT BUFIAH

Stimulated Excited State
Emission Bleach Absorption
“*.. +Kye ", “-..'
ol T ] 20
-k,
LN NPRCAN 00 K
oy /1 |1)(0| K, Y. 10| Koy / |1)(0|
w LJ w
’... + kpr °0.‘ .0‘.
UCl L UL PR
A b oo kAN
R I "o N
\kpu |0><1| \kpu \ pu
Pel 8.2: JRH— WML 5 2 B4
o Zi A&t The left diagrams are pumped to the excited state by the pump pulse and stimulated
back to the ground state by the probe pulse. They represent stimulated emission.
o FHANEH . The middle diagrams describe those molecules which are in the ground state after the

pump pulse, and hence represent the bleach contribution.
o ARSI : The right diagrams are pumped to the excited state by the pump pulse, from where

the second excited state is probed. They represent excited state absorption.
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So state S state Sy state Q-bands
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[20] In the most common ultrafast spectroscopic measurement, transient absorption spectroscopy, a
laser pulse first excites ( pumps) a sample and a time-delayed probe pulse monitors the dynamics.

For a fixed delay between the pump and probe pulses, the spectrum of the probe pulse is measured
after passing through a sample with and without the pump pulse first exciting the sample. From these
two measurements, the differential absorption spectrum can be obtained.

When one transition is bleached by exciting some fraction of the molecules out of the ground state,
there are effectively fewer molecules left to absorb at that transition and there is a change in absorption
at the corresponding probe frequency.

As the excitation moves from one state to another, the peak of the bleach in the transient absorption
spectrum shifts accordingly and the position of the excitation can be followed through the sample.

Often this is done with a narrowband pump-pulse, where the wavelength is chosen to excite a single
absorption band, and a broadband probe pulse monitors the spectrum of the excitation as it migrates
to lower energy states [89]. Measurements of this type obtain information on the rates of decay of
photoexcited populations.

Alternatively, a broadband pulse can excite a coherent superposition of multiple chromophore
sites. Information on the coherences can then be observed in oscillations of the signal amplitude.
The broadband-width pump pulse presents challenges in the interpretation of the data though, as many
transitions are excited simultaneously and many energy transfer pathways contribute to the evolution of
the signal amplitude as a function of pump-probe time delay.

TR e T R GRS EAE I HOCE Y., BB LR 2T ARG G
FERB-FARRES H RTE . B U A2 e M o TAEAR K IR AR AR T3 452

BSOS M TREGZIDCHINAG, EIHPESCEPET. B MR g ix
—Bud A B B S AR . IR S T RO 4 P IR TR EE 31 R IS TR A
— AN EL BN LA

REPBESWIBOEHEROAR - 2 — i AT R I ) 20 P — 4RI (pump-probe) AR, %7
TEA — AR B OGO B AR A, AL 2 s B R B A o, AR AR B B
G 7y BUBERS 2 20 i 7 A s SR I 3 — ROk S A At e R I i 7 R RO AR A
RS . G SO A AR C Z R BRE I, AT DATS AR A A CIOUA I A (] FE 38 1 221 1 i
SO, P2 TR RERAF NS 20 7 A B IR R B G RN 31 12705

QAR IR ] 23 B EE AR PRI B H TS O s 25 R, IR 2 B T A g
feid . AHeRs . TS SRR G . WA A R A AR S T
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WESI (Transient Absorption ) SE56 AU I F) @ A5 it 5 SR G I A RN A B A IR BE 1Y)
#H AOD:
AOD = ODpump-—on — ODpump—of f 8.1)

F W AOD 1EA 5T I @ i mien , i @ AR U @ S R 7S, HSE T2
D CIAFICIE R A TR GAT G « O Dpump—on WA R2 G T AR , ODpump—of
DA RGOS TS, Gl P (R I TR R 5 A T SR 22 AL
JTAEF R AOD WY& 3, HIB—REUR n RS — S A i B, dni
PAERTE ARG INAL T B2 So, OGN PRI CHR I Ay B 2 28 — A S ik
So — S1,
ODpymp—off = €lc (8.2)

PRGBS, R AR B SERIE B T A RS S1 — So, RS HE
W EE N o, BURWCRECH e, FEmIOLEAE
ODpump—on = €l(c — c*) + €*lc” (8.3)
FRA
AOD = (" —¢)lc* (8.4)
AL AOD IEWTBESHSRIWRE ¢, HIG, B GEm2e (t vl DAS RS 450 1Y
A, X AT A BES IR SR AOD A .
FURHCHRE e BB MREL, WKEE c @B RIMREL, Fr LA EREE R, f
AOD(MNt) = ["(A) —e(N)]ic*(t) (8.5)
AL, AOD(N £) R AT UK A S (LA, BVRCHHR A AN, NOEiE L, B
ASHMEH BT () Rl —<(V). e,
o () JEFE AL TF IR S A R B 50, ARSI S UK (excited state absorption , ESA );
o —e(\) BFERMTERSINZLRIE R EL, 715 R B MBI R TR B, R H S (ground
state bleaching, GSB).,
B TR AN, AT REG ) A T AEERI AR R iR e R A O, BT AN
WL —esele™, HH ese M RS R SRR E, T2
ODpump—on = €l(c — c*) +e*lc* — egelc” (8.6)

AOD(\,t) = [e*(\) — e(\) — ese(N)])Ic* (1) (8.7)

ML SRR ZE AT DAMRAF RO BEE , BESEREE . SRS OSIRI, X = id . ot
T IE S AE T HA T ARG 52 A G et RS a2 S A 78 20 T A @A It R A A 78 2

HAEEH (GSB, ground state bleaching): BEASEHfe 4, AGHCIIRER BB R, B
LT AT L RIS, T E2 A TR RAE T, BEES D T A BRAOL 1
RIBLR . TEBESIGE, RMDERES D TR T A (So — S1), HIMDEASTH,
XL A T AT RESE IR RS , N PR BRI 1, R BRAR AL B A, T

Bhes TAREAS A S5A 1 — A 169 H 5%




%O\ F Zmigm Bk ARl

ARG, DA, ESEA N .

WG (ES, excited emission) : PRECSIEAMREG, TEBESWAGE P, FlefESs 1
AR TH—WES (So — S1), TRMDEAIIY, X OS> Tl RER I B B . AL
SEARFRZ, AT REE T, T2 ERAR R RN A %, 815
B, AR EE RIS BT RSO, SR ARG, S
o ISRl

WS (ESA, excited state absorption ) : ZRIHIERFAF ) — LU b B ASIOR B 25— WKk
BT (So — S1), BT A, X — RS RERE— P IOL T RE BRI 2 145
K (S1— S2), HUARA TSI BERHRIDEAL T SRABOFARIDE T, Sl
WAk, MREABESOCHE, RN, e, HSRIICh IR

X HLIMAHAY R ASHE R RIOUR B R, XS, BN, SRR AR B
SR .

8.3 il fw S A LA 5

JEREHFZ IR, WERT A A5 5 R AtA , A RIS R Sk ik, DI ROHA i EEA
[, (EP ST — 20, ATPAEOANTE, MR

FATATPARE A5 K sh 1725 D, BIAIENOOE RS A A RS e 2. 726
ghpzapre i —AmEA R A, B D(t), Bl TN E a2 R AR AL

8.3.1 INFI] S p 2

IR DL S MM B C (1) = (D7(0) - D), BN PHPTHIL. B

Sy TR, D(r) AT BEHUR RUNEARAS, ELRXE /MR A K AItR] ¢ A1 ¢+ 7 90T

B EIZFRAGHERY . SRR R T SRR TG, T P SRR 7
%, B

(D*(t) - D(t +7)) = (D(0) - D(r)) = C(7) 88)

B =00, H
(D*(0) - D(0)) = (D?) (8.9)
M4 7 R4 KN, D(0) Fl D(r) “WIHRA MRt 2 T, B R T, kil
PR A AR 2 AR, Beshiidh
(D*(0) - D(7)) = (D(0)) - (D(r)) = (D)* (8.10)
I HA %7
(D*) = C(t) = (D)* (8.11)
RIS C () 1R Mo ple s T % GRS
B, BhAEAs D O EIE e 24 7 = O B, IR AT, EHAIAR 5 B R 2
WA R T T, B C(0) = (@2); 4 BRI, () B9PIHREA 2(0) ke AR 3
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8.4 Fim—aRIMALIE LA 5 FEvm N B

e, B, A(r) BRTRERSH f(r) A E(0) BoPATRR A FAT AR (fF S AT R EAR )
HEF, PrARTERE SRR AL C(7) =00 = (D*(0) - D(7) = (D(0))(D(7)) = 0.

F TR -0 S i B2 SRR A <, BrbA C(t) = (f(0) - fi(2)) e 1 el Z
S R] AR S

8.4 FRIli— IR DO A5 L A3 25 i o 2

2% Wik : Ivo H.M. van Stokkum *, Delmar S. Larsen, Rienk van Grondelle, Global and target
analysis of time-resolved spectra. Biochimica et Biophysica Acta 1657 (2004) 82 —104
AT SR RAS -
Global and target analysis of time-resolved spectra, Lecture notes Troisieme Cycle de la Physique en
Suisse Romande, March 14-24, 2005.

FAT— RN A0 X 2 A B R L (IRF) FIECSEAS S A 103 B A (SRS e I B 5
SLbr ERCR DR L, TR, FROTEE N — S Eirdokiose, Al

i@)::A;kmfmp(—4ﬂn2-@——uy/A2) (8.12)

Hof A R 45E (FWHM), A = A/(2V21n2) EARifE2E2, p 2l fid. WS Ta %
FEARIERI RN, TR S %30 AR (5) IZ AR E O S R SRR . 55—
(B0 1 B e FERENE, B E IR BB A AT IR HIFI T R3], REimAl
t)
2

C(ta k? Aa Ky A) = Aexp(—k‘t) ® Z(
A 2
k <u + %)
T2 midte, abARR N

C(t7 k1>k27 "R >kn7A17A27 to 7ATL7M>A)

A
= — exp(—kt) exp

V2A

. A2
]:+af<t0”+kA))] (8.13)

= [A1 exp(—kit) + Asexp(—kat) + - - - + Ap exp(—knt)] ® i(t)
:C(tv k1, A17 H, A) + C(t, k2, A27 s A) +o C(t7 Kn,s A’m K, A) (8.14)

BARILEFRATR A python N LMFIT 4. https://lmfit.github.io/lmfit-py/

1

W
=
pat:

PRBBE N, RIS A S A O F Y
2k ZH I XA R R
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945 Ju s iR ORI A

0.1 it LI A5k o

BRI O e XL B AR WA I A — S D s R (LR A
ASEHYE, A OGN — RSO RE, 7EAR 2 )y T T AR A A I - i —
R, RO TRME S, (BRI T RO RN R Z G . T LAY e LR ot
BRI -G R LR R AR o A BRI, — A ot T — A4
S TR 4

TE 2 M O GRE, SEACRERAN AR R VS B E S 7E —ky + ke + ks JrT]
[ty rephasing {5 RIZE k1 — ka + ks 7717 non-rephasing {75 . PN S RAIMLG 2] T 8% 5
() — 2 LA A O . A TS A AR SRS, e I A Y
R A SO [21]. SEE AT MR LA AR A M e
FRETISR , S0 1 B B o B S FL A 1221 oA ISR [ AR S D Iy 18] By + Ko — s
(15, A 2 O TR g [11].

TR TG AE AR, AT B B RS B L AR B L S s e
IR, 5 At Sl LA TR ARSI A e TR PRI, DO R A A TE A (RIS S X

2) HEHZ ,

0 @J fmax = TAt

A FEL 2§60 i A 8 A A 90 3% [ e

©.1

1

Horpr N 2 S AR e i et 0. AT A HL A 48 5 U K5 I A ) B IR A
T AR B U5 P A 56

FEVHE— AR B, SEBti] AR IR ZEtiE, AT B (em™). %
K (nm). KF (fs). WTAEEE (eV) RERAL. e AR b A5 5800 52 B R] ] B
) ) B A RIS i AR T S T D e, X B A5 BRLZ [R]AY C 2R o D) BR 6 A 4 2 5
K H G 2 3

A=< (9.3)
v
Bt e B A A A TR H
E =mc® = he/\ = hv = kT (9.4)
JGTE 1fs SERLBEE A
1fs x c=10""s x 3 x 10%m /s = 3 x 10 °ecm 9.5)

e 5% physics.nist.gov/constants


physics.nist.gov/constants

n
800nm — 12500cm ! — 1.55eV (9.6)
400nm — 25000cm ! — 3.1eV 9.7)
BN X R R BRI %, FETEN 2, BRI w RAniH, ER=A R SOk
FIFRMEIR 1/N, AR ANR 2r /N, XIHMEEEE A MBI R, 41 800nm
SRR 12500em L,

9.1.1 BIE VSRR ) 25 KR RS 0 i

PAgR @l HE R R AN G K EREZ G FMO Nfil, FMO HWIGETER N
11900cm " #] 12800cm ™", AH2E 900cm ™" o Sy 1 PRAUEH LR 4 5 AF% 1 [ 78 55 2] FMO frymific
WHEH, A

1 _
Fmaz = 55 = 12800em ! (9.8)
At < _ 1 Fsa13f 9.9)
S0 %128007" T 2% 12800 x 3 x 1057 0T 1) 8 :

N T ARUERE A SR TR (BRRSL s i) #5HIHE 10em ™" AN, A

1
=——<1 -1 .
Af > Ocm (9.10)

Hl

N> 1
10em~1! x 1.3 x 3 x 10~ %cm

2564 x 2564 J&—YEFEEAN ORI, PR B AT AR iy HAEALEE 27 RORERE, RN T
211(2048) Fi1 2'2(4096) Z [, HFFEAR AL 4096 x 4096 FZAEFE e, Fub 5 H KRV AAA
TSI .

2V s 8 Fie U v 3 U Ay /N W L VAT €N v L S o5 v D [ B2 L ]
o2 BRI T, BISOGRK S 6 kb« 17 0 B ZEATIE A To95 U — 2R RAER, X RGEAEM
AT 2SI . BT ATRATT AT AR R G i A g s A R IRl , i Ae vy RO A i i
HARFEBA AT B DOCIETIRT,  FRATAT ARS8 GER0 e S i i A o2 — L
SRIGAERR LG RIER . IWPPER EoRik, XA RS Rr B2 e B, RBOHRER, 2
BriRsiiiiR . xtiash IR R SN , AEREREBGL T, MR E AR AR, |
R RGO BRI THR . PO RGO B RGN TR A AL, BIPRS00
XA R IR . B2 I BRI R 2 ()R8l , e R X e 2 — M EUE, A
2 WA AR A AR FLAARFAE o AR R OB 25— M RUEXT A AL S R I, BR B A Ak
ROR e —FE . X — IR P S ReA i 58 R4 A |

PUAEFF FMO (1 85 4] £ 700825 11900em ™, FMO WIS i s B A2 8 Ocm ™! 3] 900em 1.
MEERAZHI A, A 7 RUEE B AR5 3R o 7 2 1) FMO Wi fulsl, A&

1
Fmaz = 577 2 900cm 9.12)

~ 2564 9.11)
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9.1 ik 4§ 2ot T 09 A

N At a.u.
32768 | 0.1fs 4.13415
16384 | 0.2fs 8.26829

8192 | 0.4fs 16.53658
4096 | 0.8fs 33.07316
2048 | 1.6fs 66.14632
1024 | 3.2fs | 132.29264
512 | 6.4fs | 264.58528
256 | 12.8fs | 529.17056

46 9.1 R HAMA KA KR

1 1

Al S 3 000em—T ~ 2% 900 x 3 x 1057 ° = 185/ ©.13)
R T AR AR e S AT R A LB (B LR R ) 5 HIAE 10em ™ DAF, #
Af = ﬁ < 10em™! (9.14)
1
N> ~ 180 (9.15)

10ecm~1 x 18.5 x 3 x 10~ %cm

Wik G, BOKEREKY KT 14 65 AHEEELE/N T 14 65, SEHE ] At 45T B,
BB AR S AE 4 ) — B [ g e 2, 4 200 3] 400fs, A] ASE-— 2D A A A
DA 400fs Ay f3il, B KA R 18.56s, WITHEEAEHCH 22 26, JEIFM LB BN . MR
AR TR R 18.5fs b KFEF AL AHL, WERFFRE A &, I8 K aegimib K, 3
ISR T . BRFEREE R BT A% — R SENA, T (Numerical Recipes) — 4324t 1
RESH oA — R B, (AR 2 (9.1) FIREMSE, W RAIRETEREIN 0 £ 900cm ™!, Afiil
FERE/NT 10em™t, BHCH 2" 1) N At FEUE.

9.1.2 SIS REE Kb ig

TESEI O R BIMEIA TR BN, IBER Lf s AP KA HE w6 2 2 DB -

1 1
1fs: = = = 16666.7cm ™! = 600nm = 2.07eV 9.16
Fs: fmar = 58T = 55 T3 x 10-5em em nm ¢ ©.16)
0.5f5: fmaz = 33333.3cm™! = 300nm = 4.13¢V 9.17)

Al G FE B 55 5] 600nm , ORI A 26 K B BUNT 1fs. RIER, 3T 440N
R KEEER Z/IE? LA 1600cm ™t (6.25um) Ml

Af— 1 1
" 2fmar 2% 1600 x 3 x 1075/ fs

AL, T HYEAT G ROR B E  T HELL A R B i — R . BT AL R A R,
Y] WG EE L — SR SIS ER 2

VS _E R G R 2 s RS S AR L AR S A T SRR, RSB G B B A A T
W, KW RKERAERE, E2E? RO, TR A i s fA
PO TAR B I LS AR /N ARt ] U1 A 5 3 o o e B I AR e 5 SOk TR AR T 5%

= 10.4fs (9.18)
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BAE e TAEERLE

MNATE B A 4 4 7 S oA S A LA g ), B S rh B AR Tl A e S i
RIS . AME MR AR O & R R AR B, AR Z BT, T H FFEH
M EPA] . «Numerical Recipes) /& —EHF R TE, RHFET KR TRZFEFETH. MIT
f1¥) Matteo Frigo fi1 Steven G. Johnson J % {1 JT 4 ) p A HL 28 e Bt e/, FETW AR s, /T
PATEMskhttp: //www . fftw. org/ H 3 P .

9.1.3 et AR e P

HIfIFAE (phase stability) figffi2: FRih ASHEAE—E fi th IS AR OZ I 2SR, M 281k
BN, BEEET . MO E IR AR MOE — USRI Al A8, WSRBRARBORSE
FIRAATAAT T, IREIARM 1o S A LA A R R IR FA 136 Z A 2B 1
B B AR S5 R e, B AR LA B AR AR T BRAEAR 5 (9 HEAA ) (o BEL A . TR 2P 2R
MATE T, (A G T HE T, SRRSO E T FrAZPRIER: R AR
fi—H, BHGRE N R . SramiiifeeE s iR e 2 0oz — Bk Esl, Bi—4
N2 D72 — K . Jonas T 2003 4EERIAR PR : Sy 152 MER ) {5 LM AR 3%, Xk
T 500 nm FRAH RIS IAF BE B A /100, X IR I [RIZE 24 0.017fs,

FAOERR E SR TR B — A AR SR AR (R S I B B B A YR o ARGE AR E
AP A LB - A 500 nm AEAI AR E 9 A/100, MRS LY E K 800 nm, AR (7 AR E R o
g A[62.5, MRIARE MR 1, A i) WS S T 4L AMGIEMER 2 T R R
RAERFAN AR E TERA D), R B o W] DI E 2T AMER %, AR GAR E TR BRI
R ZORESRTHRZ . DA 500 nm [FGHYA (LA E A A/100 (AR, X RZE] 1600cm " (6.25um)
2L50E, MNIREREIRE] A /1250, LI 4l RIAR AR EYERER) 12.5 %, ZOROGem—4
BER.

9.1.4 B 5y WeRmE ] 4 Wi A G

R HL AR O R PUE 1 TR o BN 18] 73 BRAO T & o ARSI, 2R
ZERR KOt mAE R, W ke AT, AR TR A IS T . SR T SO
HISERE, A RESCILRTR) 398, Wt ul, MATEHR AT T el B otk e 4t
FATTRM TS A AR B SAE TP AL 1 TE BB A I 3R 114955 2 S RIS 05 P4 P [ 5 7

73— J7 M, BRI R R WO . ZE R BNER R Z A SRS TR, X
B R ERE A AT RER T, HREERN G TRER L. FAIWBUETRE LU T
XA AR, B ER, Sk B OREIRGHE T

9.2 Y% ICE T RIERE L T

9.2.1 555 Rk

ik > 41 S5 AR A2 PLE

Bhee TARfER A S A H—— R AT 176 H 5%
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9.2 —thRE kI KhykIF Tt

KT ZHECIEH ST %, T Jennifer FYZRIA [23] FPAR R LA, X BRAUAT . —
2 A LI AR L TS SE I T BT R A R H G Ik 5] A CARALDEIE” RFEETTHY. A2
P, ST ARG A A ) 2 e LA o i S B 6
Interfermometer

- pulse shaper

rotating cover slides

 translation of wedges

... | BOXCARS
AL AT
Diffractive Optics (DO)
AHAZPERL phase cycling (to remove scatter and separate signals)
LM
phase modulation
AR LA (ORI )

(1) Bk 5 5 R A2 DL

k4 r~kR' NR, TG

'Aa Fuller FD, Ogilvie JP. 2015.
Annu. Rev. Phys. Chem. 66:667-90

o (a) Pulse sequence for pump-probe spectroscopy.
o (b) Pulse sequence for transient-grating (TG) spectroscopy. The hashed pump pulse indicates the
presence of two time-coincident pump pulses that are crossed at an angle.

o (c) Pulse sequence for two-dimensional Fourier transform (2D FT) spectroscopy.

Bhes TAREAS A S5A 1 — A 177 H 5%




FHF DO TR E

o (d) Pulse sequence for fluorescence-detected two-dimensional spectroscopy.
(e—1) Phase-matching condition for
o (e) 2D FT in the pump-probe geometry,
o (f) the rephasing 2D FT signal in the BOXCARS geometry,
o (g) the nonrephasing 2D FT signal in the BOXCARS geometry,
o (h) the TG signal in the BOXCARS geometry, and
o (i) the rephasing, nonrephasing, and TG signals for a hybrid pulse-shaping diffractive optics—based

approach that employs two time-delayed pulses along k1 and k2 (63).
(2) Diffractive Optics (DO): JGHAT S TCIFZ Bt

Diffraction
grating
] Target Laser
T holder pointer

é A
i Optical ) J
‘D\. bench
(about 1.5m)

(3) Diffractive Optics (DO): 2T S yofi 2 S [RDEH

http://www.imos-gubela.com/en/diffractive-optics-doe/

9.2.2 JE TN T A Bikl i &

JERIAL: A+ A IR
BT T AU R A 4 MO S T E. H = r gE OeE siiok B
XIS, Hi Jonas 41 1998 450 B, 2 (RS ER A2 SN2 &, RIIE R (5 5 R4
PRI T WA RARONAG S HIRBUL (53 (complex signal field) .

2JD Hybl, AW Albrecht, SMG Faeder, DM Jonas. 1998. Two-dimensional electronic spectroscopy. Chem. Phys. Lett.
297:307-13
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9.2 Z#E iRk ReykiF HiTib

£ 9.1: A.D. Bristow, S.T.Cundiff, A versatile ultrastable platform for optical multidimensional Fourier-transform
spectroscopy, REVIEW OF SCIENTIFIC INSTRUMENTS 80, 073108 (2009)

9.2.3 Zl—H MR

TR -1 78— e L AR 3 Y TG RE LI e B H B DA Martin T. Zanni, Jennifer P. Ogilvier
F1 Howe-Siang Tan 20 {3 .

SRR - PRI 2R i P 2 S 2 Sk -

o Zhengyang Zhang and Howe-Siang Tan, et. al. Phase-cycling schemes for pump—probe beam
geometry two-dimensional electronic spectroscopy. Chemical Physics Letters 550 (2012) 156—
161.

B g s R B 731 0 L A Sy L 2 2 S P B € 1 O L M e | /8 £ i e W 1 e PR
RN B . MR, BRIERE, RAEZTTABGE RS, RS G . E
s H B2 PR kb BE T i 2 0 5 i

MBI AR OAE T UK R P BRI, — BRITRSEM, B RS
FAAFARF I . falid

SR B AZ R - phase-cycling

Tan, et. al. Phase-cycling schemes for pump—probe beam geometry two-dimensional electronic
spectroscopy. Chemical Physics Letters 550 (2012) 156-161. &k :

“In order to optimize data collection for 2D spectroscopy done in a pump-probe geometry, phase-
cycling is needed to retrieve the desired signal.”

“In phase-cycling, the desired 2D signals can be retrieved by the weighted summation of data
collected using different interpulse phases, ¢21, which are cycled over 27 radians in a number of equally

spaced steps.”
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¢

spectrometer

Computer
control:

ty by

Figure 1. Schematic of our pump-probe configuration 2D optical spectrometer. PS, Pulse Shaper

spectrometer

Comp. control:
tyty bt Py oy

Figure 2. Schematic of our pump-probe configuration 3D optical spectrometer. PS, Pulse Shaper

Bhes TR A 54 TE—— A 180 sk




9.2 Z#E iRk ReykiF HiTib

9.2.4 JE TR COERIB A BT i &
B 28 SeaE et + AL

pulse]  pulse? _pulse3 k
1

T T t
' ' ' Photon echo ks — 2 '«/
I

Local oscil lator K4(Lc;j /1

_ k,

Ko

Chi
Population time (1) SMm2 you

EMCCD

ample  sV3
3

4

ST-T / * G
¢
35fs, 500Hz 7/ __g\D
L
M] 5

I st
rating Coherence time ()
182 % /
AN sm1

3&4

Shutter

AT REA B EMARENE . T HS AT AN & . @

Wk

Beit, PLAZETRARH TR 52 . {Hi2 Hi T rephasing Al nonrephasing & /)AL M, & 24l
MRS S FIRE R 2 ARy, 5 S AR IR i o . AR ARRR T -

9.2.5 J: T Bk S Bk Ji %
9.2.6 A bR
(3) Zefbad A

Signal/
a probe
Focusing lens 3
AN

b Zeroth-order mask

Attenuated LO

Wedge pairs

c Zeroth-order mask
Attenuated LO

Attenuator

Imaging lens Sample

'Aq Fuller FD, Ogilvie JP. 2015.
Annu. Rev. Phys. Chem. 66:667-90

Attenuator

Signal/
Lo

Signal/
LO

Sample Output
mask

(a) 2DES in the pump-probe geometry with a pulse shaper (116,117).

(b) diffractive optics (DO-) based 2DES (93,95).

Bree TARER A 54 TE—— A I 181

H 5



(c) a hybrid pulse-shaper-DO setup with drop-in modification (63). Abbreviation: LO, local oscil-

lator.

9.3 Al OB B
9.3.1 44 L5 2DDAS

SR G RPRBEES E AT 4 10.6 R — Al B ARIERE . &R UG 2R AR n
MRS B T A WBIE TG . RIX B DL, 2RI S5SEUEHEZLKNET,
SR E I ST AR LR E S, IERNIESE, Wl e R a AR k.
BT RZEAMI] T REAR S A X U

BiE =HE R, setl, set2 il set3, HUTF A

y=1yo+ae " +cx 9.19)
BATA . FATRHSZ
Yo, + are™U% +cx if(z,y) is in data setl
Y = q 9o, +aze 2% +cx if(x,y) is in data set2 (9.20)

Yo, + aze % + cx if(z,y) is in data set3
X =HUEGSHP RO E THEWIESE e, TR THENLEGSEH, X sRmi
Ao TEARFEWEE T, TOTTAEFEARNSRMESE, Wk ar. ax T az FREHAHFEFI S
a. RUARIHEEE G R 2 TN ESE0iZE & RiE .
TE A6 EE b, 2DDAS 24 fmil Gy —F, HoE s

S(wr,wi, T) = Ai(wr, wr) exp(—T/7;) (9.21)

Horp S(wr,wp, T) 72 “HEEEEE, m AT 450 MR A;(wr, w) B A R A
3% H) 2DDAS 1%, B ROV R @A RIS RS CHE R S AEA BN R 2 70" AYSRS5 70 117, 2R S
DIPIESUYES

IR 2DDAS JFEE—AA30 (9.21) UL T, (H2 BRI E Bl e Zm Inir 2 .

VRS — TR R ARG, X mIGIE S EG 2 0. DA 30 x 30
W) ARSI, 4 A8 2 3 TR B A 4 4> 30 x 30 (I FERE 4RI 4 A>3 Bt i)
PESH, TREAMBIESECHN 4 x 30 x 304+ 4 = 3604, XEEEKIHEEM NI . BALH
UG SEINBOZ I TSR AR A ) R

VEBESRME [ E B S A N RN, B R 4 . BN 4RI R R TG, X
B A AIRRZEON L 4 MRS, I8 8 MUEGSHE, WRMRTH TG, Bt E]
T30 x 30 x 4 = 3600 NEEWKINE], KX LEE I ] HEATHETT 0T, Pkt 4 AR B
SFISIE], X 2DDAS B[R 415) . SRS EIX 4 ANMRTEZA, R BB I BB U5 2
B BN BB R ST G, XN RRGESAECN 4 4 YO IRAAG S IR

Bhee TARfER A S A H—— R AT 182 H 5%




9.3 — 1k, F RS HIE AT

4 2DDAS i, XA REER AL TR BB SRR, BRI TSR RS, (H [ R
REFEAR T 2Rtk

VHREEm = ORISR AT O R, A AR T R R R R T B R PR R A SR k. BB
I PATT =R
o O WHEVMH. AUMARFATEYME, RAFTELI, XL ARk . WIRFEE
WEWME, A2 M%) BCEEN A ESE IR EE 1, /2R
W F) SR ) o 2) Sof % v i T LA T S A B N ). 3) RARAGSE, T3h
TCEA I A ZE IR
o Hi—Ht [EREMNAZAL, VAR A G SH, X g R msh s
ARG, EHERRUGSEER 41,
o MM WIEIRESEL, R E RN ESE.
o MNH ML "L, HEMGRIM, nTPAZESE chi-square fE I
PRREMERFAL A I AR 20 B T PR AR R 0> T RIS SR AN, 1T TR, R
SRR T 2R S, SR =] DSBS S5 R, mMER S, |’
KA WA EL

WRRIEDY 2R 2 R =it — 2P ek, FER A B Tk, RS = —
HEYOIIUG IR, RERIE =050 AR — DA . X RT ASEIUG A DG a)
WESE, HAHENERSHE NG E S EERIRIE. ZR I sns = s g AR .

WEHENE, 1) aGEHES 2 BRI (R agR) #esEmhon, Hi
BAVEF I RA M X A K EREE . BT ATERL A SRR Tl A MK A, XM
THEE. 2) WAEERE, PMEEmLER. AEHE G RS2 EiRa g, PreAREARFEPIE
A, Y2 % Reduced Chi-square ${H .

9.3.2 Center line slop
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% I+ % BOXCARS Fy%! il TR

10.1 Y

10.2 HIFIRF ) % X e

delay calibration

10.2.1 SR ik

2016 Marco Ferretti, ultrafast energy processes in photosynthetic complexes, 2.2 weges calibration
2015 Andre Al Haddad
2011 Shun shang Lo

10.3 REricaHE

scattering subtraction

TE B O R, TR TR S AR RO, MBSO R R (5 50t
J7 T, ABAH R XHE S R R . [24-251 1 Pt @ HFATMAE S AMGE =Fr
59 Es MIANURG S Ea (LO), FRATESMTER A HAL= kit E1. B2 Ml B3 BITTHK. 5
LA TGRSR

Loga =|E1 + Es + B3+ By + E|?
=(E1 + E2)*BEs + (Ey + E2)Ej + |Ey + Eo|? + | Ey|?

+ (B1+ EQ)"Es + (Ey + Eo)E + E3Es + E3E; (10.1)

+ (B1 + E2)*Ey + (E1 + E2)Ejf + |E3 + E4|?

+ EjE; + ELE;
Dosa THRFRTTHOLII SRS . HAPRNTEAFE S IR 5PI0. When applying the windowing
function, we can get rid of any contribution that has a time delay difference from the one of 4 — t,. At
this point the only surviving terms are the last two lines in Eq. 10.1, which are the spectral interference
between pulses 3 and 4, and pulses 1,2 and 4. YESCEG IR A, X SLTG AT AT DA A $4 456443 51
155,

Bk 3 PRI AR AR RE I TA) T, AR —IE —4ECis s, fhfE w2 iy, Bibkih 3 52
EERY, Bkl 3 F0 4 BT 580N K AEZE L, PRI LSRN E— 0. AT aams, Jeiil & LAk
3 H 4 AEAER FDERUH STV AN 055 . BARBRVE SR T3AE 1L 2 B0, Hriaeisci 26
=, BEIRDLEE S

I3y = |B5 + Ey|? (10.2)

USCHR [24) FEART T VR AE R TRAD , REFIIATI S S



% + % BOXCARS M —tE b T K&

XF 1L 20 4 PR EUE S AN, WERFTITRITIGE 1 2 s, Bl e = mouls
2,

Liog = |Ey + By + Bq* = (E1 + Ep)* By + (Ey + E2)Ej + | By + Eof? + |Euf? (10.3)
The Iotq; can now be corrected from the scattering contributions by simply subtracting them, which
cancels the terms in the second last line of Eq. 10.1, leaving the desired signal terms remain in the

Fourier window of the SI evaluation. Since we subtracted an extra \E4|2, we add it again to the corrected

data leaving us with

Teorrected = 11234 — I34 — 124 + Iy (10.4)

10.4 U5 Bm b

10.4.1 55—K2: RipVIScE Bn b ot
IR AL PE T A A - SRIBUSIR RO . BRI R KRR 2 5K 14 R OB R 114
PR BRI A IR . R E— B

8510 RBUELGEE  SCEORAE R M IR A ORI RS, I8 — LB (E R, i
Koo ISRV EE o FATT TG TR S0 R AR B ) B3t FA) FSCAR HUR  BE HE A S R I R R o BN &l

S U6 ELHE PRI A R

I (du)

Pel 10.1: i nl, SRi!

IR %E, B!

$520 BBIRIARL T RARIR R, B RO O Mt B IR B A i A e
PSSR, A B R (AN i O, BRI S RIS (EDX i oA K. Sl H oL, %L
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10.4 Z3HIEAZ

PR R LR R
(Ve NN ] SR

053 BB Ve Ky R B R IR BRI R B TGS CORSE B A R 1 I ox B %
6 (BRMERE) , 7SR RS (AR R L), J5 (it LA e b B
AW VAL /NG WA R

AQ
f)==f0)  v=% (10.5)
WER
AN f(A) = Av- f(v)
A A
ﬂﬂZZ;fQ) f@%=E;f@)
H
B e e jra—n|_ Av B Av _c
A)\—|/\1—)\2\—171 o = vl (u—%)(y+%) —cy2_%A2ywy2Ay
2 2
Av = %A)\ - LCQAA - %A)\ Aw = 2tAv = %AA
i _)\2 \ B 2 N
f@%;;ﬂ) ﬂ@—igﬂ)
Ik

B, ghiE!

S5 4 W eBdE TR E RN R A R BN AR EE R, AR M2, RIS
BRI IR, Fr AT ST R 211 . ARAR R IR M B, 55 B KRB 25 dw/IME
B AR S AT 2 A IR B AT 5 e iy 35 20 A 0 R (R T35 -

Yo R, B!

10.4.2 55 K2 SIS S TR

SRR TR TR, 2ARE S I CHI R G AR G CAE R — 7 [ A7 T
TEHDEREAGEFAEAR, ATAS R E Sam A MAHUIR DR AL 22, JCHIE A & 5 55
155 [26-28].

PO — AR T, e BN B A (R A AL o AT R A A - I AT AR
INH

E(7,t) = Agcos(k - 7 — wyt — ) (10.6)
Hrp
o Ao RPOBUCHIIRIE, HWEG
o KRR, K/NH (K] = 2m /X, WERTT 1A T A 7 1o

o TN ERKAE;
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% + ¥ BOXCARS # 7 —tE &, F bk K &

o wo B EWOLHI MM, wo=21/T, T NPEHHW;
o @ MBI, W, MIALE IR
T ISR AL, E T S UL U T
E(7,t) = Age~i(@ot+e—E) (10.7)
XTARREEOCANE , Ao AR MHEL MR — A5 Ao(t), REOEHNEL (LK)
PRA RO R — AT 1], T AR IEEO S i, A

E(t) = Ey(t)e“ote=i¢0(t) (10.8)
FEAN M S, H5FR N
Ey(t) = Ag(t)e stem1s(®) (10.9)
ARG IR 56 DR —RE, FoRh
Ep(t') = A (t)e st e i0t) (10.10)

J T I EHEAE AR CH AL R AR, ARG S
Ej(t) = Alo(t)e—iws(t—Atzo)e—i[¢s(t)—A¢(t)]
— Alo(t)efiwstefi(bs () 6inAth€iA¢(t) (1011)
TESCHE T W AN E MR 5 S TR N E(w), ARG Eo(w)eto, Hrft Aty,
ANIRGIEIA G TICIAN T 22 MG B EE R S(w)
5(w) = |Bow) + Bro(w)es]
= Ey(w)E (W) + Eio(w) Ejy(w) + B (w) Ejo(w)eAitetiadw) 4 ¢
= I,(w) + Lip(w) + /To(w) Lo (w)e@Blie iAW) 4 ¢ ¢
= Ij(w) + Lp(w) + f(w)eiwAtl°+iA¢(“’) + c.c.
Hrlt L(w) = [Eo(W)?, Ag(w) = ¢ro(w) — ¢s(w = I (W)T,(w). AR, HIP5E
B, SR & T R R T %%ﬂ)k%(ﬂ)+wmwo
AR B BRI R, Ay A R L
o5 125 AR 3% M8 45 it
FTYS|(t) = EX(—1) x Fs(t) + Fiy(—1) x Biolt) + £t — Atig) + f(—t — Atyp)*  (10.12)
LTI A Ak AR SRR, TR LR Dl O IR (= 0); 45 =T
BETF Aty IFEJIAH I BREL f( — Atyo) s SEPUTRNREETF — Aty AR 8. FFEERR
FETFIFIE] Aty 78 R IBTORPRUEX =FE S AR ESI R, BNINEEES BTk
9520 BB SE— MR, FE At MES IR, HALRSY 0.
953 b Rk BEHORIG A S AR R SIPUR G F] [ (w)e Bt tiAW) | SRR,
BN S E A, A
Jf(t _ Atlo)ezwtdt _ Jf(t/)eiw(t’+Atlo)d(t/ + Atlo) — (WAt J f(tl)eiwt’dt/ _ f(w)eiwAtlo

(10.13)
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10.4 Z3HIEAZ

[ £ = dneitde = [ pere B 1+ Any) = e | p(e)e i ar = fgeiedne
(10.14)
Joft ¢ = — Atig. WRISSIED, RUAGHABUN IR, IR, RIS
. XSRS IR . SR REAT R
,ﬁg 4 ﬂ%: iu*ﬁﬁi?a #B/%'D). \/ IlO(w)o

JR—
S(w) |(t)| FT M I(w) + I (a)] ‘

Frt T 7

FI (@)1 (@)
exp (mr + @ (w) - rpr[m'))]

w 0 +T

ﬂ Numerical
Filter
S(w) @(w) 10
I wt+pg(w)— @, (HJ)‘ \ {.\'\:
o]\ A %
A ,,,c:jh __ <:| _____ N
Y ot | %
------- N
w T 0 +T '

Pel 10.2: RHUE S =R

1043 Sk AR

1t BOXCARS “4BGiESCE 284, T rephasing #l nonrephasing S 2 70 JT A 57 I & Y
S (1) PASEIER RS040 (2) HRARIEFAe =4 1) A AH 7 2 [29-32],
XA U R 2 S EOR G B SE AU BB A AR IR G, B DAFRATT 7 X SE B B AT AR A T o %
T A, S =R 5. H—Fh, R EEIERAR (pulse shaper) #@5H—
PR 28 2500 3 [l AR 2 ] R D PRAR T B, SR 2 B S R B S P
T A B A T I R] —7 SR IE A T I E] +7, SEPE T rephasing il nonrephasing S i) #2%
&, el T BOXCARS £ORG | A ARG A [33], 45 —Fh, SR —SSCm %, MLk
AHEGFAEAL, BIET SEIRAH LA 5 58 [34-37]. 140, Daniel 25 A\ FI HI SEEa A I Jr S fg ik 2
+5° FAOLAGEE [34]. BB =Fh, WA B0 —U0 e B 4Dk B0y h—4e M — 3R,
—YEGEIH MO HOoR 58 B LA, RIS S S A BEAC R 5 52 1291, 3% HE = 2EF e 4k
AL TRAI 5 58 o

1S KO AL TR T AR (RS2 b2t rephasing JEiAT nonrephasing it 4 I D)
FEAZE T e, % T rephasing Y1l o p = iwy Ay p—i0, X%}F nonrephasing Wil oy r = —iw1 Aty NR—
g, Bf

S (w1, ta2,w3) = Real [SR(wl,tg,w3)e(iw1At1’R_i6) + SNR(wl,tg,wg)e(_iwlAtlvNR_w)] (10.15)
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% + ¥ BOXCARS # 2 =4 & F RS K §

Hrfr Aty g #1 Aty v 4393052 rephasing F1 nonrephasing SEiS I (8] T 226, 0 @R 7™
AR Bt B A AR 7 22 PIrDASERS B = AMAEMAR IS4 Aty g, Aty nr. 0,
R Y] B (projection slice theorem) K —ZEGHEEURRIATAA (w1) B BRI
N (w3) BB RIREAOE IR — 20— RIS (Spp(ws,t2)). HP
Spp(ws,t2) 5 JS(Wb to,ws)dwy AL (10.16)
YASGEE X LW G, BISE A A A .
2SI LUK, At ve B AL r BRI, ZASHARE B -1 AT RATRTAE A A -
OR = iw Aty g —if ~ —ifp (10.17)

¢NR = _iwlAl,NR — 10 ~ —iHNR (10-18)

WA A SE: Ory ONRo.

a) Previous Method b) 2 Parameters c) 3 Parameters

04/(27) (TH2)

420 440 460 480 500 520 420 440 460 480 500 520 420 440 460 480 500 520
o,/(27) (THz) o,/(27) (THz) o,/(27) (THz)

=i

Norm. Projection
[=]
(=] o

420 440 460 480 500 520 420 440 460 480 500 520 420 440 460 480 500 520
w,/(2r) (THz) w,4/(2r) (THz) w4/(2n) (THz)

Pl 10.3: AR —4EXERERE . (a) RHI—A2HO5%; (b)) WAMAESHDTER: (o) =S E0r
o RN BB SRR (ws) 5 4ERIITTRNDEER L . [29]

R TR, FATRAWAH SR £ . BARSTRIT:

4512 rephasing JeiFl—AHIBIA - (e7"7), nonrephasing Y& ik e A—AHINLA T
(e—iONR ) .

952 WASORIEADIN, SRR (w1) B BOE SB35 .

8453 25 FIMIRESRME A — SR il — B M % S LE .

G4 FAWN 8, WIEKY), MWERCL DR,

B L BE R AT — MR BRIBU A [0 R, BAn SRR AR R FAS BE B 60, IR Bt
Ik 60 x 60 ~ 3600 ¥k, F-ahe I n] PAIARAS oy e o 1 BLAFIR —4EeigE (564 T Bffa)) #B
HHATHOIRCE . SRR 20, B P IEIREA T RARNL, SR FU SR B2 IR R ¢ &
B, BTFREUREOEUE, FATHE. Bk, AR, ARG DHERE, X%
FREAIE SRSy . WIEANSCRR (34] Frind), o iEc b 3AE (A Oy S — AR B 0%, AR 4k
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10.4 Z3HIEAZ

I AT ERIL, 73— HAE L 00 TR AR AT . i DASR s A S R AR T 58, AL
BRI ol B A — PR AL 4B e S B (331,
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% + % BOXCARS =t & F kit §
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o4 T— 5 SRR Y R R

BOXCAR MR id i 0 ki 23 18] 07 [l ide %, RODATT [0 A%, SRERBUREREIEE5 5 1
SRR AL 2 1l 1 WO CR b AD CEAR R, BIDAGIA A dats, R BUEERDEIEE S .

THER LR R — PRI OIS ROR . B e TR LRSS GG Y I E) R
S B R AR, 2 T AR, R R BRI B A ) e b e A
HEREMPHIIARENEL, W@ AR 2 RS BTG . fEEfLhmma. | TH
TAHIPRSSE . 4R ORISR A B R R MRS, SRR T AN AL PL ALY BOXCAR
WAL, 55— BTkt AR AR R Al — IR A e — R, HOER S ESRBES
MO EHE R B LA KB, 5 T IRt . 5 507 Sl e R A GE e B A i S i as
Bl ko BT A5k T LASK BRAL SRS O 1R B2 AR OB B T . AT ASE
B S P e B ARSI A BE = KT TR A 2 X A B T ko B L AR A — IR A Y 4
HLT e SRR B

LL1 kbR i

A@ 0

L 4

e

k e
Sample

Pel 111 S0 —HR MG B 2 it TGk VE AR 2 (38]
ST RIS AL A H i ke P A E TR AN (11.1) Bizs. B ASHERT
PAZRTR N
E(t) =A1(t + Ty + 7) exp(—iwpt + iy + iEpump - T)
+ Ay(t + Toy) exp(—iwrt + i + ikpump - 7)
+ Az(t) exp(—iwpt + ikprope - 7) + c.C. (11.1)
HAFIAFkop 2 20000, 7 2 EMBETEER, FROAMTEE: ¢ T o2 502 EA TG
Fpump AT Ay F1 A 2B T ATHOCRKR 4% . 8 =AMl BRI, J710H Korobe
IO AR, Ty 258 AR A b EHREER , oA As 2 HMSahkoh i
. wr RIrEIElkm B OsER, X ERBAHER . B TR S FEMeA L, AFREN
WEMZRBIMAARER, oAz T (111) KRG . A rtEES 2 =raedd
M 7, BR ) = ARG
PP (1 ¢) = J”dtgdtgdth(3> (t1,to, t3)E(k,t — t3)E(k,t — t3 — t2)E(k,t —tg —to — 1) (11.2)



% — F RAARMAE e TSR E

1 RO (ty, b, t3) BB MmN A, ERAFOGNE . B RS, WA
SRR

H RSG5 3Gy R ], X Z R AT T 2 (5 BB 5 5ot R T . BIET
WA RGO I S BRI (U, +y — ko 8% —k1 + ko) A XS EeA Tk, Xt
W5 U TG B BTy, ks = —F1 + ko + k3 (n = 1,2,3 R3elkof)s5) Sk
55 (rephasing) JEREWIE TP GHE, 0K sp; ks = k1 — ko + ks PRI AIES (non-
rephasing) JGREHLI [ OGRS, 0K svr. TERIH—HIIF L — 2 i 7 B 15
B R A S — AT e R B RV SR S T + T BT — RIS S, 00 sp,; FI4S
TANZEK A B AER A T BES TR —RIE S, 10N sp,. TE 4B TOBRE, X
BeES A RIS SR AT, BYRES, FEEIMAEF (phase cycling) HLHI%
% (39, 21, 40-41, 38, 33].

H
H

11.2 rotating frame

FHALAGERHIL ) 2 52— AL 2 4 i USSR LR SRR L, SR SRy Ty 52 B
Rkt BB (pulse shaper) SRSEBL. — ok, kit BIBES I ASHET | ASEHER
PBRL (spectral mask) M (w) SRSEFIKREETEH . X ARG AT AFOR

Eshaped(w) = M (w)E(w) (11.3)

H B(w) RAGDCERIEEE . ST AEMALZER d21 = ¢1 — d2 MIMRIFERN 7 Hy kxS, 3
TSR R

M(w) =1+ expli(w — wref)T + igo1] (11.4)

HAp wrep RSHHA, AIDABCHEREIE, BRI GRS S KB Ty a3 0 ARy

WA T Bk B I &S W A LA S BRIk — D EEE RIS, RIBRARME S T i)

T WYY, SREAHT IR, AR ARG R AR ], SEPRECRAE . X AR B

PR “rotating frame” [39, 42-43]. WU GBS S RN R RO LTRSS B R 2 72,

1T 5 Ak P A 9 L P A A5 1) Y S AR T SN 28 R A BEAS B LSRR

113 S0l — PRI M — i

PIRER R Ge e G R G /N TC. FATARE R GBI, I mm 1 R FOR 14 — 4k
HL PGS BHEAE S, SRS — A B e e BN E S I TR, A%
JEAEITE Tw 81005, TRAMAMER Re(r,t) MAHNER Ryr(r, t) TN KR 510
Rp(7,t) = exp(iw107) exp(—iwiot) Fr(7,t) (11.5)
RNR(T,1) = exp(—iw107) exp(—iw1ot) FNr(T, 1) (11.6)
Hor wio M RER RGN IIRINA ;. Frynp(7,t) AV LA KL
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11.3 Zia—K M2 £ EmiFey 25 8155

11.3.1 2l 4y 7R i%fs s
Rk b T op AR B, o BREER, RIAE SOtk g, KISt kih 22 45
FRAAH . = (11.1) Frw, Bothkeh 5 sEsE0E, A ESMGAPTRSY, T ERE
SO —ky+ ke + ks, FRE— AR GRSy, SR AR . i E
AR B SR AR AL RS S A ZE AT S IR . T2, TSI AL b th 3L 4%
Bk EARASE SR
S(¢a1; T, wr) =Re [FRr(T,wt — wio) exp(iAwioT) exp(id21)
+ Fngr(T,w — wig) exp(—iAwio7) exp(—iga1)
+PP]
=Fp(7,w; — wio) exp(iAwioT) exp(iga1)

+ Fi(7, wi — wio) exp(—iAwioT) exp(—ida1 )

+ Fnr(T, wr — wig) exp(—iAwioT) exp(—igo1)

+ Fyp(T,wr — wio) exp(iAwioT) exp(igai )

+ PP (11.7)
Hrt Awip = wig—wyes & “rotating frame” HL il HARITHRYE S IR INET R « Fr(T, wi—wio)
I Fng(T,we — wio) 7338 Fr(7,t) M Fyr(r,t) W& WAL ¢ fEMARR PSR, X2 dti
IEHEARR . JE—I PPl AR ekt A —4E 50— RS S sp, #l sp,, A —4E
WSR-S H A AT DR B — A A, AU i 2 2 A2 koot Jo ik As B EAE i 4
RGN, PEAEEMNGNES 08 T RENERES P. XUEFRESEH ML RY, F&
SR OARERPLHRIE R [39, 21, 40-41].

11.3.2 FHAL F R AHEAAL RO S
Y SRR — 40 A 28 e B B R A A S . T ST R L E SRR AR A 4
RApe, WFREIE—PHARAL R 441, B, WX (11.7) o w, Mo R MR, A
S(¢21; 7, t) =0(1)O(t) exp(iAw1oT) exp(—iwyot) exp(icar ) Fr(T, t)
+ O(1)O(—t) exp(—iAwior) exp(—iwiot) exp(—idar) Fi(r, 1)
+ O(7)O(t) exp(—iAw1oT) exp(—iwiot) exp(—ipo1 ) FNg(T, t)
+O(7)
+ PP (11.8)

o © ZHERREL. hiT 2t <Oy, BEAGFTH, HILTHEZmC (11.8) HEH 6(-1) 1,
A

O(—t) exp(iAwioT) exp(—iwiot) exp(ipa1 ) Fyp(T, —t)

5”(¢21; 7,t) =0(7)O(t) exp(iAwigT) exp(—iwiot) exp(ipa1 ) Fr(T,t)
+ O(7)0(t) exp(—iAw1gT) exp(—iwiot) exp(—ipa1 ) FNg(T,t)
+ PP (11.9)
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H+—F RA—ARMHAE b T RERKE

X (11.9) i ¢ A e,
S (po1; T, wi) =FRr(T,w; — wip) exp(iAwioT) exp(idor)

+ FNR(T, Wy — wlo) eXp(—iAwloT) exp(—i¢21)

+ PP (11.10)
X (11.7) F1 (11.10) 4-BIgkFRmFERE R X R FE R X RGIAMGS . EELHHAMIERILH LR Z
AT, WAHTE R 7 R AR, X (11.7) 153 1 GUim S PR s — 4k i1t
55, Wizl (11.10) £33 5 HIAL T TESR 40 A1 SR 50 4 25 i A 7 S5 SR AN AEAR A7 B 2R 1 —
AN

11.4 FRLARPAPLE]

FEAE— RMBT At TR e, 0 TS T B AR A
RO A2 0y T I B BUN R, I RATRIE ORI 2r . S ERR A
IRERALEL, L0 ALHERER ST F 41, 38, 33)

L-1
PEDL(8) = 1 3 5(1- Adm) exp(~il5 - A1) (L
=0

Hir P20 B TR T 4E ORI E S 1 x L E#miiat L RAGIIEREEEE, Hitgk
FE TSR B G SI— R, WA 180 —1. Ador 2HAESRMEK, BEREHN
Apo1 =27/Lo M| pa1 =1 - Ador 51 IR L0 A Z3H ik (VL AH 2% o

11.4.1 1 x 2 FIRLAGERHLEI
SEF 1 x 2 MRAEF LS, R E R, IR (1111) M REEALE ¢oy = 0 Fl
¢ = m Z[IMEFR, BJ
PEE(B =1) oc S(¢21 = 0) + S(¢21 = 7) exp(—im)
= S(¢21 = 0) — S(¢po1 = 7) (11.12)

+

X (117) AR (11.12), A
PE2,(B = 1) =Fr(7,wt — wig) exp(iAwioT) exp(i - 0)

+ Fr(7,wr — wio) exp(—iAw1o7) exp(—i - 0)
+ FNpR(T, wt — wio) exp(—iAwio7) exp(—i - 0)
+ Fyp(T, wi — wig) exp(iAwioT) exp(i - 0)
+ PP
+ Fr(1,wi — wip) exp(iAwioT) exp(i - ) exp(—im)
+ Fi(T,wr — wip) exp(—iAwioT) exp(—i - m) exp(—im)
+ Fnr(T,w — wip) exp(—iAwioT) exp(—i - m) exp(—im)

+ Fyp(T,we —wio) exp(iAwioT) exp(i - m) exp(—im)
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11.4 484533 ML)

+ PP exp(—in) (11.13)
T2 1 x 2 MM IEA B G G55 R
P (B=1)=2x [FR(T, w — wip) exp(iAwioT)
+ Fr(T,wt — wipo) exp(—iAwioT)
+ FNR(T, wy — wlo) exp(—z'AwloT)
+ Fyp(T,wi — wip) exp(iAwioT) (11.14)
AT A S A T B (11.3.1) /NTRHE, B (11.14) AR TR 7 i or
AR I B RR A BN AE I i TGiE . IS 2 DA TR N w, = 0 BARFRE H R
BB EEs, PRSI AITE (wr, we) = (—Awio, wio) Fl (wr,wi) = (Awig, wio) 4be X J& LMK
FICEH I e AR R B AR Y 25 R, FRAT R T B HUESIR
TR F ) 5111531 Rephasing 11 Non-rephasing —ZEH, T-6i%, WIARYE (11.3.2) /Ny (11.8-
11.10) . 4exf (11.14) FEYHGEMIIERSH w, Mo B A28 a2 i, B mt i oogidE, 2R ExT
FHT B TE] 7 FE S ] ¢ i — e e B AR, A58 0 4 s R
S1xa(B = 1)(wr,wy) = FR(UJT + Awig, wr — wig) + FNR(WT — Awig, wy — wip) (11.15)
UL Rephasing i H BUFEAH 550550 ) S8 % X3, (w-, wi) = (—Awio,wi0), Non-rephasing Jf
T ) BRAE TR DI (wry wi) = (Awio, wio) s

12800

(a) Total Real 2DES with reference at 12150 cm~* 280
— 12600 240
= 200
§ 12400 160
= 120
3 12200 80
40
12000 0
12800 :
(b) Total Real 2DES with reference at 11900 cm~* 280
— 12600 240
a 200
§ 12400 160
~ 120
3 12200 80
40
12000 0
12800 : : 150
(c) Rephasing and Non-rephasing Spectrum 190
—~ 12600
’ 90
£ 12400 60
&) 30
3 12200
0
12000 —-30
—1000 —750 —500 —250 0 250 500 750 1000
Aw, (cm™)

Pel 11.2: 12 AOLOREPLRI R — e 7ot . (a) RAISEIHER wrep = 12150 em™" SR — L
T, JEitbA Aw, = 0 BIFREIE N EHR . (b) RASEHHEN wep = 11900 em™" FREH 2 T
Jtitke (o) FRIAIFIALERFARF AL EEOLHE, 200 IR SO RIESAR X, [33]
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A —F A RNAR e FREEE

11.4.2 1 x 3 AHALAGEAHLIE]

XFT 1 x 3 AALOGERALA, S5 v F5 SRS knou AR AL 2203 =560, DA do1 = 0,27/3
and 4 /3 43 HIMESCHHES . B PO e 7oHE, 5 1 < 2 HLRIAIE, e Er)
& 0= —1 16, SEiE SRR

P2D(8 = —1) o< S(¢ha1 = 0) + S(¢po1 = 27/3) exp(i27/3) + S(p21 = 47/3) exp(idw/3) (11.16)
KAk (117) A (1116), &
PRy (8 = —1) ocFr(7, wi — wio) exp(idwio7) exp(i - 0)
+ Fi(T,wi — wio) exp(—iAwipT) exp(—i - 0)
+ Fyg(T,wr — wip) exp(—iAwiT) exp(—i - 0)
+ F}p(7,wi — wio) exp(iAwior) exp(i - 0)

+P

+ Fa(r, e — wi0) expliddwror) expli+ ) expl(i’s)

+ Fp(7,wt — wio) exp(—iAwipT) exp(—i - 2_;) exp(i%r)
+ Fyg(T,wr — wip) exp(—iAwioT) exp(—i - 2%) exp(i%)
+ Fp(T, wr — wio) exp(iAwior) exp(i - 2%) exp(i%r)

2
—i—PeXp(i-E)

3
4 4
+ Fr(T,wt — wip) exp(iAwiT) exp(i - ?ﬂ) exp(i%)

4 4
+ Fp(7,wi — wig) exp(—iAwioT) exp(—i - %) exp(ig)

. Y Ar
+ FNRr(T,wt — wio) exp(—iAwioT) exp(—i - 3) eXP(Z?)

. . A Am
+ Fyp(T,wr — wio) exp(iAwioT) exp(i - ?) exp(z?)

4
+ Pexp(i%) (11.17)

B

2 4
1+exp(z'§) +exp(i§) =0 (11.18)

4
—i%) +exp(—=iSTy =0 (11.19)

1+ exp( 3

H
PE2(B = —1) o< 3 x | Fiy(7,w;, —wio) exp(—iAwioT) + Fyr(T, w, —wio) exp(—iAwior) | (11.20)
BB T il AR
51x3(8 = —1)(wr,wi) = Fi(wr — Awig,wr — wio) + Fxp(wr — Awig,w; — wio) (11.21)

xof b2 A R 1oL, AL T (wr,wi) = (Awio,wio) 4b. TR
i, 5 1x 2 AARIEERILEIAR, B AFAEBTRIEHS
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11.5 Sehkab %

R B3 5113715 Rephasing 1 Non-rephasing Jt:ii%, [@F:S% (11.3.2) /Nyl (11.8-11.10),
H25 1 x 2 AHTERHLHIAR R, BFREXMNA (11.10) ZE =18 -1 WHEE.

PfXDé(ﬁ =1) < §'(d21 = 0) + S (¢21 = 27/3) exp(—i27/3) + S (¢p21 = 47/3) exp(—idm/3)

(11.22)
Bt (11.10) oA (11.22), F
PIPI(B=1) x 3 x [FR(ﬂ Wy — w1o) eXp(iAwn)T)} (11.23)
B, A
PER(B=—1) x 3 x [FNR(T, wt — w1o) exp(—z’Awmr)} (11.24)

K A ARG8T DA_E P2 511453 rephasing 1 non-rephasing J(:ii% . rephasing (i {F S
A
Fu3(B = 1) (wr,we) = Fr(wr + Awig, wy — wig) (11.25)
HEHE w- TR L, 60 (—Awig, wio). non-rephasing YEiEE5 4
838 = —1)(wr,wi) = Fnr(wr — Awig,w; — wig) (11.26)
HIE wr ISR, S H0h (Awig, wio) .
1 x 3 FHOLAEEMILSEE S T 1 x 2 AHAFERHLE H il 1 556 i AR kS 5 AR 5 A 1R i At
CA5E 4 BRI 46 E S X 1 x 4 MAIEERILE], =3 Mk 8] AR 72 ¢o1 = 0.
/2. m M 3n/2, HEZHERPES RS 1 x 3 HAEHHLHSEN T [33].

12800

(a) Total Real 2DES 280
— 12600 240
T 200
£ 12400 160
— 120
3 12200 80
40
12000 0
12800 . L0
(b) Rephasing Spectrum 120
—~ 12600 100
|
= 80
§ 12400 (f(\ y 60
. 40
3 12200 20
0
12000 —20
12800 . L0
(c) Non-rephasing Spectrum 12
— 12600 100
|
80
IS
S 12400 50
. 40
3 12200 20
0
12000 —20
—1000 =750  —500  —250 0 250 500 750 1000
Aw, (cm™1)

Pl 11.3: 13 AHGLEERHLAISRINY — e 7ot (a) SR 4B T U BIEIESUR K. (b) 2
WA B RS, Bk B SOBR K. (o) SREUR AR A SRS, o h B IR AR X I
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%+ —F R AR =gk Tkt

11.5 ekl ds

Dazzler

11.6 “EEEk

1.7 BmR 455 4k 8

Beam Splitter

2N\
A\ ¥4

Plane Mirror

Sample

Vel 11.4: ZH— MM B~ AE L 1t ie B i

Re(erenc“/

Detector

Sig. DATA | 7=0,0=0|7=0,0=0|7=0,0=1|7=0,0=1|7=1,¢6=0
Detector probe off probe on probe off probe on probe off
CCD pixel 1 data 1,1 data 1,2 data 1,3 data 1,4 data 1,5
CCD pixel 2 data 2,1 data 2,2 data 2,3 data 2,4 data 2,5
CCD pixel 3 data 3,1 data 3,2 data 3,3 data 3,4 data 3,5
#¢ 11.1: 2-phase cycling scheme $(f5 iy H A&
Ref. DATA | 7=0,¢0=0|7=0,0=0|7=0,0=1|7=0,0p=1|7=1,0=0
Detector probe off probe on probe off probe on probe off
CCD pixel 1 ref 1,1 ref 1,2 ref 1,3 ref 1,4 ref 1,5
CCD pixel 2 ref 2,1 ref 2,2 ref 2,3 ref 2,4 ref 2,5
CCD pixel 3 ref 3,1 ref 3,2 ref 3,3 ref 3,4 ref 3,5

HNZZ%

R YEin LR
(1) RSt R

o Siggo, probe off (o W) + MIFLZEN 0 BRI BRI, FRIDEHAE, B

46 11.2: ZEESREIEAK. 2% IDEZE Pl a2 o, Hb— R g d sUE S0t AR 4%

B2 AL WU b W R B 5 1 B SRR B 50t 120 Sigdo_off.

o Siggo, probe on (¢o f556) M2 0 BAGH kLT, RIDEthE, o
FIPR e A S HUERIR 85

B TARER A 5 A 1

HWEILH do {7598, Loy Siggo_on.
BERF, DA EPHROEHTI R T AL do 5508, B

Sigpg = Sigeg_on — Sigepg_off

A

200




11.7 #8 k£ 5452

2, A
Sig¢1 = Siggi_on — Sigep;_off (11.28)

TEERAEY 7= 0,0 = 7 b, BN TRESE, ROYBEI ot il LB Al 22208 T,
AT SRS AR RIDEHE, XN 2GR -RIERE, B Sige1 (T = 0) = Ipymp-oft-
(2) ZEIeRMEH Y
o Refgp, probe off (o FHOL) : BN EAYZ do HEH KR I A PRFHE 5 o
o Refgy, probe on (do ZH): LI RERIIE do FEH KX B & PRI FOLI S %
It
BRIy, DA EMROEHTORRE] T AL do 2558, Al

Refgg = Refgg_on — Refgy_off (11.29)
mlH, A
Ref¢p; = Refp;_on — Ref¢,_off (11.30)
(3) Z4BtisfE 54
Sig,,  Sigp1(r = 0) Sig,,  Sigg1(r = 0)
2Dy; =1 0 —1 L 11.31
o(Twr) = log <Ref¢0 /Refor(r =0) ) ~ 18 Ref,, ' Refoy (7 = 0) (1.31)
Sig, Sig,
=1 —20 ) ] —L 11.32
o8 <Ref<f>o > o8 <Ref¢1 > ( )
= log Sigg,  Refy, (11.33)
Sigy,  Refy,

i
o (1131) sUREHHE G- HMEHE (~AOD = log(Tpump-on/Tyump-off)) B3, 4515
FURI(2220 0 il 7 B9 —AOD i, X 4B R 0 T —AOD L, EIEEARIK
(bt B AR
o M(11.32) ST DA, B0 R 5 BRI o EA S 1 HE, S HEEH—4b2
SRR SETTIA 24 pump off AR I . IR 24 0 B2 B 5% 1 (11.33)
K SHAMER, K pump off HIERIEIRA — A H AN Refo, = ag, - Lump-off-
R
o TELIFRBEIRA R, (1132) IREE, ER N T HBIGHE S35 (0D f4),
wAHM (1131) K.
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K A wallilbk o

otk SR (BKSE) = Selkmsi B 1/2 S KB Y A 0 RE

Ary: I(to + %) = (1) = 5 (maz{I(1)})
BOLEIETERE (BETE) . SR E N TERY 172 FeRAEH A TERE
B+ 1w+ “2) = 2 1(wn) = 1 (maz{I(w0)})
Al EA5 AR
1FEA&0fH (Normal distribution) M FRE #1434 (Gaussian distribution )
I _eow?
f(l‘) = U\/%e 20

Horr g 2 F3(E (mean) SUWEE (expectation) , P TATIIINLE, ROIESEG o® BTy
2% (variance) ¥ o 2FrifEZE (standard deviation) , i€ TIMIRE, BRESH. KIE45E
(full width at half maximum:FWHM) 34, FWHM = 2v/21n20 = 2.354820045 * 0. HEL({EZE S
I,: https://en.wikipedia.org/wiki/Full_width_at_half_maximum
http://en.wikipedia.org/wiki/Normal_distribution

AT DA A
E(t) _ ef4~1n2-(tf‘r)2/7'g
EP Tp 7~E \/Juo
Mop=0,0 =11, XN HAEFRARMEES A,
fla)= —=c%
V2r

+o00 ) +00 .
g(t) = 1 J_Oo G(w)e™dw Gw) = \/12? J_Oo g(t)e ™tdt

EREC | g(t) = e

+oo ; +oo 2 : oo 2 iw
J g(t)efzwtdt — J' efat efzwtdt — J e—oz(t +Et)dt

o0

+o0 iw \2 iw 2 w2 +oo iw w?
:J e_a[(t+%) _(70‘) ]dt = e 4a J e_a(t—"_%)th = ie_ﬂ
oo V a

Ho 31 A2
+oo 2 T
J e “dx = \/7
oo «

LAN: =49, full width at half maximum (FWHM)
HEFS W ET%EIL



https://en.wikipedia.org/wiki/Full_width_at_half_maximum
http://en.wikipedia.org/wiki/Normal_distribution

F— F Sk

A3 IRHRBIUCE R AT RER G &R

(1) g(t) MEm4se
g(t) 7o¢t2 :%:efan’ %‘
at’> =1n?2 t"’:ln—Q t==+ In2 At =2 In2
o o o
AY NA 1n2
ﬂthﬁfjﬂf%@Z, ﬁa:ﬁu ?7%

g(t) _ 674-1n 242/ At?

(2) lg() iykmi425E

Ll =e =5 =2, 4
In2 In2 In2
20t =In2 2= =2 p— 42 AY =222
2 2 2
At
At = —
V2
(3) Gw) HEm4eTE
w2
46w = e Botme i g
2
w—:ln2 w2 =4aln?2 w==+2vValn2 Aw=4vValn?2
«
w?
HAwERRE, B o= , TR
16In2

(w) — 2 VA2:)H26—4~1n2~w2/Aw2
DL B4 R R ) L L A i e BT e
(4) |G(w)[ k4 5E

w

2
LG = e F = f=e 2, 4
2

%:IHQ w? =2a1n?2 w=+V2aln2 Aw' = 2v2a1n2
Aw

V2

(5) F3— TS Sr e R~ 7 i i 2 g S R

BRIk B RO # (optical power) FoRh

P(t) = e 10%(555) (A1)

Aw' =

HL3 3R A
|E(t)]> = P(t) (A2)
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A3 BRI F S 2K A

1 . 2
E(t) = P(t)% _ [6—4.1112(7;]))2] 2 _ 6_4.1112(%)2_% _ 674.1112(&—@1)) (A3)

Sl 3 S B R B AR R R TE R, RIS R B iR 2 R R . R, H R A oot
hERE) V2 5, Bl
Tep = V2Tpp (A.4)

(6) I o 4 Y %

At'Aw:2\/m—2~4\/aln2:81n2
o

8In2

At-Av = ~ 0.883
2T

At -Aw' =41n?2
4In2

T
QR EEE R B RS S R AR R R, IR BRI W . A
T RADRE R R R AT e
(7) BRAGERERNPA TERE R KR 5 DR A K

At AV = ~ 0.441

C
e A.
Y (AS5)
c\'/ C
Ay = (X) AX= 52X (A.6)
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KL

F =

Hh Bk o

Ad HE—

WOk —Feikh -
E(t) = 2A(t) cos(wot — k - 7 — @)
= A(t) exp{—i(wot — k-7 — ¢)} + c.c.
% A ROk

XFHARE A, A

Ew) = J E(t)ei”tdt = ¢iPeiwTn J A(t)e*i‘“o(t*m)ei‘“(t*T")d(t - Tp)
_ 6i¢>eiw7n J A(t/)e—iwot/eiwt’dt/

Hrp
A(t) =exp(—4-In2- (t — Tn)2/7'§)

XEHA A A, A

(A7)

(A.8)

(A9)

(A.10)

0 0o
J E(t)eiwtdt — €i¢>J' 674ln 2/75-(2577—”)2efiwo(thn)eiwtdt
oo —00
. . [CoC . .
_ ez¢€szn 6_4 In 2/Tg~(t—7'n)2e—zwo(t—Tn)ezw(t—Tn)d(t _ Tn)
—00
L [ 2 4l g T > 2 ’
_ el¢€ZWTn e—a~t e—zwot ezwt dt/ _ €Z¢€ZWT"J e—at +i(w—wo)t dtl
J—00 —00
r i(w—w , _ s i(w—wq) 27
— (i i - e*a[t’2-7< = O)t]dt’ — (i iwTn Joo e a[<t 2 ) T
J—00 — 00
_ ei¢eiw7ne~7<w;20)2 m
(0%
Hrp o= —41112/7'5, t=t—1,,
%5 T Python JH/RFET .
P TR S A E—— A 206

i(w—wq) )2}
dt’

(A.11)

H 5%



fiFok B U LM AR it

B.1 fHHMASHEBI 2 X

I EL A

X(f) = JOO x(t)e 2t (B.1)
S LA _
a(t) = J X(f)e*mItdf (B.2)
WK A A, Tk
X(w) = ro s(t)e=tdt (B.3)
z(t) = % ro X (w)e™'dw (B.4)

D s e SN S R O 2 /s Wi B G

B.2 RSB L

(1) Xt &t
PRI 2 RS E R AR, e I 2N + 1 ASEAHEBE S At 735 J s, FF—1
PRSI = (1) BRI N — 5
{z(=NAt), -+ ,x(—At),z(0),x(At), -+ ,x(NAt)} (B.5)

T&Y N s KREf, AL
X(f) = J ()il gy (B.6)
—NAt

IEETEJ:ﬁqug;J% E@ﬁﬂﬁﬁi%/ﬁﬁﬁ 2N At E/‘J@ﬁv [/y\ nAt (n = 07:1:17 j:27 T 7:1:N ) y‘j
W, R S ACRE B A B EAR 4 15

N
X(f) =At Y z(nAt)e >/l (B.7)
n=—N

MESELAST R, ANAHEI AN S EE N 0 7, HERATH AT DA f D REA 4L
B o T HFATAT DARRESRAN 24 2B S A 1T 2R
(2) Xt f Esht
Wf=8 (j=0,%1,+2,-  £N), W XSG N
N
X <%> ~ AthZNm(nAt)eszmAtnAt

N
= At Y w(nAt)e 2N (B.8)
n=—N



=% HE TR

B.3 B AR i S

2{3\/—&? N /l\ggﬂiﬁﬂ/ﬂﬁﬁﬂ {l‘(O),l’(l), o ,iL‘(N - 1)}7 %X
N-1
X(m) =Y ax(n)e /N ;=012 ,N-1 (B.9)
n=0

Hp {a(n)} WEHUE R M A, #FK DFT,
HERA: P { X (m)} T PAEE R EF A {2(n)} s

¥ (B.9) Wikl e2mikm/N #Sn‘m%}\o?fﬂ — 13k, 15

N—-1 —1N-1
Z X( 27mkm/N Z Z —27rimn/N€27rik:m/N
m=0 m=0 n=0
N—-1N-1
_ Z Z l,(n)€27rim(k:—n)/]\/
m=0 n=0
N-1 N-1 ‘ m
= z(n) [eQm(k_")/N} (B.10)
n=0 m=0
TR ZORAI:
(1) Yn="kif, mE/N=1, %
N-1 N-1 ' N-1
Z [627”(’“ " /N} =N = Z X (m)e?mikm/N — Z z(k) = Nz(k) (B.11)
m=0,k=n m=0 n=0

(2) SnAkBE, YSNZ0 L [N R RIS, % HBIRA AN

On = Ll(f*)( #1) (B.12)
N-1 i)/ 1— 627ri(k; n)
2 [ } =1 oami—myn 0 (B.13)
m=0,k#n

Hor (k= n) g, i =1,

T, f
N—-1
X (m)e2 ™ N — Na(k) (B.14)
m=0
1 N—-1 ‘
= X (m)e¥rmm/N - p=0,1,--- N —1 (B.15)
0
k.

(B15) 52 (B9) REGBAYe, AR (a(n)) A {X(m)} HarbamulAsnt, fic
z(n) & X(m).
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BHACEAT R ot T e ay —Fr AR ATy Bk

B.4 Bt A LA S — b 8 A 53

FEBATHEE A B AR ot (5 B i e BB 5 AR AROK, Se 4l DA E SOk
G B A e AT A HL M A . LR B 1 SOR G B 1 LM AR e e, e A 7 R TG . K9
B AR e R, X B Y — O (8 e AR A I A AR

(1) — BRI A A

MSRFN A A R 451 ) % -

N
X(f)=At Y x(nAt)e Al
n=—N
=AL-2(—~NAt) - e 27N ENAL L A (= AL) - e 2T CDAL LAy g(0)e 2T (0AL
+ At - J;(At)e_%i'f'(l)'ﬁt + o+ At-2(NAL) - o 2mi-f-N-At

[e—2mi-f-(=N)-At]

e_gm'.f.(_

1)-At
= At |z(~NAt) - x(=At) 2(0) 2(At) --- 2(NAt)| - | e~ 2m/0)-A (B.16)
o—2mif-(1)-At
o—2mif-(N)-At
R — IR A AR, AT A — 2R R — R VR AR 4 A=
(2) —FBR R A A
X(F) X(f) X(fs) -+ X(fa) -+ X(far)]
—At- [2(~NAD) - 2(~A1) 2(0) 2(A1) - 2(NAD)]
[e—2mi(=N)At-f1 o =2mi(=N)At-f2 ., o=2mi(~=N)At-fn .. o=2mi(=N)ALf1r]
o= 2mi(— DAL 1 g=2mi(—1)Atfo . p=2mi(=1)Abfn . g—2mi(=1)At fi
—2mi(OALfI 2mi(O)Atfy . p=2mi(OAL S, . o= 2mi(0)ALfir (B.17)

e—27ri(1)At-f1

727rz( VAL f1 727ri(N

o—2mi(DALf2 |

YAt-fo .

o 2mi(DALfn

*27”'(N)At'fn .

e lliny iﬁkéﬁ(%ﬁ*?ﬁé?ﬁ —HIBIE R A2 T S

PRAS 2 22 5 B e i 24 5

Bhes TAREAS A S5A 1 — A

209

o—2mi(1)AL far

6727T’L'(N) At-far

BT PATE— 25 1 i Ry 22 1) IR

H 5%



= F [HRe Tk

(3) ZHARRALH A

=At- T3 —NAt) xg(—At) 333(0) $3(At

T (—NAt) - o (—At) vx(0) zx(AL) - zr(NAL)

4K

[e—2mi(~N)At-f1 o=2mi(=N)At-f2 ., o=21i(=N)At-fn .., o=2mi(—N)At-far
e—2mi(— DAL fi p=2mi(—D)Atfo | p=2mi(—1)ALfn . p—2mi(=1)Atfiy
e 2mi(0)ALf1 =2mi(0)Atfa | o=2mi(0)Atfn . o—2mi(0)Atfi
e 2mi(VALf1 p=2mi()AEfa | g=2mi(DAEfn . p=2mi(1)AL i

I 6727ri(N)At-f1 ef2fri(N)At-f2 Y 6727ri(N)At-fn N 6727ri(N)At-fM

B.5 k% w0l Sy i B e

PSRy
ft) = e YT cos(wot — @)

KR 5% RS AR RO 2
1
Sl

cos(wot — @) = 5 eilwot=¢) e—i(wot—¢)]

1 1 1
t/T | iwot —iwot (1/7—iwo)t = ,—(1/7+iwo)t
f(t)=ce 2(6 +e )—26 26

MR A, 4

F [cos(wot — ¢)] = F 5

F [eiwot=0)] 4 F [e~ilwnt=9)]
2

eilwot=9¢) | p—i(wot—¢) ]

Bhee TARfER A S A H—— R AT 210

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)

H 5%



B.5 % R A F G 2ot Bk

e—z‘duF[eiwot] 4 ei‘z’F[e_int]
2
e "2 (w — wp) + €216 (w + wo)
2
=7 e 5(w — wp) + €?5(w + wo) (B.23)
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https://1mfit.github.io/1lmfit-py/


https://lmfit.github.io/lmfit-py/
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ki D BOXCAR 4y 1B & %8 LabVIEW $55iill it

EE| AL, TORRBE LR, —E St AR S P PRI SCPE ! PR A7 5
FH G IR BIANER AT

D.1 EMCCD ki pedi R 4 LabVIEW #5lil]

D.1.1 SITK LabVIEW #¥kf}:4y

Scientific Imaging ToolKit, SITK, J24f%} PI (Princeton Instruments) %% 5%/\ 7] Camera =
U B 58 =7 LabVIEW #1840, ‘B Mak A http://rcubedsw.com/index.html, ¥
F CCD S EAD BRI R AR LabVIEW FEHIARFF, W] DAL 2 > SRS LR AH 6 5
KRN T . FHxt SITK W4 B4 i — 1 .

D.1.1.1 223 57k

TH PSP R AR L) Readme. txt SCRY .

o TR —Ass. AT UL RDIALT f R, — o ESEA 40 R A ) T sadd I S
o AT EA— A —A “ReadMe” U, A4, BLIHIA XA B A | e B B Ut
A . SITK £ 34| X7 W 2E Camera [ J', —Z5 /2 Photometrics Camera ff] ', 5 —28& Princeton
Instruments/Piacton Camera i F'. #R ¥ H O i %) Camera % M 551 FH .

o TEZHE SITK FATAIHT, W Jetf Camera HYIKEN A, FAR1E Camera BEIEFIZAT

o SITK W25 PRI # Y SR —FF, R, TEEERE, LRVIGAFR Camera f5
ANFERES, 35 B R Camera BUSHIRT R, . ScF AN B4R M ML)y, Ktk SITK H:/jt
JEIRAERE S, AR MLy, BT .

o IAESER G471 Documents\SITK-Labview\SIToolkit H3%, XPMHZNEE THMHE
5% (Registration ), 344 H 5% (Documentation ) #1 LabVIEW /x5l 2 /7 H 5% (ExamplesXX_4_1_0_2).,

o LabVIEW JR{FIRRFF H 5% ExamplesXX_4_1_0_2 j24 X223 Camera 1Y, BIRTEFIERT
REFREN R R FET /RO, B2 AR BLE B E xR . B RIRF Camera /R B2 AS
[Elf, TR AR A Camera 7R ) W BES G L 1R S AR AL . 1M ELIX HLAY 7 (58 5 2 BE L 3%
BT, Bl vi FR2 A Ex FFk, RS AR SR, B .

o JIEJZ vi B{F T HAE LabVIEW % ffH 5% FAY ustlib H3¢H (A1: C:\Program Files\National
Instruments \ LabVIEW 2012\ user.lib), Hj R3AdvDisp.llb, SITKCalib.llb Z£#J A, T2 =
PR H @ NI A 2 . W DUES RO T RS, i, HER0%
WS A RRIBATIX L vie JRZ vi, JEHACH BRI ICEES, (HA T3S,

o SITK {ENHHHCA L4522k . SITK M S e & 1 i85 AR it HERZ2 R v
i mac AYHbIEZEE , R4 G RUKER A ME— I S B — NP S W DA L A YE T
SO, B SKER A SITK B nl it 2 & ik il o HAARYER A an T


http://rcubedsw.com/index.html

% v9 & BOXCAR =2 W, F 4% & % LabVIEW 4= |5 A

1) Ze3E52 )5, 7F Documents\SITK-Labview\SIToolkit H 3% F#k%| SITKInfo.exe F£
Fr, Histre;
2) HEH KRTIHE R, MG BT AR AR B T ARG ER AR, a4 ik )y i 4t ;
3) WEEEEAAGRIN, BATE A H RN AERGEIHE B S
4) RREWHE B S AR B e s (B ATR)
5) WRAE 2 SO S
6) KM A icfE LabVIEW H 5% (U C:\Program Files\National Instruments\LabVIEW 2012)
T BI5E G .
o LHNENIINIG, 4TH LabVIEW vi, AR “HI " hREH B H AT At & Fhc)=
T vi (HEEMSIIRALEN).
o N T ARIERE FORIIRMELIE R 24T, R Windows B Windows/System H 5% R pv-
cam32.dll fil contrman.dll X4, FHIFH3hF] Camera F2£)7F H 3¢ (41: WinSpec., WinWiew
%)

D.1.1.2 Fyisiisk

SITK S 2SN G, 75 e AT 1) B AR i ik o

o HJukir Windows H3g T 2MA pveamiini 3. XA MR EE, /& Camera FLE 1,
e SRS, WIDAEEN ext 4TI, HEICSR T Camera 2878, #FR. ID {55, SITK %k
A2l PR IOX A SCAE R ) Camera #Y .

o NEAVATHE] pveam.ini 3L, 2 K EHIE LabVIEW [ H %, #%%] RSCONFIG.EXE
T . BT PASRHE] Camera BLE(EE, B2/ SITK MOFRER IEH 1T X8, a2k
rsconfig.exe AEFRHLF] Camera L8 (5 E, WM SITK 3R REHE I H Camera, HIfEZ Hi
AR pveam.ini SO, WA A BEA L. {HR2 MR rsconfig.exe N REIE##KH(F] Camera {5
B, BRI AR R

o TR rsconfig.exe ANREIEAHFKEL Camera 55, XIT 32 L RGE MR AT

1) X%}F PI /A 7] Camera, SITK %2552 Br 2 (& B WinSpec A A2 7528 Camera LabVIEW
FEMH o SITK AT ARE (& B Ay Camera 7 i AH 5 421 SCIF, I DA M B A
DL UL

2) $F WinSpec H % [ ARC_Instrument.dll #p A 119.d1 SC{-4 3544 D1 3l LabVIEW H 5%
T

3) #f WinSpec H g T A .dat SCf4:#% D3] LabVIEW H3g T

4) PRIGEAT rsconfigexe FEfF, WAZMLIER T .

o BfT/RBIREY H 5% ExamplesXX_4_1_0_2\Diagnostics | DiagnosticsToolKittest.vi, iX >
R B2y SITK BRAFRLI A, Bt ) W R A0 TE 3

o 4kZiiz4T Diagnostics H 5% T 1Y) DiagnosticsCameratest.vio X2 7R 5L pveam32.d11 [ fit
AFN Camera [{HANAE B, BN FRKAFAAREI T Camera, WIERARE, WA AT

o WIRFEEH Camera, % WinSpec M REIEF 1217, H. pveam.ini SCIHE B BEHT A #r Camera

Bhee TARfER A S A H—— R AT 216 H 5%




D.1 EMCCD 3% ik &k % LabVIEW iz 4|

e JEU_E SITK HPFRERE T 5T Camera, AR EHEH 24
o A I IR AR PN A T AR

D.1.1.3 i 20 SRy

GHFMING, VAT SO H A S, Sl e e .

o The Scientific Imaging ToolKit for LabView.doc: &S T2 S0y .

o SITK Getting Started.doc: #J 44 SITK il 455, REZEE, W JeiiL.

o SILV_ToolKit.pdf: FrAJIE)2= T vi UL SCRY, AFREEAnE e, A, [FmF, 7& Lab-
VIEW HJ H 5% F help H s H — N EA—FE 2 5 4 & 1 windows 5 B 504 SILV_TOOLKIT.HLP
PRIGE L, 3 OB R X WA SO ], Beandis B S CameraSetCustomChip.vi Y 56H]
I} pdf SCR AT . W A A ) LabVIEW 35 Bl SO —RER AR i I B S0 S5 20320
2, Xaeda) Windows F IS, X Win7 8 R RETCIEATI, — HATCEITH
PR . FERPUE T SRR Y 1) Windows iR ) Windows 5 /7 (WinHIp32.exe).
M HAZEAR IS A RGER A, B E BT /2 32 ke 64 (i) Windows
£5:. )5 Ahttp://www.microsoft.com/zh-cn/download/default.aspx, #ZK N3
winhlp32.exe, ZBEHIT],

o SITK Error Codes.doc: s A ify (4, JEws .

o Camera Parameter IDs.doc: R B ZLH— D04, HE4Hid% T CCD 285 5., v LLEREZ
vi, CameraSetVar.vi KX 5 -

o Pulser Parameter IDs.doc: fR B —3CHE, HE4ER T Pulser 2805 5., W PLEMEZ
vi, PulserSetVar.vi R . FELZEX A N ERBIT) ICCD,

o fastpulser.txt: BRI & B B S04

o fastCamera.pdf . fastPixis.pdf B fastPIMAX3.pdf: 41X A ) -5 CCD 33 il & 7 191 1) iy 22
PELRER
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D.1.2 EMCCD Z¥#)iiAt it

*T CCD Z4tix'E, wPAJcH LightField HAFIATHUCHRAMBSEORIK, RISHXLESHOY
HI%] LabVIEW [ # 1o XA 7. LabVIEW F2)7 5 LightField (4% CCD 5 il ¥ Jo 4 i) £z .
LightField Z{HEAEAER B R 8, T HAZ L Demo I PB4, X BB TEA N EE 1.
(D.1) 2#% it LightFiled %} CCD S EAYHE R 5 ) LabVIEW SHBCE FHI, FFEA &
NBENE TR BFRE NG T HBINIRZ vi, XTHBIRRE vi TR, 1§
SN AU SR, X BRI BRIRZE vi TR RN, —aB R SRk
By, Tl R SRR, SRR AN CCD BE LRI -

PI Camera Parameters Setting Corresponding to LightField Software

Anolog to Digital Conversion Regions of Interest Data Dimension
ADC Speed ADC Speed Bit Depth ADC Gain ROI Params Xdim
o2 0 0 o0 Xstat  Xend ¥ Binning/Grouping 0
}]1 }Ilmoo ;‘;|1
Enable Gain Multiplier  Gain Enable Flag  Gain Ystart  Yend ¥ Binning/Grouping elim

ah #2000 o 0.00 ?]1 200 200 f

Custom Sensor

Shutter Trigger In Trigger Qut
Vertical Shift Rate Vertical Shift Time (ns) Horizontal Shift Rate (ns)
;) 1 0.00 0.00 r‘Shuttar State "Timing Mode "Ouiput Signal
. 5 10,00
Vertical Dimension Horizontal Dimension ‘
Pre-Y + Parallel (V) Size + Post-Y Pre-X + Serial (¥) Size + Post-X Shutter Comp Time: Post Open Trigger Edge Output Signal
Custom Chip Settings CameraGetCustomChip oo a2 0.00
Pre¥Y Pre X Pre¥ Pre X ‘
4o Ao o 0 "
11 91 | | Exposure (sec) Readout time (ms)
Bl Post X Post ¥ Post X A
' i 50000100 0.00
0 Ao |Q |° T

E Parallel (1) Size  Seria (X) Size i Acquire / Focus Flag

. A Init_Success
;1—50 ;]—500 IG— |°— E

Number of Accumulations
Enable / Disable Custom Chip Custum chip Enable/Disable status ’) 1
o ° Mumber of Images
o200

Sensor Cleaning Temperature
Minimum Block Size 100- 500
o2 75-
Number of Mirimum blocks s0- K5 A A T .
ds 25- status code status code
Number of Clears Ea il QHD il HO
;)1 -25-] source source
Number of Strips Per Clear -50- G G
200 75- o o
Continuous Clears -100-
o

Pel D.1: CCD 24041k LabVIEW 51| A i

SRVET

(1) CameraADCset.vi: %] CCD %444 (Analog to Digital Conversion, ADC) i# &, ADC
Speed W #M-2, FRARECE A E ECE Y CCD S mpd B . HABSHO-1, ME TR EE
2 BBl PLECH WV B AR FR 2O @ AN B CameraADC.vi 1R T

(2) CamSetGainMultiplier.vi: {5 5345 1X & .

(3) CameraSetVertClk.vi:CCD =t F{ Rl BT[] 35, BUEVEER 07 15 MY, 5y CCD #EEL
M. A PAi T WinSpec B LightField ZR A UE, A @ B EUE, 25 —Haiin
EHE A, Wl AL CameraSetVar.vi RECEHARRIE],, S84S5 0 121, ALY
b, EREUEH

(4) CameraSetCustomChip.vi: i CCD HYBOGHIT, F M ARSE R CCD SBGaE . WRA
FERTINE, BAFMIE, TOTTAELRAT COD ML HIER B A T, IR
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«+«—— Shift Register

QWIHIIHIIHIHII%ﬁHI
Wavelength
(1) 4= (X-Axis) |\ (2861
T
{
] |

ol { f\
=3
o \ \
[1.1024} ‘ 6256.1024]-

1024 x 256 CCD
¢ D.2: CCD AptrihiE Xonfil. 3% H WinSpec User’s Manual

&, IXEBIE - ZAE ROL (Region Of Interest) 2 H, 50| ROT & EHF2K %4 WAL AFAT
AR/ NEOG I A BB B GH R, R ARG AL . S F, SRS CCD BOt
TCHR B DG,

(5) CameraROLyvi: g% CCD - B D ORA ] 5N 5K A (5 S0 2 i (U i E
CCD Lififedt, mTIMNFLERIGHEE M AR, Pl CCD BE S m R
TR SR . [AAE R SE CCD BALAF A il 4 m i U, [lez £k, X7 CCD
BERAIRE LT AZHE (D.2). Bl f CameraGetDataDim.vi LU EHEF B I &2 1EH .

(6) CameraSKkips.vi:CCD ZHUN Z & IR 2 M &, AT AR CCD B HGH T . iXER 2
ok G2, e id- 8 BRA{E . —% Mininum Block Size 1% &4 2, Number of Minimum
blocks & H 5. FEHAME G EEHEZ 5, itk CCD BGHEE . X i m] PA
i 243K Mininum Block Size, FLHIEE N 4.

(7) CameraCleans.vi: JoHEGHT CCD B BRI HAL fry 1 [ DRI AR 0 B

(8) CameraShutter.vi: [ A E . HTIRATZ BN &, FrOABRFI TS —EHI T
TEYERR I, A MR RA R E, SAFE R 0, 15 WA BB 5 Mg a8 bR
LI I) .

(9) CameraTrigger.vi: CCD Wy fil & 15X 5 .

(10) CameraSetVar.vi: 5458 4, (K 10, BELEE6HHEE .

(11) CameraExperiment.vi: BEGHf[H], {55 REUEIC, DU RELH &k E. 75 R
Acquire/Focus Flag %84 1 XN T WinSpec 8{ LightFiled %41 Free run £, 2t
SRR R, BB E G RS H TRl . Acquire/Focus Flag % ¥ °h 2 XY
WinSpec 5} LightFiled 1) Acquir B, WEZ /DG REHRHMRELZ D, 2R
PR, EATFE XM — %R, BMBSEFEZE A EE,

(12) Cameralnitialize.vi:CCD Z¥(# 11k vi. WAHEIT5EXA vi 5, ZHIMNSEOREA AR
SRR

(1) CameraGetDataDim.vi: 515§ CCD 3REE| B 5 KN

(2) CameraGetTemp.vi: JZ i CCD i /&,
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(3) CameraGetADC.vi: [ it CCD #iE#(5 E. .

(4) CameraGetCustomChip.vi: [ it CCD BOGHEITHIEE. .

(5) CamGetGainMultiplier.vi: [ it CCD {55355 {5 2 .

(6) CameraGetVar.vi: 24450 121, 5t CCD & ELRIHINE], FRALRNED. FHEHERZ
REBUX ME A, (HRERIEI IERIE .

(7) CameraGetVar.vi: 284’5 122, [ist CCD & kil it ], FRAZNFP. T2t A
S CCD A X AME.

(8) CameraGetVar.vi: Z5(4%'5 4 4, S [ 5 S48

(9) CameraGetVar.vi: 25454 30, it CCD 2N ]

Ell

D.1.3 kif#% R 42 LabVIEW F)5iit i

TSR AAR T F2 2 T BB

o BTy 2 T EHL ik N 77 3 ) I R A7 i CCD SRAEREIR, B ImageCreate.vi G EUE N
FEXK I 0511 Image FJANSE M. ZIR)E vi 75 ZOREFI BRI/ ME R, ATRAH
CameraGetDataDim.vi ZREfZ it %, HEHR CCD Hisb 5 — Bl AR E .

o S AR REWEREE, —HizfT CameraStart.vi &R CCD FFUARELIE, FAANIRER
KL HZHIR CCD WGt S0 AP T o RELFIIEIE B A1 7E CCD ZA7.

o =52 CCD W G AF R B AR BRI Z BT FFRE LG A7 KF Camera 4)#ii . Tmage
Tt 45 CameraGetData.vi B[ 5¢ BB AR . FF 2 ERR 2, CCD R TEHIR b A%
SERPSRECEE , SRER IR G A s i 7 EAEIR 24 1.5 ms, 200 Mg ] ) 5 L 7R GEIR 24 300 ms.
PRI W W] AR ] CameraCheckData.vi Wit @ i, I i W SR IBCECH - 4k it
AT MEARICT ME A .

o SEVUFR AT A FE NG P AE OISR SO Al AR BB TE X . R 7R Image A%
1# 45 ImageGetLineF32.vi BI 1],

o B TLER A W@ R vl 1 R 1) LA A 77 25 () 452 1 CCD. ¥ Image 44k % 1545 ImageDe-
stroy.vi 5& B INTERE, 1 Camera 4)#ki{% 1% 45 CameraStop.vi {5 ]}- CCD T4E.

D2 Ikl 5K R 2

Hrik#%, Optical Chopper

D.3 ]

PRIT, shuttere SEigH R HRITEATH B2 KA L0 A FH “GCL-7103 KW HL T E 487
B AR =AM T RRATROERE R G2 d LabVIEW ZE—$5 iR, AT 30 i
LabVIEW SRFHIE . X A8 s -5 HL I 5 ] @I 0E 2 7 427 1) CH375 USB 5 4k LN
Fro FTPAFRAITE 2N LabVIEW ¥ il CH375. DLL i &SHER AR L, BAMMIIME, Zids
Pt , RSB .
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D4 454

TE%W S LabVIEW 45 R 5 2 Bl , FoA1 75 B2 B8 5 B i 9K ) SO S0 4% - CH375DLL.DLL,
CH375WDM.INF, CH375WDM.SYS. A 2, "TPABATEIM _EA& K. i prIhEe,
ArH# CH37SWDMLINF SC{ i 2 . A ARA ATRETCIA 2R, X B 24 ), F54EM B4
oo, ML b, AN, %R USB 525 —EntE], Windows HA75¢ L T X5 YK E)
TH

A, AT TREGES T S ny USB @ F il nl DAMERER e hks], X
Lt E o

In a byte, the eighth bit(bit7) is the marker bit of shutter I;the seventh bit(bit6) is the marker bit of
shutter I1;the sixth bit(bit5) is the marker bit of shutter III. When the marker bitis “1” , the shutter will
be open; when it is “0” , the shutter will be closed. You can control shutters by bit operations. For
example, input “0a” and click SEND, three shutters will be closed; input “2a” and click SEND, the
shutter 111 will be open.

SEREIIRT I e AR AT R R

+5#EH | —JEH] | Shutter T | Shutter IT | Shutter ITT
8a 1000 1010 | Open Close Close
4a 0100 1010 Close Open Close
2a 0010 1010 Close Close Open
ca 1100 1010 | Open Open Close
6a 0110 1010 Close Open Open
aa 1010 1010 | Open Close Open
ea 11101010 | Open Open Open
Oa 0000 1010 | Close Close Close

6 D T TS, ISP T A = T T TR BT

D4 FBH

AR (T) #RPR G FATRM A2 PL (Physik Instrumente) 73] 'FJ C863 2, 4%
HAE TR (7) /PR G R T2 C843 2. YEEIPR G B UL, 227 i
BERH AP SCR SR AR R . ORI EE A F]) o 7Rt LabVIEW $4 il 5 7 F
FEAT, FEPEA R SR PR R . X LA — SR R T ¢ AE LabVIEW Fifilid A2
BN B I T S, AR S AT

1Physik Instrumente,PI, f8EESE AT, PETAFSLWEZHRGBIA (L) GRAF. FRRA G
Princeton Instruments 2 &) X433k o
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Dazzler £ %i42 FASTLITE /G & )] g e ms G @ g #%  (Acousto-Optic Programmable
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Reference: Dazzler System Operating Manual, Novermber 2005
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E.2.1 Blue area

P4 E.2: Blue area

1 Power: not to use the device above 50%
2 Constant Gain (CG box): with it
3 New-Zero Slider

o If the Zero slider is chosen to zero the output singal without affecting the current wave pa-

rameters (after clicking on the LOAD button).
o When New is selected, the signal described by its spectral and phase amplitude is used.
4 Lanunch Acoustic Wave: LOAD
o Before clicking on this button, all the settings you have done only affect the graphs on the
computer.

o The RF generator receives the information only when you click on this LOAD button.
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E.2.2 Orange area: spectral amplitude control

Amplitude

P4 E.3: Blue area

JCERIE AT DA AL 2 BT S, L n] DA IR EAH Y B SO RCE, I AT AR T IE Y
WHE.
The spectral amplitude is programmed either by a disk file or by the dials of the Orange area, or a
combination thereof.
1 “dials” option: makes the spectral amplitude controlled by the dials of the orange area.
2 “file” option: implies that the spectral amplitude of the filter is given by the text file “amp.txt”
residing in the same directory as the program EXE file. (see amp-and-phase-files.pdf)
3 “both” option: programs an amplitude which is the product of the dials result and the file result.
4 The principle of this shaping is to use a super-gaussian centered in position with a width dug out
by a gaussian hole centered on “hole position” with a width by “hole width” and an amplitude
dependent of “hole depth”.

o The exact formulas are described in “‘computation process.pdf”
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E.2.3 Green area: spectral phase control

Phase

file
both

i

%] E.4: Green area

The spectral phase is similar to the amplitude phase control.
1 Central Wavelength: is the center position of the amplitude shape.
o It can be set arbitrarily if auto is unchecked.
2 “Auto” box: When the “Auto” box is checked, the “Central Wavelength” is automatically the center
position of the amplitude shape.
3 “polynomial” option: the dials program a polynomial phase function with respect to the specified
central wavelength.
4 “file” option: generates a spectral phase from the file “phase.txt” residing in the same directory as
the program EXE file. (see amp-and-phase files.pdf)
5 “both” option: In both is selected, the resulting spectral phase is the sum of the polynomial result
and the file result.
o The formulas are described in “computation process.pdf”
6 “SelfC”” button: When button SelfC (self compensation) is pressed, the order2, order3 and order4
controls are filled with minus the corresponding value for the dispersion of the crystal in ordinary
polarization mode: with this setting, the Dazzler device is dispersion free, with the programmed

diffraction induced phase compensating the natural dispersion of the crystal.
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E.2.4 Grey area: waveform combination

4 E.5: Grey area: Waveform Combination

This panel is used to generate a waveform by the arithmetic combination of the current waveform,
as defined by the current panel controls, and a previously stored waveform.
1 “Save To Data Buffer” button: The current waveform combination may be stored in a memory
buffer chosen by the index number below the “Save to Data Buffer” button, yielding Sggyeq(w).
2 “Add From Data Buffer” button

o When the “Add From Data Buffer” button is not activated, the arithmetic combination is

disabled: ie. the waveform is simply the one defined by the panel controls A(w) - el oW,
o When the “Add From Data Buffer” button is activated, the resulting waveform is computed
as

S(w) =Aw) - W) 4. i Ssaved(w) (E.1)

where
& Ssaved(w) is the signal saved in the memory buffer defined below the “Add From Data
Buffer” button.
o The values of the “Amp” (for Amplitude) and ‘“Phase” controls correspond to a and ¢ in
the above formula refer to “‘computation process.pdf”.
For example, in order to generate two identical pulses separated by a given delay, proceed as follows:
set the parameters for a single pulse
press the save button with the memory buffer value set at 0

shift in time by changing the delay in the “green area”

L e

set the “Amp” control at 1 and the “Phase” control at O
5. press the “Add From Data Buffer” button with the memory buffer value set at 0

To create a third pulse, please read the manual.
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E.2.5 Spectrum and Time Displays

spectrum (a.u. vs nm) time (a.u. vs fs)

»

|pnl/1hnage:mﬂim.|s19%,y’\gle 1%

] E.6: Spectrum and Time Displays

1. Spectrum (a.u. vs nm): The above example graph represents the amplitude response of the filter.
This graph shows out two curves:
o one black (smooth) which represents the ideal spectral amplitude.
& the spectrum produced from the dials is shown by the black curve.
o one red (oscillating) which includes the time gating of the crystal.
o due to the finite length of the crystal, the spectrum actually generated corresponds to the
red curve.
These two curves should be superimposed for proper operation.
2. Time (a.u. vs fs): This graph shows the simulated optical impulse time response of the filter in fs.
It allows you to check
o if the signal is entirely in the time gate
o and if the distortion due to amplitude or phase corrections is not leading to high peak power

(implying loss of spectral resolution, non linearities).
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E.2.6 Loaded Waves Display

¢ E.7: Loaded Waves Display

This small display shows the RF waves currently loaded in the two RF generator memory banks A
and B.
The shape resembles the time display discussed previously, but is somewhat distorted because of the

some factors (refer the manual).
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E.2.7 Machine Controls

ONLINE REMOTE CONTINUOQUS P—

enabled D B:mem 1 =
~ - AJB : Alternat &
active ] F 3 B : Alternate S,

fep freq. = 1000 pwr/damage = 2% ffimit = 4% OK // |

¢ E.8: Loaded Waves Display

1. “ONLINE” switch
o When the “ONLINE” switch is off, the software operates in “off line mode” without commu-
nicating with the RF generator.
o When the switch is activated, communication with the RF generator is initiated and if suc-
cessful, the “ONLINE” indicator lights, showing that the software operates in “on line mode”.
& When in “on line mode”, the generator is periodically interrogated and the result of this
polling process is shown in the text display line.
& This activity can be verified because the last two characters shown cycle between the
following: || \\- - //.
o The information concerns the current measured (the measurement is based on a one
second period count) trigger frequency and the status with respect to acoustic damage.
2. “REMOTE enabled” light indicates whether the system can be remotely controlled (remote menu
selection).
3. “REMOTE active” indicator
o lights in green every time a remote control request is being processed;
o it lights in red whenever thare are errors in the remote control request.
4. For convenience, two modes of operation normally controlled by the trigger and mode setup (menu
option) can be selected in this panel: the continuous versus single mode, and the RF memory bank

currently in use.
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E.2.8 Menu Bar

File Setup Monitor

4 E.9: Menu Bar

1. File Menu
o This menu allows storage and retrieving of waveform parameters (i.e. panel settings).
o This is done with the traditional open, save as and save items.
o The information is kept as text files with lines of the form parameter = value.
o The menu item exit stops the program.
2. Setup Menu

o trig and mode: starts the execution of the “trig and mode” panel

o gpib loop: selects some parameters for the “T2 models”
o tunable: defines the center frequency for “tunable models”
3. Monitor Menu
o configuration: shows the various release information of the system
o timing: shows timing statistics of the software inner operation

o maintenance: operates diagnostics (to be used under instructions from FASTLITE)
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bacteriochlorophyll : BChl, Zij#H4g %
carotenoid: Car, ZEHJE 2

T YEH %Il two-dimensional electronic spectroscopy (2D-ES)
FHTI}]E] : coherence time

i J& I [E] : population time

FEIRIFE] - delay time

AHAVVCHE J[] : phase-match direction
Y71l . photo echo

A Y cross peak

HL AT {BL: electronic dipole approximation
TRt Al : (RWA)

I PR %L influence function

RO HFERAL: System-bath model
FHHAFEH %45 interaction picture
EEHIF . Density metrics

TR 1 Left-Hand Side of an equation
FRER A Right-hand side of an equation
A4 dipole operator

Hi{#%: electric displacement

Ml BRI %% : response function

% IFZ% 4. unitary transformation
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