Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

CRPEHE] S T FREN 0 FHA S AZNAR

I BR KE EER KK

Excited state dynamics of molecules studied with femtosecond time-resolved mass spectrometry and
photoelectron imaging

Wang Yan-Mei Tang Ying Zhang Song Long Jin-You Zhang Bing

5| F1% 2. Citation: Acta Physica Sinica, 67, 227802 (2018) DOI: 10.7498/aps.67.20181334
1E 2515152 View online:  http:/dx.doi.org/10.7498/aps.67.20181334
AP 4% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2018/V67/122

AT RE RSB B L&
Articles you may be interested in

R KOG 18] — SR IO S 3 )5
Excited-state dynamics of m-dichlorobezene in ultrashort laser pulses
YE = 4.2017, 66(15): 157801  http://dx.doi.org/10.7498/aps.66.157801

J it AR5 2% 1 B T2 194 GaN ot B B A & P RCR B A
Quantum efficiency for reflection-mode varied doping negative-electron-affinity GaN photocathode
Y% 4.2017, 66(6): 067903  http://dx.doi.org/10.7498/aps.66.067903

C 7% FePt BB G 75 3 BGRB8 11 2 0F AL
Demagnetization dynamics of C-doped FePt film
YH A 3:.2016, 65(12): 127802  http://dx.doi.org/10.7498/aps.65.127802

La, Nb L4582k BiFeOg 1 fI5 r 1) ) BN AR 0N K 7 ) 1 4%
Transient photostriction and strain modulation in La, Nb-codoped BiFeOj thin films
Y22 H%.2014, 63(11): 117801  http://dx.doi.org/10.7498/aps.63.117801

BRI ECTHIE T Mn3T B 1 d--d BT BB RO 1 i 7
Ultrafast spectroscopy of the Mn3* d--d transition in YMnOs film
PP 2EH%.2012, 61(17): 177802  http://dx.doi.org/10.7498/aps.61.177802


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.67.20181334
http://dx.doi.org/10.7498/aps.67.20181334
http://wulixb.iphy.ac.cn/CN/Y2018/V67/I22
http://wulixb.iphy.ac.cn/CN/abstract/abstract70582.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract69696.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract67516.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract59464.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract50609.shtml

) 32 ¥ #}  Acta Phys. Sin. Vol. 67, No. 22 (2018) 227802

L B ETSRNR LR
KHROBTE] RIS S FRE R

BER SN DFRIR
E#) ERVY REDD R4 KD

1) (FEFABER AR S EeA T, Wik 5T 0 T B E X E Ak, I 430071)

2) (PEREERRE, JER 100049)

Bk D2t

(20184 7 4 10 HU&H; 2018 4 8 H 23 HUL R &k )

DT ERTENOI, FE 2 TSR AT UL TS T BTSRRI E TS
(R KRR ELAE D, T L AT DA T A A 2 S 7 3o R Y e 7 e T () FR R ELAE . RIS ) 73 S5 AT B 1 S 1R K
KRS PRI A RAT N TR B A BT RAAR AR 4 S OB PR 22 5, DR SERILY T A B R T AR, BT AT
O T E A EARH SO Rl A R SR T 5RA I TR, AT LAAE T CRD I A RUE T BF FE B 201 S R i R

FC Y B A AUV, A ST/ 4 T AR I ) 20 5 B ADG B T R AR I BOR IR B, SR a5 S AR I T
VB, JEoR 1 IX PR A 51 A TR SO FLAE IR ST AT, 5 2 oA S i IR A B A RE RS 0
JCHRBN 1 VAL - BORAS G BN )1 T BT N B, WZ BRI A R A 5 LA HE— 2B B T

VERIDT TA3EAT T 2.

KR RO, B, e TR, WORESE 1

PACS: 78.47.D—, 79.60.—, 78.47.J—, 82.80.Rt

15 =

RPPBOLBOR MR E, TR T — A4 W
AR, fe ik T A W ST A i) o . kAR
WOC B CAD I 18] 20 B 05 5 22 W 5L, 2R
RIHES) 150 T IR BLB)F 0 TR . 1999 4,
Zewail 3% 1 KN TE WD A0 2 WF 7C SUA H 17T
QIR TAR R A DT RRIRAST 1 0 DURME 222, T RAD I
6] 73 3 7R C e )2 B A S SOSEATE T R 45
A, R 2% (ORI 7) 1 e 3 — L R A L3
TR 7T 1B 1AW, AT A 2
MR T SRRV, 2 E T T Ok
e, AFERI M AR Z K3 1Al e, Xl
PRV R A ARG B (¥ o e 2 6) e d AR RV 2
Z RT3 TR RIS R A AT A 7,

DOI: 10.7498 /aps.67.20181334

FERZ A AL RE (WAL ) A6 & 1F AR
BB WO T R VR 2SI B )
B S A B SN D6 A 2 S L HL T A A%
BB E R SR LI, S 5 AN ER R AL 5
JS2, T SR AES PRI BRI A . AD I
6] 73 9 5 2 fhis -SRI EOR, fEAilE IR AR
HR, SRR PR ORIk R T Al R BB R A S
B2, S, AN AR E A S, AT
AR BRI K ot AR AR RE A B I I AL
BEAT MR AL . 8 SO PR O Bk 1D R 22
PR FLS (R RESR, A B 8] 3 K H . I TR 23 9
BE BT IR AR GRS A T AT T ANTE, W
WAL LAGE BB IR R RO A s A
PR K e B IS 1) 43 B SEBR AT AT R 2> TSR EA,
REBRBERAT A BRI B ) 2 7 £ AR T O R 4
FRIINT TR) 7 R 3. D El B D PRI TR 73 3 S 6

w [EH K HRRBHER S (IS 21573279, 11574351, 11674355, 21303255, 91121006, 21273274, 21773299) FlE 5 & & FERTF 7L &

JEIHRI (S 2013CB922200) % Bh AR .
T #{E/E#. BE-mail: bzhang@wipm.ac.cn

© 2018 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

227802-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20181334
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 22 (2018) 227802

TR TR A A5 ar AR S iR EiE. 78 %
TR [A] 73 HE 2R I () 43 3 S 56 ] DABR B — S TR
R, T AHFEGEEENBTE. Bk, Enf
AR EFR 2 IR 203 ) %, R4 R 25 | R3h st LA &
AT B 3%

M A5 R i DO R R 2t R AT A R 2 B
HE M, AT DLHEAT B R AR R BN L. AE
ST FL R, B Y 5 VR O 5 R
I U8RI R 22 o 7 s 110l vk — M 7R
PRIBOE P A S B S (14K & I o BRT 3R 4R
SRTT, 24— M2 R N 38 ik it S 31 5 B T
B, RSN, 5 Tk R 0T AR B 45 4 AL
R A AR, DR, X SR T v e VR K AL 2
S 77 2 1 FR I A S A S A AR R AT
ERER A Z.

REEIR T2 B SR TSI 1) 20 9 AT B TR
P 016170 0 B] 2 HEk HEL T RS v 1S X ey
VAT DL PR R B AS BT AL T 2 A RN
AR AR LA BTV SRIEOGE G S A B
FHE BT FERT[R] 2 H AT I )5l R
D5 7= AR PR RS 15 5 5 E B N TB) (1 A2 4k, 3R A5 kL
A R OB P TR PR AR SR ) R R S A S
B TAER R 2 HEOL B P2 ARBOR T, il R
J7 VR & A O H - B B RE R A FE O A, SRR R
R I N AT RE . KA R M AR (B
V] 43 3% 0 FL 1 R 1 1) — o) RIS 1) 23 % o 1% (o =
PR T R &) o] VB AR X [F— 3 it
PR AR AN [F) 7 FE R . 4, 7E DGR IX AN ]
R b RS 2R [ 2y R R S G EFR A
W AL R 7= 4 7= A B R A Ak POL i
(6] 43 6 L~ B /IS 18] 3 F8 ' L 52 45 00 42 4t By
TR AL 5 3K SR - B 2 N EE AT P 0 A 2 B TR 75
Tz ..

I [A] 23 3O L T RETE R & SRR T AR
TR S AR, DR ol L AN SO H 1 Y
(Fr T80 BUK, 1 B X R B Uk, Rl
B AR, ML AN E IR AN 2 5 A A
PR Ak UL TR sk mT DA R 32 488 X H 1 45 A PR U
PR S B R TR B R R4 R 4L, Seel A
Domcke 22231 F 1991 4E % 5 NE i 32 H T 31X Fb
ARG, B IR 2 L H T RS BRI (] 4 HE LT
RETE I —Fl, ¥ TR B RO 4 A,
HARBHREDHE OB FEEN RN
10—50 meV, XF 100 fs {6 ik 4z -4 5256 1)

RETE7r HE A 2) 25 meV), AU AT LARIIS 5 H 6 HE
[ e &5 A0 A AR BE A0 A S B, T HLRR e 45 HE PR 3 B
I (RIS A A OGP, UG BE A AT X F T
XPRRVE R BURE, W] LRt B A TR A BRIE ) ) 4
A HAEE.

R ATl 1B - BLAR Y BRI oL P b2 i 7 o L
B ORE. XL AR A TR AR RS E LA B LT
TH 1) SIS T ) BH AL 2% IO B R R 0
(). MIXAN A BT 5, B (R P T Re i 2 s
HHRE, A AP I E] 43 HERBE T 4830 i 245
Fak, RERE K R R, HE AT DA BT
AR R T R A, R, B R 2 5 HE T e S
T — P LEHEAS S AR AR R RN Bl ) 2 78 1 e
M 777k, fER, BB, B2 36 T REiE A4
W I L B A A R SR A 8 — S &
1999 4E, Suzuki [2726] §1 Hayden 7 78 41 F) F &
FDISF 18] 23 ' FL - S AR S 1 2 B 't P S R0
IR FE. MTIRE S, B [0) 4 B0 Fe T 528 4 T
BRI TR RO RS T REE PSP w5, 1
12 PR S 58 o 0L R AR AR ) — SRR
DI A 72 A3 A B M DG IEUR I 73 7. SE BRI
FFEIXAR E L PR iz Bk A e o /B IX N 1
B oy, b ERZH00 1 =R ARBEEOR B, W
PRI FE R AR R 1, LR B (A5 5 ¥ W I A
KRB R FES S T2h. BAR LB REA
B iz GAER TG 5T AR Bl
HAF AR BUR S B 5, (H2 FEA B4 K.
I AT LS AR S ) o g3 R R T 43 7 O
HL T 5215 (RE ) 208 3 1t A0 552 dh 328 ik o 8 & 1) T
B, XM e R E R

B[] 73 3 AT B TB) 5 3 R B 1) 23 3 % H 5
BEAR T L T & 73 A A BAE SR
Dann b ARE 2T W IR TTE I 1 1 w2 o A
JeJa FERE T 3X I TH 0 A IR HUAR T S B 5T R
B 118,19,28,30—-42] A S PRI AR 1] 43 B KAT
IS 8] 5T 1 AN N [6] 23 O FL T2 R B BOR SR B AR5
g vp R B i S BOE T R 1Ok
Mzh J1 5 U 2 FRAESMZ R 790 FRURES
BT O ) R B TAE, o RN AT
AR A BAE R R RN, AR
FHL BB I R . BB ) 5 AR IO
fif 2 775 VA T 245 ¥ By 7 %5 S5 it 58 U BT BUAR 1D R
R B a it Uh AR T vk 1) R R A DL
MW 5T TAERI T [ 64T T e

227802-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 22 (2018) 227802

2 REAtE TG
2.1 K¥MHE - IR AR

(1 20 142 70 4R LAk, B0k HE A 1
SR, 5 AT LA KD AR P P S
U BB 5 28T o S A R I e
R RO R S HE R RS A K,
AT B S KA I TR 493, A4 AT Bl Sihe
A S PR S T2 e S AR S TR
AR R S M A

R HIIE R AR 0 3 A i R
Wb 2 18D ) SRR A b 2 T B AR,
FOHHIE -FRIHL A T B3 P R Ok,
Forb— AR o HIE 6K 4 T TS R B
THRRE. LTSRN T RARE 1, 7R
L T S IR S A T AR R P T 2 T
PEE e ZA 1128 S5, T 6 SRS SR L2 2
R R, B, SO AR AR R
PSR B RS HOI IR, Jy T RS BRE LI bt
J 2 R, B 5 SR I I LIE AR At Y
CRDBO 1 RIS A T R TR A 9 T R
B KRR R R T B RS
HIE O Mk 5 HR SO B 6 A2k S,
B LR, B R SRR R, AT
LA 3 5% S BRSO R R FE (1
IR AN S TAEIRI 1] 3.3 fs). @AM T o
e A, AR N AL = 280 /c,
Foof e Oh i, 20z LR, IR A A,
ST S T TR 25 005 5 ORI AR R £ 52

.
L t

ER3(ip

FEIE

At=2Az/c

ot

K1 iz -SRI EAR R R

Fig. 1. Scheme of pump-probe technique.
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Fig. 7. Time-resolved (a) photoelectron kinetic energy distributions and (b) photoelectron angular distributions of

carbon disulfide [100],
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Time-resolved signal of parent ion (a) the total photoelectron signal (b), time-resolved photoelectron kinetic energy

distribution (c), time-dependent photoelectron intensities of four peaks as a function of the delay time (d) and the

corresponding fast Fourier transform for the transients (e).
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Fig. 9. Time-resolved (a) photoelectron images and (b) pho-

toelectron angular distributions of o-dichlorobenzene (1177,
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Fig. 10. Time-resolved (a) photoelectron kinetic energy distributions and (b) photoelectron angular distributions of

p-difluorobenzene (118]
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Fig. 11. Time-resolved (a) photoelectron kinetic energy distributions and (b) the relative photoelectron intensity
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Abstract

Study of quantum states of molecules, especially the evolution of excited states can help to understand their ba-
sic features and the interactions among different states. Furthermore, the information about the chemical reaction
process and the interactions among several reaction channels can be obtained. Femtosecond time-resolved mass spec-
trometry (TRMS) and time-resolved photoelectron imaging (TRPEI), which combine pump-probe technique with time
of flight mass spectrometry and photoelectron imaging, are powerful tools for detecting the molecular quantum state
and for studying the molecular quantum state interaction and molecular ultrafast dynamics. With these methods, the
photochemistry and photophysics mechanism of isolated molecule reaction process can be investigated on a femtosecond
time scale. The principles of TRMS and TRPEI are introduced here in detail. On the basis of substantial research
achievements in our group, the applications of TRMS and TRPEI are presented in the study of ultrafast internal conver-
sion and intersystem crossing, wavepacket evolution dynamics at excited states of polyatomic molecules, energy transfer
process of polyatomic molecules, ultrafast photodissociation dynamics and structural evolution dynamics of molecular
excited states. In the study of ultrafast internal conversion and intersystem crossing, the methyl substituted benzene
derivatives and benzene halides are discussed as typical molecular systems. In the study of wavepacket evolution dy-
namics at excited states of polyatomic molecules, the real-time visualization of the dynamic evolution of CSs 4d and
6s Rydberg wave packet components, the vibrational wave packet dynamics in electronically excited pyrimidine, the
rotational wave packet revivals and field-free alignment in excited o-dichlorobenzene are reported. In order to discuss the
energy transfer process of polyatomic molecules, the intramolecular vibrational energy redisctribution between different
vibrational states in p-difluorobenzene in the S; low-energy regime and the intramolecular energy transfer between dif-
ferent electronic states in excited cyclopentanone are presented. For the study of ultrafast photodissociation dynamics,
the dissociation constants and dynamics of the A band and even higher Rydberg states are investigated for the iodine
alkanes and iodine cycloalkanes. Structural evolution dynamics of molecular excited states is the main focus of our recent
research. The structural evolution dynamics can be extracted from the coherent superposition preparation of quantum
states and the observation of quantum beat phenomenon, by taking 2, 4-difluorophenol and o-fluorophenol as examples.
Time-dependent photoelectron peaks originating from the planar and nonplanar geometries in the first excited state in
2, 4-difluorophenol exhibit the clear beats with similar periodicities but a phase shift of m rad, offering an unambiguous
picture of the oscillating nuclear motion between the planar geometry and the nonplanar minimum. Also, the structural
evolution dynamics in o—fluorophenol via the butterfly vibration between planar geometry and nonplanar minimum is
mapped directly. Finally, the potential developments and further possible research work and future directions of these
techniques and researches are prospected.

Keywords: femtosecond time-resolved, mass spectrometry, photoelectron imaging,

dynamics in excited states
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