
Chapter 4

Dynamical simulations of
pump-probe ionization

spectroscopy: Analysis and control

Sections4.1 to 4.4 carefully analyzethe dynamicsin the lowestexcitedsinglet

states(
�������

, � �����
, � �	��� �

,
�����
� �

) inducedby a singlelaserpulse(= pump). Since

only pumplaserenergieswhich arein theexperimentalrange(3.1 - 3.6 eV) are

considered,the energetically higherneutralstates( � 3.6 eV), which do not af-

fectthepump-probespectrum,areexcludedin thetheoreticalcomputationsof this

chapter. Pumppulseswithin thisscaleonly populatethetwo lowestexcitedstates

in eachsymmetry.

Attentionis directedparticularlyto theinfluenceof thenonadiabaticcoupling.

In section4.1 it is shown,in both the adiabaticandthe diabaticrepresentation,

how thecouplingbetweenthetwo loweststatesof
�
���

symmetry, � ���
� �
and

�����
� �
,

stronglyinfluencesthe populationdynamics,whereasthe couplingbetweenthe������
andthe � �	�
�

statesinducesonly marginalpopulationtransfer.

Thecalculationof theabsorptionspectrum(section4.2)andtheprobabilityof

fast (lifetime ��� pulseduration)dissociation(section4.3)havebeenperformed

with the help of � -pulses(equation(2.65)). Otherwise,sin� -shapedpumpand

probelaserpulsesareemployedtophotoexciteor ionizethemolecule.Thegeneral

form of thesepulsesis givenby:������������� ��!#" $ ��%���������'&)(+* �-,#��!/. *�021 � �43)5576�8�9�:2; ! <>=@?A�B?A� CED�FHGJI= <>KMLONMK P (4.1)

where � CQD�FHGJI denotesthepulseduration,� %��������� theamplitudeand , thefrequency

of thepulsewhich is linearlypolarizedin x-, y- or z-direction.

In the last part of this chapter(section4.5), an analysis of the experimental

pump-probetransientspectraand a control mechanismare proposedbasedon
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time-dependentwavepackets. In the pump-probesimulations,besidesthe five

lowestneutralsingletstates,RTS�U
V , W�S�U�V , XMS�U�V , RTS�U
V V and W�S�U�V�V , the threelowest

ionic doubletstates,YJR[ZQU V V]\�^ , YJR[ZQU V_\�^ , YOWEZQU V`\�^ , areincluded.

As pointedout in section2.7,dynamicalcalculationsincludingkinetic coup-

lingscall for theSODschemewhichusuallydemandsasmallertimestepthanthe

split operator. In thiscase,a timestepof 0.008fs ona1024pointsgrid wasused.

All propagationswithoutkineticcouplinghavebeenperformedusingthesplit op-

eratortechniquein agrid of 1024pointswith a timestep0.02fs.

4.1 Influence of the diabatic a/b+ced - f/b+ced and ghb+cedid -a b c did coupling on the dynamics

Neglectingnonadiabaticcouplings,if thepumppulsepreparesa statecompletely

localizedin theweaklybound XS�U
V stateor in thestronglybound W�S�U
V V state(see

figure 4.1) no dissociationshouldoccur and only a signal for the parention,

CpMn(CO)̂j , shouldbeobservedafter the probepulse. Therefore,the question

is whetherthenonadiabaticcouplingis strongenoughto inducesignificantpop-

ulationtransferto thedissociativeW�S�U�V or RkS�U�V V states,respectively. A second(=

”probe”)pulsecouldthenpreparethedaughterion,CpMn(CO)̂Z , providedthedis-

sociatingwavepacketson the W�S�U�V or the RTS	U�V�V potentialhaveenoughkinetic en-

ergy (accordingto theFranck-Condonprinciple themomentumis conserved)to

overcomethebarrierin theionic state.

For symmetryreasonsthe U�V excitedstatesare only populatedby y- or z-

linearly-polarizedpumppulseswhereasthe U V�V statescanonly bereachedusing

x-linearly-polarizedlight. Consequently, two differentpump-probemechanisms

canbe predicted(seepanels(a) and(b) in figure4.1), that is, dependingon the

laserpolarization,eitherthe U�V or the U�V�V statesarepopulatedby thepumppulse.

Noselectionrulesholdfor thetransitionfromtheexcitedneutralto theionicstates.

Hence,theionic statesareequallypopulatedby x-, y- or z-polarizedprobepulses.

Bothprocessesshownin figure4.1involvesix (threeneutralandthreeionic)states

andthustheyaredescribedby lnmol -matricesin boththeadiabaticanddiabaticpic-
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Figure4.1: Thetwo excitation(pump)processesinvestigatedin thissectionandin

section4.5: Panel(a): The ·¸	¹
º stateis populatedby z- (andlessefficiently by y-)

polarizedlight. Panel(b): The » ¸ ¹ º º is populatedby x-polarizedlight. Theionic

statesareequallypopulatedby theprobepulseusingarbitrarypolarizations.

ture(seechapter2):¼½½½½½½½½½½½¾
¿ ¸ ¹ º ¿ ¸ ¹ º º / » ¸ ¹ º » ¸ ¹ º º / · ¸ ¹ ºÁÀ ¿ÃÂ ¹ º º`Ä�Å À ¿[Â ¹ º`Ä�Å À » Â ¹ º]Ä�Å¿ ¸ ¹ º ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ¿ ¸ ¹ º º / » ¸ ¹ º ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ» ¸ ¹ º º / · ¸ ¹ º ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆÀ ¿ Â ¹ º º Ä Å ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆÀ ¿ Â ¹ º Ä Å ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆÀ » Â ¹ º]Ä�Å ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ ÆMÆMÆ

Ç�ÈÈÈÈÈÈÈÈÈÈÈÉËÊ
To studytheinfluenceof the » ¸ ¹ º - · ¸ ¹ º coupling,the · ¸ ¹ º stateis populated

usingaz-polarizedlaser(ay-polarizedlaseris lessefficientbecauseof thesmaller

transitiondipolemoment(TDM) (seesection3.5)) with Ì�ÍÎ = 0.5 GV/m, Ï ÐQÑ)ÒHÓJÔ =

100fs (37 fs in Full Width at Half Maximum(FWHM)) of the intensityandthe
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(adiabatic)resonantfrequency, Õ×Ö = 3.55eV. The ØTÙ	Ú�Û�Û - Ü�Ù�Ú
Û Û populationtransfer

is observedafterexcitingthe Ü Ù Ú Û�Û stateby anx-polarizedlaserwith an(adiabatic)

resonantfrequency, Õ+Ö = 3.40eV andthesameÝ�Þß and à áEâ�ãHäJå values.Notethat in

thediabaticpicturetheadiabaticresonantfrequenciesareoff-resonantpromoting

lesspopulationto theexcitedstates.Nevertheless,thesame(adiabatic)”pump”

frequencieshavebeenusedin bothrepresentations.Theelectricfield strength( Ý Þß
= 0.5GV/m) hasbeenchosensuchthatlessthan10æ populationis electronically

excitedin orderto preventthesubsequent(probe)pulsefrom inducingunphysical

back-transformation(dump)of ionic statepopulation(cf section2.5). According

to equation(4.2), ç)èêé ßìëîí Þ#ïñðòïôó Ý ÞQõMöø÷ (4.2)

where í Þ is thevacuumpermitivity and ð is thespeedof light, themaximumin-

tensity

ç�èùé ß correspondsto 0.07 ï 10Ù ö W/cmö [127].

Recallthat to calculatethe transformationmatrix that connectsthe adiabatic

with thediabaticpicture,equation(2.37)mustbesolvedusingthekineticcoupling

matrix ú û]üþý . ThekineticcouplingtermsT û]üþý andT û�ÿEý weredepictedin figures3.8,

3.10,3.11 and3.12.Sincetheappliedlaserfrequenciesonlypopulatesignificantly

the Ü�Ù�Ú
Û , ð Ù�Ú
Û , ØTÙ�Ú
Û Û , and ÜÙ�Ú�Û Û states,the couplingsamongtheotherstates(see

section3.5)canbeneglectedandthetransformationmatrixsimplifiesto:

� ë
����������
� � � � � �� � ö«ö � ö�� � � �� � �«ö � ��� � � �� � � � � �� � � � � �� � � � � �

�
								�� (4.3)

Thismatriximpliesthatonly the Ü and ð diabaticstatesof Ú�Û symmetryandtheØ andÜ statesof Ú
Û�Û symmetryaredifferentfromthecorrespondingadiabaticstates,

whereastheotherstatesremainthesameundertheunitarytransformation(4.3).To

determinethematrix
�

thealgorithmdescribedin ref. [61] wasused.Theresulting

diabaticpotentialswith thecorrespondingpotentialcouplingsareshownin figure

4.2andfigure4.3for thestatesof Ú
Û and Ú
Û Û symmetry, respectively. In eachsym-

metry therearecrossingsoccuringat 1.70Å and1.78Åfor the Ú Û and Ú Û Û states,

respectively.

Applyingthetransformation(4.3)onthedipolematrixyieldsthediabatictrans-

ition dipolemomentsdepictedin figure4.4.
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Figure4.2: (a) Diabaticpotentials�
����� and ������� . (b) �
����� - ������� potentialcoup-

ling.
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Figure4.3: (a)Diabaticpotentials������� � and �
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Figure4.5: Influenceof the !
����� - "������ kineticcouplingonthepopulationdynam-

icsof thestates"������ (solidline), !
����� (dashedline)and������� (dot-dashedline)after

a sin' -pumppulseof 100fs duration.(a) Adiabaticrepresentationincludingkin-

eticcoupling.(b) Diabaticrepresentationincludingpotentialcoupling.

The simulationsshownin figure 4.5 demonstratethat the diabaticcoupling

betweenthe !
����� and"������ statesinducesamarginalpopulationtransfer, independ-

entof theadiabaticor diabaticpicture.Theoverallpopulationtransferto theex-

citedstatesishoweversmallerin thediabaticrepresentationdueto theslightlyoff-

resonantexcitationenergies( (*)�+-,.0/2143 - (5+-)�,, /617398 3.47eV, (5)�+:,; /6173 3 - (*)�+-,, /617398 3.38eV,

at <>=$?�,�@ .2ACB7D$E @
) E @, 8 1.85Å). Evenfive timeshigher FHG �JI and FHG '�I couplingterms

do not increasethe transferof populationto the dissociativestatessuchthat the

pump-probespectrumis affected.As a consequence,the ! � � � - " � � � couplinghas

beensafelyneglectedin thecomingtheoreticalsimulations.
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Figure4.6: Influenceof the K$L�M�N N - O
L�M�N N couplingon thepopulationdynamicsof

thestatesO
L�M�N N (solid line), K�L�M�N N (dashedline) and K�L�M�N (dot-dashedline) aftera

sinP -pumppulseof 100fs duration.(a)Adiabaticrepresentationincludingkinetic

coupling.(b) Diabaticrepresentationincludingpotentialcoupling.

Comparedwith the O
L�M�N - Q�L�M�N coupling,themaximumof the K�L�M�N N - O
L�M�N N coup-

ling (cf figures3.10 and3.12) is shiftedmoretowardthe Franck-Condonpoint

( R>S$T�U�V
W2XCY7Z$[\V�]�[\VU ^ 1.85Å) anda strongereffect uponthe dynamicscanbeanti-

cipated.This shift is reflectedin thediabaticpicturesincethecrossingof the M N
statesis locatedat 1.70Å whereasthat of the M N N statesappearsat 1.78Å. The

dynamicalsimulationsshownin figure4.6confirmthishypothesis.

An x-polarizedpumppulsewith theadiabaticresonantfrequency, _a` = 3.40

eV, populatespredominantlythe O�L�M�N N statewhich reachesthemaximumamount

of populationat about80 fs (pulseduration= 100 fs). Due to the nonadiabatic

couplingthepopulationof the O
L�M�N N statestartsrising at 50 fs andat 300fs prac-

tically all thepopulationis transferredfrom the O
L�M�NbN to the K$L�M�N N state.Despite

thefact thatthediabaticstatesarelesspopulatedthanthecorrespondingadiabatic

ones(becausethe K�L�M�Ndc O
L�M�N N excitationis off-resonantby 0.02eV), theadia-

baticanddiabaticrepresentationsyield,asexpected,equivalentresults.Therefore,

from nowononly theadiabaticrepresentationwill beemployedsinceits interpret-

ation(especiallyof thetransitionenergies)is straightforward(seesection2.2.4).
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4.2 Theoretical absorption spectrum

Theabsorptionspectrumhasbeencalculatedaccordingtoequation(2.71)with and

without (for the sakeof comparison)the e�f�g�hbh - i
f�g�hbh kinetic couplings.Again,

only the four lowestlow-lying electronicexcitedstates,i f g h , j f g h , e f g hbh , i f g h h ,
havebeenincludedsincefor thesestatestheMR-CCI methodcloselyresembles

the MS-CASPT2results. Indeed,the deviationsdo not exceed0.2 eV (cf table

3.5). Furthermore,they areaccessiblewithin the energy domainof the experi-

mentalpulses( k 400nm(=3.10eV)) and- asmentionedin section3.4- contribute

to thefirst bandof theexperimentalabsorptionspectrum.
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Figure4.7: Theoreticalgasphase(solid lines)andexperimentalliquid phase[46]

(dashedlines)electronicabsorptionspectrafor CpMn(CO)l . Panel(a): Theoret-

ical spectrumwithout e�f�g�hbh - i
f�g�hbh kineticcoupling.Panel(b): Theoreticalspec-

trumwith e f g h h - i f g h h kineticcoupling.

Thetheoreticalspectrumhasbeenobtainedby propagationof thestartingone-
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dimensionalexcitedstatewavepackets,which havebeencalculatedasthe elec-

tronic andvibrationalgroundstatemon�p scaledby theabsolutevalueof thetrans-

ition dipolelmomentsq9r-n at theFranck-Condonpoint ( sut$v0w�x
y6z|{7}$~\x���~\xw � 1.85Å)

for eachtransition,normalizedin thefollowing way(for details,seeappendixA):

{q r:n|��� q��r-n�� ��� q��r-n�� ��� q��r-n�� �� � q �r:n (4.4)

This resultsin thefollowing initial conditions:���\�6�7�\� s wu��� ����������� ��¡¢�o£>mon�p � s w �� y �¤�7� � s wu��� �����¥�¦���:§u��¡o£¨mon p � s w �� w �6�7� � � s w>��� �������©��� ��ªa§«£>mon�p � s w ��¬� � � � � � s wu�� ���a���¦���®¡u�¯§«£>mon�p � s w � (4.5)

The theoreticalsimulationconcentrateson thefirst bandof theexperimental

spectrum(in solution),whichextendsfrom 3.10eV (400nm)till 4.3eV (290nm)

with a maximumat 3.65eV (240nm) [46]. This bandis shownin figure4.7 to-

getherwith thetheoreticalresults.Solvent-effectswhichmight leadto a red-shift

[128] shouldnot play a role sinceanunpolarsolvent,isooctane,hasbeenusedin

thepresentcase[46]. Neglectingthe °�±�²�³ ³ - ´
±�²�³b³ kineticcouplings,thetheoretical

spectrumshowsanintensenarrowpeakat 3.40eV, which is normalizedto unity

(figure4.7 (a)). This peakcorrespondsto theboundstaté
±�²�³b³ which hasa min-

imum at nearlythe samepositionasthe electronicgroundstate( s t$v0w�x
y6z|{7}$~\x���~\xw� 1.85Å) leadingto a largeFrank-Condonfactor. This narrowpeakat 3.40eV

expressesthedominantcontributionof asingleeigenstate(thevibrationalground

stateof ´ ± ² ³ ³ ), whosedensityandcorrespondingautocorrelationfunctiondoesnot

changewith time. As expected,it becomesbroaderwhenthe ° ± ² ³b³ - ´ ± ² ³ ³ coup-

ling is takeninto account.Consequently, the following peaksat around3.55eV

aremuchmorepronouncedin thecoupledcase(figure4.7 (b)). Thesepeaksin-

dicatea superpositionof vibrationaleigenstatespropagatedon the µ�±�²�³ potential.

Thedissociativestaté�±�²�³ showsaweak,broadbandaround3.2eV andthe °�±�²�³
statedoesnot contributeto thespectrumdueto its low TDM.

In conclusion,themainfeaturesof thelowestpartof theabsorptionspectrum

(between3.2 and3.6 eV) of CpMn(CO)¶ havebeenreproducedin the limit of a

one-dimensionalapproach.
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4.3 Probability of dissociation on the ·¬¸¢¹©º and »¬¸�¹©º
states using rotational averaging

As describedin section2.3 a probabilityof dissociationcanbecalculatedusing

time-dependentexcitedstateswavepackets.As a first guessthis hasbeendone

on thetwo lowest-lyingexcitedstatesof ¼�½ symmetry, ¾
¿�¼�½ and À�¿�¼�½ , wherethe

nonadiabaticcouplingcanbesafelyneglected(seesection4.1)i.e. thedynamicsis

governedby equation(2.48)(Born-Oppenheimerdynamics).This meansthatthe

rotationalaveragingisperformedonlyoverthey- andz-polarizedlasersneglecting

thex-component.

A different labelingof the electronicstatesis usedhere,namelythe Á ¿ ¼ ½ is

denotedby X andthe ¾ ¿ ¼ ½ and À ¿ ¼ ½ statesarelabeledB andC, respectively.

Therearefour casesto be studied,namely Â -pulseexcitationswith y- or z-

polarizedlight to the B ( ¾ ¿ ¼ ½ ) andC ( À ¿ ¼ ½ ) states.The dissociationprobability

of thesefour casesis calculatedaccordingto equation(2.59). A somewhatarbit-

(a) (b)

(c) (d)

Figure4.8: Born-Oppenheimerdynamicsof thelaser- Â -pulsedrivenwavepacket

of CpMn(CO)Ã on CASSCF/MR-CCI,B andC, potentials. Panels(a) and(b):

snapshotson thepotential À ¿ ¼ ½ (C) for t=0, Â t andt = 250fs, respectively. Pan-

els(c) and(d) on thepotential¾ ¿ ¼ ½ (B) for t=0, Â t andt = 250fs, respectively.
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rary, yetreasonablechoiceof b in equation(2.59),onthebasisof molecularorbit-

als,is b=5.4Å ( Ä threetimestheequilibriumdistanceof theX potential).Hence,

the total dissociationprobability is thesumof the resultingfour probabilitiesof

dissociationweightedby a factorthattakesinto accountthedifferentstrengthsof

thetransitiondipolemoments.As weightingfactorsthenormof theinitial wave

functionmultipliedby thecorrespondingtransitiondipolemomentfunctionswere

employed: ÅÇÆ9È ÉËÊÌ�ÍÏÎ�Ð0Ñ Æ:Ò�Ó ÔÖÕ0×>Ø2ÙÛÚÝÜ>Þ Ò�ß Ø6Ù�Úà�áÉ Æ É ÊÌ�ÍÏÎ�Ð0Ñ Æ:Ò�Ó ÔÖÕ0× Ø2ÙÛÚÝÜ>Þ Ò�ß Ø6Ù�Úà�á â (4.6)

whereÙ denotesthegrid pointand ã is thetotal numberof grid points.Theres-

ulting weightscalculatedaccordingto (4.6)are:Ååä$Ô�È©æ�ç®è¢é â Ååä ×ÇÈ©æ�ç æ�ê â Ååë�Ô�È©æ7ç®æ�ê and Ååë$×ìÈ©æ�ç®í¢æ â (4.7)

wheretheindex”By/z” denotestheX ( î Î�ï�ð ) ñ B ( ò Î�ï�ð ) and”Cy/z” theX ( î Î�ï�ð )ñ C ( ó Î�ï�ð ) transitionusingy- or z-polarizedlight. Finally, thetotal dissociation

probability ôöõ Æø÷J÷ Ø¤ùÚ is the sumof the individual dissociationprobabilitiesmulti-

pliedby thecorrespondingweightingcoefficient:ôöõ Æø÷\÷ Ø2ùÚ È¦æ�ç:èué Ü ô¬õ Æø÷\÷�Ó ä Ô Ø¤ùÚÛú æ�ç æ�ê Ü ôöõ Æø÷J÷�Ó ä × Ø2ùÚÛú æ�ç æ�ê Ü ôöõ Æø÷J÷�Ó ä$Ô Ø2ùÚ�ú æ�ç®í¢æ Ü ô¬õ Æ-÷\÷�Ó ë$× Ø2ùÚ ç
(4.8)

Notethatthecalculationof ôöõ Æø÷J÷ Ø¤ùÚ accordingtoequation(4.8)impliesarotational

averagingdescribedin section2.3(cf equations(2.69)and(2.70)).

For a comparisonwith the experimentalresultwhich doesnot resolvethese

individual contributions,theexpression(4.8) is fitted to anexponentialrisetime

of productsin theasymptotictimedomain,ôöõ Æø÷\÷ Ø¤ùÚôöõ Æø÷\÷ û êåüþý
ÿ���� Ø2ù ü ù���Ú��	��
 â (4.9)

where ôöõ Æø÷J÷ is theasymptotic( ù = ù�� ÷ ) dissociationprobability, and ù�� is an irrel-

evanttime delaydependingon, andcompensatingfor somewhatarbitrary, albeit

reasonablechoicesof theboundaryò (for example,ù�� = 250fs for ò = 5.4 Å). In

practice,onedetermines: ô¬õ Æø÷\÷ Ä ô¬õ Æø÷\÷ Ø2ù�� ÷ Ú â (4.10)

where ù�� ÷ is sufficiently large so that ôöõ Æø÷J÷ Ø2ùÚ doesnot increasesignificantlyfor

times ù beyondù�� ÷ ; in thepresentcase,ù�� ÷ = 450fs is used.

Therelevantpotentials,X ( î Î�ï�ð ), B ( ò Î�ï�ð ) andC ( ó Î�ï�ð ), aredepictedin figure

4.8 togetherwith snapshotsof thewavepacketsat differenttimes(t = 0,  t, 250
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fs). Specifically, eachof thewavepackets��������� is representedbythecorresponding

probabilitydensity ������������� ����������� � embeddedin therelevantpotential � � , with a

baseline indicatingtheaveragetotalenergy:

! �"�
# ����� $&%'�(��� ���*)# ����� ���*) + (4.11)

In particular, figure4.8showstheinitial (t=0)wavepacket,.-0/ embeddedin �(- , as

well asthewavepackets(att= 1 t), ��2 34�65�2 3�78,.-0/ and��9 :;�65<9 :=78,.-0/ , with proper

renormalization.Obviously, the 1 -pulseinducesmoreefficientexcitationsto theC

( >@?�A4B ) potentialin comparisonwith theB ( CD?�A4B ) potential,in accordwith thevalues

of the transitiondipolemomentsin theFranck-Condonregion,cf figure3.4. As

alreadypointedout in section3.5, theabsolutevaluesof they andz components

arequitedifferentin theFranck-Condonregion. For thatreason,oneobtainsthe

y-componentfor theX ( E ? A B ) F B ( C ? A B ) transitionabout0.28 G�EH- whereasthe

y-componentfor the X ( E ? A B ) F C ( > ? A B ) excitationis approximatelyzero. On

thecontrarythez-componentis largefor theX ( E ? A B ) F C ( > ? A B ) transition(0.42

G�EH- ) andpracticallyvanishesfor theX ( E ? A B ) F B ( C ? A B ) excitation.

Figure4.9: Overallorientationallyaveragedprobability I�J0�LKMK andits four contri-

butions,INJ0�LKOK�P 9 : , I�J0�LKMK0P 2(3 , I�J��QKMK�P 2(: and INJ0�LKMK0P 9�3 .

Thesnapshotsof themolecularwavepacketsatt=250fs presentedin figure4.8

demonstratedirectandnearlycompletedissociationof ��2 3 onthestronglyrepuls-

ive potentialB ( C ? A B ). In contrast,thepotentialbarrierof theC ( > ? A B ) statecauses

theseparationof ��9 : into two partialwaves:oneof themrepresentsthefractionof

�N9 : whichis essentiallytrappedin thelocalwell of thepotentialC ( > ? A B ) closeto
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theFrank-Condonwindow, whereastheotheronerepresentsthecomplementary

fractionof R�S T which dissociates,albeitslowerthan RNU V , dueto thelessrepuls-

ive slopeof thepotentialC ( W@X�Y4Z ), for []\_^`[ba c \�dDegfihjS kMd@l�kMd\ , in comparisonwith B

( m X Y Z ).
The resultingprobabilitiesof dissociationareshownin figure 4.9. Accord-

ingly, theorientationallyaveragedoveralldissociationprobability, n�l�oQpMp]q�r�s , con-

sistsof two significantcontributions,nNl0oLpOp�t U Vuq�r�s and n�l�oQpMp�t S T�q�r�s , whereasthecom-

plementaryterms, nNl0oLpOp�t U(T=q�r�s and nNl0oLpOp�t S�Vbq�r�s , arenegligible. As aforeindicated

this is due to the differentweightsof the underlyingwavepackets(cf equation

(4.7)). Comparisonof figure 4.8 and4.9 revealsthat the dominantcomponent

nNl0oLpMp0t S T	q�r�s arisesfrom the relativelyslow dissociationof R�S T on the potentialC

( W@X�Y4Z ), whereasthesmallercomponentn�l�oQpMp�t U Vuq�r�s is dueto thefasterdissociation

of R�U V onB ( m X Y Z ). Thefit of theaveragedtheoreticaldissociativelifetime, v , (cf

equation4.9), is, therefore,dominatedby nNl0oLpMp0t S T	q�r�s . We havecheckedthat the

valueof v doesnot dependsignificantlyon thechoiceof theboundarym , within

reasonablevaluesfrom 5 to 7 Å.

Figure4.10: Comparisonof theexperimentaldissociativelifetime (t=66 fs) with

thetheoreticalexponentialrisetimeof theproducts( v =63fs), (cf eq. (4.9)).

In apreviouspaper[24] thetheoreticaldecayof thepump-probesignalfor the

lossof thefirst CO ligand, v = 66 fs, hasbeencomparedwith our theoreticalex-

ponentialrise time of the products,v = 63 fs (cf figure4.10). Both, the experi-

mentaldecayaswell asthetheoreticalrisetimeindicatethatthephotodissociation

of CpMn(CO)w takesplaceon a 100fs time scale.This is animportantresultfor

ourfurtherinvestigations.Sinx -shapedlaserpulses(equation4.1)areusedto sim-
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ulatetheeffectsof thepump(section4.4)andthepumpfollowedby aprobe(sec-

tion 4.5).

4.4 Dynamics on the low-lying excited states poten-

tials induced by femtosecond laser pulses

As alreadypointedout in previoussections,thetransitiondipolemomentscorres-

pondingto the y4z statespossesstwo components,y or z, (thex-componentvan-

ishesfor symmetryreasons).Asaconsequence,theinitial wavepacketcanbepho-

toexcitedusingy- or z-linearlypolarizedlaserpulses.In contrast,the y4z{z states

arephotoexcitedusingx-polarizedlaserpulses.All transitiondipolemomentsare

shownin figure3.4for thex-, y- andz-components.
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Figure4.11: Applied laserpulsesin the caseof the A z andA z z potentialenergy

curves:3.23eV(resonantwith |D}�y4z ), 3.55eV(resonantwith ~�}�y_z ), 3.41eV(aver-

ageof 3.23eVand3.55eV)and3.40eV(resonantwith |@}�y_z z ) (theresonantenergy

of the � } y z z is not investigated(seetext)).

In this sectionwe choselaserparameterscloseto theexperimentalones: ��������
= 5.5GV/m equivalentto an intensity �i������� 8.0 � 10}g� W/cm� for theA z states

and ���� = 1.0 GV/m equivalentto �]�N��� = 0.3 � 10}g� W/cm� for the A z z states.In

bothcasesa pulsedurationof �����i���g� = 100fs equivalentto ca. 37 fs for FWHM

in intensitywasapplied.Themoleculewasexcitedwith threedifferentenergies���
= 3.23eV, 3.55eV and3.41eV, for simulationson the A z potentials,anda

singlefrequency,
���

= 3.40eV, in the caseof simulationson A z z curves.These

frequenciescorrespondto the(adiabatic)resonantFranck-Condon� } y z�� | } y z ,
� } y z � ~ } y z transitions,tosomeintermediatevaluebringingthemolecularsystem

betweenthe |D}�y4z and~@}�y4z states,andto theresonantFranck-Condon��}�y_z � |D}�y4z z
transition,respectively, all of themillustratedin figure4.11.
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As seenin figure3.4 the transitiondipolemomentsconnectingthe �����_� and

the � � � �{� is very small. Testcalculationsusinga laserfrequencyresonantto the

� ���_� � state, ��  = 3.13eV, (with intensitiesandpulselengthsgivenabove)yield

a marginal populationtransferto the � � � �{� state.Therefore,simulationswith �� 
= 3.13eV arenot considered.As in thecalculationof theabsorptionspectrumin

section4.2only the � � � �{� - ¡ � � � � kineticcouplinghasbeentakeninto account.

Themoleculeisassumedtobenon-rotatingandit isphotoexcitedeitherwith y-

orwith z-linearlypolarizedlight whenexcitedto the �4� statesandwith linearlypo-

larizedlight in thex directionif excitedto statesof � �{� symmetry. Dueto thevery

differentbehaviourof the transitiondipolemomentsaroundthe Franck-Condon

window the amountof populationthat will be transferredfrom the groundstate

to someexcitedstatewill dependvery muchon which componentof the trans-

ition dipole momentis used(figure 3.4). Within the statesof interest,¡ � � � and¢ ���_� , thez-componentfor the �����_��£ ¡D���4� excitationandthey-componentfor the

� � � � £ ¢ � � � excitationareapproximatelyzero.Therefore,significantamountof

population(within reasonablelaserintensity)will betransferredto the ¡D���_� when

usingy-polarizedlight andthe resonantenergy of ¡D���4� , ��  = 3.23eV, whereas

the ¢ � � � will bemainly populatedif z-polarizedlight andtheresonantenergy of¢ � � � , ��  = 3.55eV, is used.Indeed,for theaforementionedtransitionsthecom-

plementaryz- andy-pulses,i.e. a y-polarizedlaserwith energy ��  = 3.55eV or

a z-polarizedlaserwith energy ��  = 3.23eV, inducelessthan10 ¤ population

inversionwith thepresentintensity.

Theresultingpopulationdynamicsandwavepacketevolutiononthethreerel-

evantstates,� � � � , ¡ � � � and¢ � � � , for ��  = 3.23eVand3.55eVareshownin figures

4.12and4.13,respectively. As shownin figure4.12(a)theuseof ¥�¦ togetherwith

they componentof thetransitiondipolemomentandalaserenergy of 3.23eVres-

ults in ca. 70 ¤ populationinversionfrom theelectronicandvibrationalground

stateto ¡ � � � . Thelaseris intenseenoughasto returnpopulationto thegroundstate

by stimulatedemission,asindicatedby theresidualpopulationin thegroundstate

vibrationallevel v=1. Figure4.12(c)demonstratesdirect dissociationasexpec-

tedfrom a repulsivestate.In contrast,using ¥�§ andthez componentof thetrans-

ition dipolemomentalaserpulseof energy of 3.55eVpopulatesin aboutthesame

amountthe ¢ � � � state.Likewise,smallpopulationsof thegroundstatewith v = 1

andv = 2 indicatestimulatedemission(seefigure4.13(a)).Thewavepacketsimu-

lationsdepictedin figures4.13(b)and4.13(c)indicatethatthemarginalpopulation

of the ¡ � � � staterunsawayasfastaswhenusing3.23eV, cf. figure4.12(c).On

the contrary, thewavepacketon the ¢ � � � potentialsplits into two partialwaves

dueto thesmallenergy barrierat2.5Å. Themainpartremainstrappedandoscil-

latesin the potentialwell, whereasanotherfractionovercomesthe small barrier
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Figure 4.12: Adiabatic time evolution of the laser driven simulations on

CpMn(CO)́ undery-linearly polarizedlight of µ�¶ = 3.23eV (frequencyreson-

antwith ·D¸�¹4º state)and »�¼�½]¾À¿OÁ = 100fs. Panel(a) showsthetime evolutionof the

populationdynamics,asdefinedin section2.2.6.Panels(b), (c) and(d) showthe

timeevolutionof thewavepacketon the Â�¸0¹4º , ·D¸�¹_º and Ã�¸�¹4º states,respectively.

(0.2eV) anddissociates,althoughslowerthanin the ·D¸�¹4º state.Theseresultsare

in agreementwith thesimulationsperformedusinga Ä -pulsedescribedin section

4.3.

Whenanintermediateenergy µu¶ =3.41eV isused,abouthalfof thepopulation

is transferredto eitherthe · ¸ ¹ º or to the Â ¸ ¹ º states,dependingon whethery- or

z-polarizedpulsesareemployed,respectively. Theresultsareshownin figure4.14

for y- andz-pulses.They-polarizedpulsetransferspreferentiallypopulationfrom

Ã ¸�¹_º to ·D¸�¹_º andasit happenedin thecaseshownin figure4.12(c)it dissociates

rapidlyon therepulsivestate,seel.h.s of figure4.14(a)and(c).
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Figure 4.13: Adiabatic time evolution of the laser driven simulations on

CpMn(CO)Ò underz-linearly polarizedlight of Ó�Ô = 3.55eV (frequencyreson-

antwith Õ@Ö�×4Ø state)and Ù�Ú�Û]ÜÀÝOÞ = 100fs. Panel(a) showsthetime evolutionof the

populationdynamics.Panels(b), (c) and(d) showthetimeevolutionof thewave-

packeton the Õ@Ö�×4Ø , ßDÖ�×4Ø and à Ö�×_Ø states,respectively.
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Figure 4.14: Adiabatic time evolution of the laser driven simulations on

CpMn(CO)ì undery- andz-linearlypolarizedlight of í�î = 3.41eV(averagedfre-

quencybetweenthe ï@ð�ñ_ò and ó@ð�ñ4ò state)and ô�õ�öi÷�øgù = 100fs. Panel(a) showsthe

time evolutionof thepopulationdynamics.Panels(b), (c) and(d) showthetime

evolutionof thewavepacketon the ó@ð�ñ4ò , ï@ð�ñ_ò and ú�ð�ñ_ò states,respectively.

The residualpopulationwhich reachesthe ó@ð�ñ4ò stateis trappedin the local

well (figure4.14(b)).Thesameeffectscanbeobservedif az-polarizedlaserpulse

is used.Half of thepopulationis invertedfrom the ú�ð�ñ_ò to the ó@ð�ñ4ò stateandit

remainscompletelytrappedin the local well andoscillateswith a full periodof

about150fs (dependingon theexcitationenergy), asdepictedin ther.h.s. of fig-

ure4.14(b).Also apparentis thatthewavepacketlocatedin the ú ð0ñ4ò potentialex-

changesamplitudeduring the laserpulseasdemonstratedin the populationdy-

namicsof figure4.14(a).Thepopulationof the ó@ð�ñ4ò stateclearlyrevealsa lossof

amplitudewhenthepulsereachesits maximumof intensity, which is transferred

to thegroundstatewith v = 1, indicatinganintra-pulse-pump-dumpprocess.

Next,let usconsidertheselectivepreparationof cymantrenein theexcitedñ4ò ò
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states.For thispurposethex-componentof thetransitiondipolemomentis used.

As seenin figure 3.4, the valuefor the û�ü�ý4þ ÿ û ü0ý4þ{þ transitionat the Franck-

Condonregionis closeto zero,andthereforetransitionsto thisstatewouldrequire

avery intenselaserpulse,in comparisonto theintensityneededto reachotherac-

cessiblestates,asi.e.
� ü�ý4þ þ . Note that theoscillatorstrengthof this staterepor-

tedin section3.5atCASSCFlevelwaspredictedto beof thesameorderof mag-

nitudeasfor the û ü ý þ ÿ û ü ý þ þ transition,andzeroat TD-DFT level. The dis-

crepancybetweenthepreviousCASSCFresultsandthepresentonescomesfrom

theslightshift of the û�ü�ý4þ potentialminimumongoingfrom CASSCFto MR-CCI

level(from1.81Å to1.85Å atMR-CCI level). Thus,onlysimulationsonthe
� ü�ý4þ þ

(fig. 4.15)statewill beshown.
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Figure 4.15: Adiabatic time evolution of the laser driven simulations on

CpMn(CO)� underx-linearly polarizedlight of ��� = 3.40eV (frequencyreson-

antwith
� ü ý þ þ state)and ����������� = 100fs. Panel(a) showsthetimeevolutionof the

populationdynamics.Panels(b), (c) and(d) showthetimeevolutionof thewave-

packeton the
� ü�ý_þ{þ , û�ü�ý4þ{þ and û�ü�ý4þ states,respectively.
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As discussedin section4.1thediabaticcouplingconnectingthe �! #"%$ with the&  " $ is negligiblebut thecouplingbetweenthe ' and � statesof symmetry" $ $ has

a stronginfluenceon thedynamics.Thepopulationdynamicsusinga laserwith

anelectricfield of 0.5GV/m hasalreadybeendiscussedthere.An electricfield of

1.0GV/m is enoughto invert ca. 50 ( of thepopulationfrom theelectronicand

vibrationalgroundstate'  " $ to the �  " $ $ state,asshownin figure4.15(a),since

thevalueof thetransitiondipolemomentfor the ') #"%$)* �+ #",$ $ transitiondoesnot

decayoutsideof theFranck-Condonwindowasquickly asin thecaseof ",$ trans-

itions. Thewavepacketis trappedin the �  " $ $ statedueto its boundcharacterand

a maximumof populationin this stateis reachedat around80 fs. Thepopulation

reachingthestate'  " $ $ by the '  " $-$ - �  " $ $ kineticcouplingdissociatesdirectly, cf

figure4.15(b)and(c), respectively. Notethatpopulationtrappedin the �! #",$ $ state

doesnotapparentlyoscillatefor theminimumpositionmatchesverymuchtheone

of theelectronicgroundstate,') #"%$ .
In summarythesesimulationsillustratethat,differentproductscould beob-

servedin theprobestatedependingon wherethewavepacketis prepared.If the

initial pumppulsepreparesastatecompletelylocalizedin theweaklybound&  #",$
state(figure4.14)nodissociationshouldoccurandonlyasignalfor theparention,

CpMn(CO)./ , shouldbeobservedafter theprobepulse. In contrast,if thepump

frequencyis suchthatthewavepackethasenoughkineticenergy to overcomethe

barrierin the &  " $ state(figure4.13),or if it selectstherepulsive�  " $ state(fig-

ure4.12)or reachestherepulsive'  " $-$ statevia the '  " $ $ - �  " $ $ coupling(figure

4.15),it will undergo fastdissociationandtheprobepulsewould detectthefrag-

mentCpMn(CO).0 . Thesestatementsassumenon-rotatingmoleculesandspecific

polarizations.Obviouslyin thecaseof freerotatingmoleculesall componentsof

the laserpulsewould interactat thesametime. However, in thepresentcasethe

transitiondipolemoments,which governthe electronicpopulations,arecharac-

terizedby a singledominantcomponentwhich is nonzero,andconsequentlythe

computersimulationsarestill valid.
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4.5 Simulation of pump-probe and control experi-

ments

In thissectiontheexcitedstatedynamicwhichhasbeenanalyzedcarefullyin the

previoussectionsis probedby a secondlaserpulsethat ionizesthe molecule.

(a) (CpMn(CO)1 ) 2 (b) (CpMn(CO)3 ) 2

Figure4.16:Experimentalspectra:(a)parention, (CpMn(CO)1 ) 2 , and(b) daugh-

ter ion, (CpMn(CO)3 ) 2 , usingsub40 fs (FWHM) pumpandprobepulses[129]

(dots= originalexperimentaldata,solid lines= fits to thesedata).

Oneof the main goalsof this work is to understandthe quantumdynamical

processesbehindthe recentexperimentalpump-probespectra(figure 4.16)per-

formedbyWösteandcoworkers[129]usingultrashortpumpandprobepulseswith

parameterssummarizedin table4.1. Theexperimentalpump(1photonexcitation)

andprobe(3 photonexcitation)pulseshavea width of 45 fs (FWHM) and35 fs

(FWHM), respectively. Thesevaluescorrespondapproximatelyto our theoretical

sin3 -shapedlaserpulses(cf equation4.1)with apulseduration4�5�6�7�8�9 = 100fs (for

a sin3 -pulse,4�5�6:7;8<9 = 100fs correspondsto = t = 36 fs FWHM of intensity).

> = > = t (FWHM)

pump(1 photon) 402.5nm(3.080eV) 12nm(0.092eV) 45 fs

probe(3 photons) 805.0nm(1.540eV) 35nm(0.067eV) 35 fs

Table4.1: Parametersof theexperimentalpumpandprobepulses.

In figure4.16thetransientspectraprobingtheparention (a),(CpMn(CO)1 ) 2 ,

anddaughterion (b) , (CpMn(CO)3 ) 2 , areshown.Thesolidlinesin figure4.16are

fits to theexperimentaldata(dots).Thesefits indicatemaximaataround80fs for
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theparentandataround100fs for thedaughterion. In bothcasesfurthermaxima

with lower peakintensitiesoccurat laterdelaytimesseparatedby approximately

80-85fs. This vibrationalpatternhasnot beenresolvedin previouspump-probe

experimentsperformedusinglongerpulses( ? t @ 90fs)shownin figure1.9,where

only thedecay(butnot thevibration)canbeseen.

In our one-dimensionalmodel(seeIntroduction)photoionizationof the par-

entmoleculeversusdissociationof thefirst carbonylligandandformationof the

”daughter-ion” is considered:

CpMn(CO)A BDC<EGFIHJEKML CpMn(CO)NA
B�C EGOQP�RTSKML UWVYX CpMn(CO)ZA\[ (4.12)

CpMn(CO)A B�C EGF#H]EKML CpMn(CO)NA
BDC E^OQP�RTSKML U V X CpMn(CO)Z_ X CÒ (4.13)

In orderto theoreticallyreproducetheexperimentalresultsshownin figure4.16,

ab initio quantumdynamicalwavepacketpropagationshavebeencarriedoutcal-

culatingthepump-probespectraasthecorrespondingyieldsof populationsin the

ionic states.All interactionswith thedifferentx-,y- andz-componentsof themo-

leculartransitiondipoleoperatorsaretakeninto account,andthe total parentor

daughterion signalsarecalculatedassuperpositionsof the(classically)rotation-

ally averaged(cf section2.3)signalsfor theindividualcontributions.Thefive low-

estneutralsingletstatesa)bdc%e , f+b#c,e , g+bdc%e , a)b#c,e e andf+b#c,e e andthethreelowestionic

doubletstatesh<a _ c e eji Z , h<a _ c eki Z , h<f _ c eli Z , areincludedin thepump-probesimu-

lationsanddepictedin figure4.1. As mentionedin section4.1 low field strengths

( mIn�oqproGs = 0.5GV/m) areemployedin thepump-probesimulationsin orderto avoid

unphysicalback-transformationof ionic statepopulation.As alreadyreportedbe-

fore, measurablepopulationtransferto therepulsiveab^c%e e staterequireshigh in-

tensities( t 0.5GV/m) becauseof theweaktransitiondipolemomentof this ex-

citedstate.Therefore,only excitations(pump)to the f b c e-e , f b c e , and g b c e states

wereconsidered(seefigure4.11). As describedin theprevioussections,the f b c e e ,
f+b#c,e and gub#c,e statesarepopulatedpredominantlyby x-, y- andz-polarizedlasers,

respectively, andnoselectionrulesholdfor transitionsfrom theneutralexcitedto

theionic states.

Subsection4.5.1 studiesthe pump-probespectra using y- and z-polarized

pumplaserswhich transferthe main part of the populationto the f!b#c,e andthe

g b c e states,respectively. Theresultingspectra,however, cannotreproducetheex-

perimentaloutcome(figure4.16). Startingwith a leadingpumpexcitationto the

f b c e-e state( x-pol.) apump-probemechanismwill bedescribedin subsection4.5.2

which yields a goodagreementwith the experiment.Basedon this analysis of

theexperimentalpump-probespectra(figure4.16)anexperimentaloptimalcon-

trol pulse[129] whichproducespredominantlyparentionswill betranslatedinto

thelanguageof laser-drivenwavepacketsin subsection4.5.3(control).
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4.5.1 Pump probe spectra with pump transitions to the vxw�y{z
and | w y z states

In this subsectionthe influenceof pumpingpredominantlythe }!~#�%� (y-pol.) and

the �+~d�,� (z-pol.) statesonthepump-probespectrumis investigated.Accordingto

our resultsreportedin section4.1 thenonadiabaticcouplingbetweenthesestates

canbeneglected.

Let usfirst considertheresultingpump-probespectraafterapumppulsewith

resonant� ~ � �!� } ~ � � excitationenergy, ��� = 3.23eV, correspondingtoa1-photon

excitation,analogousto theexperiment(cf table4.1). Dueto thechosenpumpfre-

quency, they-polarizedpartof thelasermainlypopulatesthe } ~ � � neutralexcited

statewhile the � ~ � � , and } ~ � � � states,preferentiallyexcitedby z- andx-polarized

pulses,respectively, shownegligiblepopulationsin oursimulations.
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Figure 4.17: Differencepotentialsbetweenthe state }!~#�%� and the ionic states³ �µ´��%� �j¶I· (solid line),
³ �µ´��%�k¶#· (dashedline) and

³ }�´��,�k¶I· (dot-dashedline).

A single-photonprobeenergy of ��� = 4.92eV correspondsto 3 photonswith

energy 1.64eV (notethattheexperimentemploys3 photonswith energy 1.54eV,

seetable4.1)andis in resonancewith all thethreeionicstatesatdifferentpointsac-

cordingto thedifferencepotentialsshownin figure4.17.Consequently, thewave

packetin the }!~#�%� stateis probedby the 4.92eV pulseto the ¸<}�´��%�l¶I· ion at ca.

1.85Å, to the ¸�� ´ � � ¶ · ion at ca. 2.2 Å andto the ¸�� ´ � �-� ¶ · ion at ca. 2.8 Å. For

transitionsatthesepointsthetransitiondipolemomentis largestfor thepopulation

transferto the ¸�� ´ � � ¶ · ionic state(seefigure3.15). As a consequence,thetrans-

itions to this ionic statearetheonesgoverningtheresultingoverallpump-probe

signaldepictedin figure4.18. Indeed,thecontributionsto theotherionic states

arenegligiblewith thepresentlaserparametersandtheoverall rotationallyaver-

agedpump-probesignalis dominatedby thecontributionof the ¸<�µ´��,�k¶I· ion.
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Figure4.18:Theoreticalpump-probespectrumusingapumpenergy of 3.23eV(1

photon)andprobeenergy 3.92eV (1 photon).Theoverall rotationallyaveraged

signalisgovernedby theionpopulationin the ¹<ºµ»�¼,½k¾I¿ stateresultingfromapump

excitationto the À!Á#¼%½ neutralexcitedstateanda probeof this stateat around2.2

Å to the ¹�º » ¼ ½ ¾ ¿ ion.

As expected,therepulsiveÀ Á ¼ ½ yieldsa fastrising anddecayingpump-probe

signalshownin figure4.18,which is not ableto explainthemuchslowerdecay

presentin the experiment(cf 4.16). Thedaughterion would be producedwhen

thewavepackettransferredfrom therepulsiveÀ!Á#¼,½ to anyionic statehasenough

kineticenergy(whichisaccordingtotheFranck-Condonpricipleconservedduring

vertical transitions)to overcomethedissociationbarrierin the ionic state.In the

presentcasethebarrierheightin the ¹<ºµ»�¼,½k¾I¿ ionic stateis about0.9eV at 2.2Å,

butwherethewavepacketin the À!Á#¼,½ is probedit hasakineticenergy of only 0.5

eV. Therefore,usingtheprobefrequency4.92eV thewavepackethasnotenough

kineticenergy to climb thebarrierandthusonly theparention is produced.

Probepulseswith higherenergieswould inducethe dissociatingÀ Á ¼ ½ wave

packetatlatertimeswhenit hashigherkineticenergiesandconsequentlycanover-

cometheionicstatebarriertoyield thedaughterion. Forinstance,aprobelaseren-

ergyof 5.85eVcorrespondstoaresonantÀ!Á#¼%½!ÂÃ¹�ºµ»�¼%½j¾#¿ excitationataround4Å.

At thispoint thekineticenergy ( Ä 0.6eV) is largerthanthebarrier(0.07eV) and,

therefore,thedaughterwouldbeobservedin ourcomputersimulations.However,

theprobeenergy 5.85eV correspondsto 3 Å 1.95eV, a muchhighervaluethan

theexperimentalone(cf table4.1),andis, therefore,not consideredhere.

Notethatthetotal ionic signal(max. Ä 0.01 Æ ) is a factorof tensmallerthan

themaximalion populationsin thefollowing pump-probespectrawith pumpex-

citationsto the À!Á#¼%½ ½ or ÇuÁd¼,½ state. This implies that contributionsfrom the y-

componentcanbeneglectedprovidedoff-resonantpumpenergiesto the À!Á#¼%½ state
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areused,sinceit would resultin evensmallerion populations.

Next,let usturnto investigatethepump-probespectraresultingfrom employ-

inga1-photonpumplaserof 3.49eVenergyanda4.716eV(1photoncorrespond-

ing to 3 È 1.572eV) probepulse.Undertheseconditionsthex- andy-components

of the pumppulsedo not contributeto the overall rotationally-averagedpump-

probesignalsincethe pumpfrequencyis stronglyoff-resonantto the É!Ê#Ë%Ì and

É Ê Ë Ì-Ì states(nearly1 eV to the É Ê Ë Ì Ì andmorethan1.5eV to the É Ê Ë Ì state).Con-

sequently, only the Í Ê Ë Ì statewill beexcitedby thepump.
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Figure 4.19: Differencepotentialsbetweenthe state ÍuÊ^Ë%Ì and the ionic statesö<÷µø Ë%Ì ÌjùIú (solid line),
ö�÷µø Ë%Ìkù#ú (dashedline) and

ö É ø Ë,ÌkùIú (dot-dashedline).

As shownin figure4.19theprobepulse(4.716eV) is resonantto the
ö É ø Ë%Ìjù#ú

ionic stateat ca. 2.3 Å , slightly beforethebarriermaximumof the ÍuÊ#Ë,Ì neutral

excitedstate,andatvalueslargerthan2.5Å to theothertwo ionic states,
ö�÷µø Ë%Ìjù#ú

and
ö<÷µø Ë%Ì ÌjùIú . A big partof thewavepacketis trappedin thepotentialwell of the

ÍuÊ#Ë,Ì stateandthuscannotbeprobedto theenergeticallylowerionicstatesbecause

theseionic statesareresonantonly afterthebarrier. In addition,thetransitiondi-

polemomentcorrespondingto the Í Ê Ë Ì - ö É ø Ë Ì Ì ù ú transitionis largerthanthoseto

theotherionicstates(seefigure3.16).Therefore,contributionsfrom the
÷ ø Ë Ì-Ì and

É ø Ë,Ì-Ì ionsarenegligibleandtheonly ionicstatethatcontributesto thepump-probe

signalshownin figure4.20is theenergeticallyhighestionic state,
ö É ø Ë,Ì Ìkù#ú .

Accordingto thepumpfrequency, themainpartof thewavepacketis trapped

in the ÍuÊ#Ë,Ì potential, but releasespopulationeachtime it reachesthe barrier

centeredaround2.3Å. Theresultingslowly decayingsignalshowsmaximaat85

fs and260fs andminimaat 180fsand360fs. This vibrationalpatternwith a full

periodof about200fs doesnotreproducetheexperimentaloscillationperiodof 85

fs though(cf 4.16).Accordingto thespectrumshownin figure4.20,adelayof 85
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Figure4.20:Pumpprobespectrumusingay-polarizedpumplaserof energy= 3.49

eV andprobeat 4.716eV. Shownis theoverallspectrumdominatedby the ûuü#ý,þÿ ����� ý%þ þ���� probetransitionaround2.3Å.

fs (first maximum),couldproducepredominantlytheparention. This is ananti-

cipationof ourproposedoptimalcontrolmechanism,which is describedin detail

in section4.5.3.

photonenergy 	�
������� ������������ leadingTDM

pump(1 photon) 3.43eV 100fs 0.5GV/m x-pol

probe(1 photon) 4.852(3 � 1.617)eV 100fs 0.5GV/m -

pump(1 photon) 3.23eV 100fs 0.5GV/m y-pol

probe(1 photon) 4.920(3 � 1.640)eV 100fs 0.5GV/m -

pump(1 photon) 3.49eV 100fs 0.5GV/m z-pol

probe(1 photon) 4.716(3 � 1.572)eV 100fs 0.5GV/m -

Table4.2: Parametersof thetheoretical,sin� -shaped(cf equation(4.1))pumpand

probepulses.

Finally let usconsiderax-polarizedpumppulsewhichexcitespredominantly

the � ü ý þ þ neutralstatenonadiabaticallycoupledwith therepulsive� ü ý þ þ state. It

hasbeenfound that thepumpfrequency3.43eV achievesthis targetandwith a

photonenergy of 4.852eV thebound� ü ý þ þ neutralstateis probedat1.80Å yield-

ing theparention. Simultaneouslythenonadiabaticallycoupled,repulsive�)ü#ý%þ þ
stateis probedat ca. 2.3 Å producingthe daughterion. With the chosenpump

alsothe ûuüdý,þ state(z-pol.) is significantlypopulatedbut the probe,4.852eV, is

off-resonantfrom û+ü#ý%þ to all ionic statesand,therefore,the z-componentof the

pumplaserwill notcontributeto theoverallpump-probespectrum.Thismechan-
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ism will bedescribedin detail in thenextsection.But before,theappliedpump

andprobepulseparametersof ourtheoreticalsimulationsaresummarizedin table

4.2.

4.5.2 Analysis: Theoretical and experimental pump-probe

spectra of the parent and the daughter ion
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Figure 4.21: Panel(a): Differencepotentialsbetweenthe state wyx{z}| | and the

ionic states~Z���;z}|&|���� (solid line), ~����;z�|.��� (dashedline) and ~Zw���z}|A�{� (dot-dashed

line). Panel(b): Differencepotentialsbetweenthestate�,x�z}|&| andtheionic states~�� � z | | � � (solid line), ~Z� � z | � � (dashedline) and ~�w � z | � � (dot-dashedline).

In thissectionpumpandprobeenergiesleadingtospectragovernedby thedynam-

ics in theexcitedneutralstatewyx{z�| | areconsidered.Thepumpandprobepulses

arechosenas3.430eV and4.852eV, correspondingto singlephotonexcitation

andionization,respectively. Theexcitationenergy for thetheoreticalpumppulse,

3.430eV, is slightly largerthantheexperimentalvalue,3.080eV, dueto anener-

geticshift of thepotentialenergy curvesof theexcitedstates,giventheaccuracy

of theab initio calculations(0.2-0.3eV) [130].
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(a)

(b)

Figure4.22: Theoretical(lines)andexperimental(dots)pump-probespectra:(a)

Parention (CpMn(CO)�� ). (b) Daughterion (CpMn(CO)�� ). Thekineticcoupling

termsarescaledby afactor0.75in thetheoreticalsimulations.Theenergiesof the

pumpandprobepulsesof 100fs durationare3.430eV and4.852eV, respectively

(seetable4.2).
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(a)

(b)

Figure4.23: Theoretical(lines)andexperimental(dots)pump-probespectra:(a)

Parention (CpMnCO�� ). (b) Daughterion (CpMnCO�� ). The kinetic coupling

termsarescaledby a factor 0.75 in the theoreticalsimulationsand,in addition,

the groundstatepotentialis shiftedby 0.04Å to the left leadingto a morepro-

nouncedoscillationpatterncomparedwith figure4.22.Theenergiesof thepump

andprobepulsesof 100fs durationare3.430eV and4.852eV, respectively(see

table4.2).
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Likewise,theenergy differencebetweenthetheoreticalsingle-photonandex-

perimentalthree-photonionizationprobepulsesi.e. 4.852- 3 � 1.540= 0.232eV

is due,in part,to anenergeticshift of thepotentialenergy curvesof theion with

respectto theneutralexcitedstates;anotherpartmay alsobeabsorbedasmean

kineticenergy of thephoto-detachedelectron(ZEKE approximation,section2.5).

Theprobeis plottedin figure4.21showingthedifferencepotentialsbetween

the �y�{�}� � andtheionic states.As alreadymentionedat theendof theprevioussec-

tion, thevibratingwavepacketin thebound�y�{��� � isprobedontheleft turningpoint

of thevibrationataround1.8Å andthe � � � � � is probedat2.3Å leadingto asimul-

taneousmeasurementof theparentanddaughterion signal.Theprobepulsecor-

respondsto computationallymoredemandingsimulationsof three-photonioniza-

tion processeswith carrierphotonenergies,1.715eV.

The resulting theoreticalpump-probespectra(lines) of the parentand the

daughterion areshownin figure4.22togetherwith theexperimentalresults(dots)

depictedalreadyin figure4.16. Thekinetic couplingsusedto modelthe pump-

probespectrumhavebeenscaledby thefactor0.75sinceusingtheoriginalcoup-

lings(cf figures3.10and3.12)cannotreproducetheexperimentaldecaytimesand

timeshiftsof theparent-anddaughter-ion signals.Thisscalingis justifiedby pos-

sibleerrorsof thekineticcouplingterms(seesection3.6.3).
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Figure4.24: Parent-(upperthreecurves)anddaughter-ion signals(lower three

curves)for differentscalingof thekineticcoupingterms:1.00(solidlines)corres-

pondsto theoriginal datapresentedin figures3.10and3.12. 0.75(dashedlines)

and0.60(dot-dashedlines):Theoriginalcouplingsaremultipliedby afactor0.75

and0.60,respectively. Theenergiesof thepumpandprobepulsesof 100fs dura-

tion are3.430eV and4.852eV, respectively(seetable4.2).

Figure4.24showsthepump-probesignalof theparention for differentscal-

ing factors:1.00(originaldata),0.75and0.60.Obviously, asmallerkineticcoup-
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ling leadsto aslowerdecayandto aslightshift of theparent-anddaughter-signal

maximatowardslargerdelaytimes(in betteragreementwith theexperiment).Fur-

thermore,the maximumof the parentsignalis smallestwhenusingthe original

coupling,butlargestwhenusingascalingfactorof 0.60.Theinverseholdsfor the

daughterion signals.Thetheoreticalparentanddaughterion signal(cf figure4.22

or 4.24with scalingfactor0.75)showmaximaat 55 fs andat 90 fs, respectively.

Thesevaluescorrespondto peakshiftswith respectto theexperiment(exp.parent

maximumat 80 fs andexp. daughtermaximumat 100fs) of 25 fs and10 fs, re-

spectively. Thedecayingsignalhasfurther, lessintensemaximawhichoccurwith

aperiodof 80fs. Thisvibrationalpattern,however, ismuchlesspronouncedin the

theoreticalspectrumthanin theexperimentalone.Therefore,theMR-CCI ground

statepotential���{��� hasbeenslightly shiftedby 0.04Å to theleft correspondingto

theshift of theMR-CCI minimumto theminimumof theCASSCF� � � � potential.

This leadsto a morepronouncedvibrationalpatternin thetheoreticalparentand

daughterionsignals.Theresultingtheoreticalspectradepictedin figure4.23show

abetteragreementwith theexperimentalones.Thefirst maximanowappearat70

fs for theparention andat100fs for thedaughterion,correspondingto peakshifts

with respectto experimentof 10 fs and0 fs, respectively. Theoscillationperiod

still hasavalueof 80fs. Thedecaytime � = 166fshasbeenevaluatedbyfitting an
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Figure4.25:Panel(a): Nonadiabaticdecayof the � � � �&� population(solidline) and

correspondingexponentialfit (dashedline) with decaytime � = 166fs. Thevibra-

tional groundstatewavefunctionof of the �y�{��� � statehasbeenemployedasthe

initial wavefunction.Panel(b): Fit of thetheoreticalpump-probesignalof figure

4.23(dots)by thefunction(4.14).Thepump-probedataareshifted70fs to theleft

sothatthepeakof thefirst maximumis locatedatdelaytimezero.

exponentialto thetime-dependentpopulationof the � � � � � state(cf figure4.25(a)).

The � � � � � populationdecaysdueto the � � � � � - � � � �&� kineticcouplingwhichhasbeen
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scaledby 0.75.Thisdecaytimecorrespondsto 45fs ( � 10fs) afterdeconvolution

of thelaserpulseform [127]. Thepump-probesignaldepictedin figure4.23can

befittedby thefollowing function:���i���¡ £¢¥¤,¦�¤§¤�¨©¤§ª¬« y��®¯��°²±�³�´�µ·¶�¸¹ º§º ��»¼«½¢ ¹¿¾ ¤,¦�¤§À§Á§ª¬«3Â�ÃÅÄÆ� ¨ÈÇÁ§¤ « ±�³�´�µ·¶{¸ ��»ÊÉ
(4.14)

wherethefirst factorcontainstheexponentialdecay, Ë = 166fs, andthesecond

factorinvolvestheoscillatorypatternwith aperiodof 80fs. Thisfunctionisshown

in figure4.25(b)togetherwith the theoreticalpump-probedatawhich havebeen

shifted70 fs to the left so that thepeakof thefirst maximumis locatedat delay

timezero.

The time evolutionof the laserdrivensystemis simulatedby representative

wavepacketswhichmoveon,andcarryout transitionsbetweentheadiabaticpo-

tentialenergy curves.In figure4.26snapshotsof thesewavepacketsat different

propagationtimest aredepicted.

1.5 2 2.5 3 3.5

distance(Mn-CO)/Å
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Figure4.26:Analysisof thepump-probemechanism.Theexcitedandionic states

wavepacketshavebeenenlargedwith respectto the groundstateby factors30

and1000,respectively. In additionthewavepacketson the
ÂÍÌ{Î}Ï

andthe
�ZÐÆÑ�Î}Ï&ÏA��Ñ

potentialshavebeenscaledbyafactorof 3and5, respectively. Theenergiesof the

pumpandprobepulsesof 100fs durationare3.430eV and4.852eV, respectively

(seetable4.2).

To translatethepropagationtimes(for instancethosein figure4.26)into delay

timesbetweenthepumpandprobepulsethefollowing pointsmustbetakeninto
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Figure4.27: Snapshotsof thewavepacketin the ÒyÓ{Ô}Õ Õ stateat 80, 130,170and

210fs. Theenergiesof thepumpandprobepulsesof 100fs durationare3.430eV

and4.852eV, respectively(seetable4.2).

consideration:In our propagationsthe pumppulsealwaysstartsat propagation

time t = 0. If the wavepacketshouldbe probedat a certainpoint (for example

wheretheprobepulseis resonantto anionic state)atacertaintime,e.g. t=100fs,

theprobepulseshouldhavethemaximumintensityat thatpropagationtime(100

fs). Sincethe maximumof a 100 fs sinÖ -pulseappearsat 50 fs the probepulse

shouldstart50 fs beforethewavepacketreachesthe resonancepoint at t = 100

fs (wherea maximalamountof populationis transferredto theionic state).Con-

sequently, a maximumwill appearin thepump-probespectrum,in thegivenex-

ample,atadelaytimeof 100-50fs = 50fs. Viceversa,amaximumatadelaytime

of 50 fs pointsto a resonanttransitionatpropagationtime t = 100fs (in thesame

example).

Theunderlyingmechanismof thepump-probeexperimentisderivedfromana-

lysisof thewavepacketdynamicsfor thesimulatedspectra:Exemplarily, consider

thecaseof thetimedelayof 85fs betweenthepump(3.430eV, ×�Ø�ÙÛÚ�Ü�Ý = 100fs) and

probe(3.852eV, ×�ØÙ�Ú�Ü�Ý = 100fs) pulses,assuggestedby thetimedelayof thefirst

maximumof thepump-probespectrumin figure4.20(z-pol.) which is thebasis

of ourinterpretationof theexperimentalcontrolpulsein thefollowing subsection.

This delaytime,85 fs, clearlybelongsalsoto thefirst maximumof thespectrum

depictedin figure4.23(x-pol.). Thecorrespondinglaserinduceddynamicsis il-

lustratedbysnapshotsof thedominantdensitiesof thewavepacketsatpropagation
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timest = 0 fs (initial state),t=50fs (peakof thepumppulse),and50+ 85= 135fs

(peakof theprobepulse)in figure4.26.Accordingly, thepumppulse(whichhas

3.430eVphotonenergy in thetheoreticalsimulation)preparesCpMn(CO)Þ prefer-

ably in two excitedstatesi.e. the ß à{á�â and ãyà{á}â&â states,by meansof interactions

with thez- andx-componentsof thetransitiondipoles,respectively.

Considerfirst theeffectsof the laserinduceddynamicsin the ãyà{á�â â state.As

soonas the pumppulseexcitesthe ã à á â â state,the correspondingpartial wave

packetstartstovibratewith 80fsoscillationperiod.Simultaneouslyit decaysnon-

adiabatically, by meansof kineticcouplings,to thedissociativeä�à{á�â â state.Snap-

shotsof thisdecayingwavepacketaredepictedin figure4.27.At propagationtime

t=80 fs themaximumof thepopulationin the ãÍà{á�â â stateis reached.Probingthe

wavepacketin thecenter(around1.85Å) shouldyield a maximumin thepump-

probespectrumat a delaytime of 80-50= 30 fs. However, in our simulationthe

wavepacketisprobedat1.80Å (aroundtheleft turningpoint)andasaconseqence

themaximumappearswhenthewavepacketreachesthisturningpointatpropaga-

tion time t=130fs, whichcorrespondsto themaximumatdelaytime130-50= 80

fs in thepump-probespectrum.Anothermaximumappearsat propagationtime t

= 210fs (delaytime: 210-50= 160fs) andanotherminimumat170fs (delaytime:

170-50= 120fs),whichcorrespondsto thewavepacketattheleft andright turning

point, respectively.

Theformationandoscillatorydecayof thispartialwavepacketin the ãyà{á}â&â state

is monitoredby theprobepulse(with 4.852eV photonenergy in the theoretical

simulation)which preparestheparentions(CpMn(CO)Þ ) å by a transitionto the

potentialwell of thesecondexcitedion state,ãyà{á}â . Thephenomenonof oscillat-

ory ion signalsresultingfrom oscillatorybroadwavepacketshasbeennotedin a

previouswork by Engel[131]. Moreover, thesamepatternis alsoimposedonthe

densityof thecomplementarywavepacketwhich is transferrednonadiabatically

from the ãyà{á}â â stateto the ä,à�á�â&â state,whereit dissociatestowardsthefragments,

CpMn(CO)æ + CO. Theprobepulse(4.852eV) transfersa small fractionof this

dissociativewavepacketfrom the ä,à�á�â&â stateto thegroundstateof theion,produ-

cing thusdaughterions,(CpMn(CO)æ ) å .

Asaconsequence,theoscillatorydecaypatternof theparentionsignalappears

alsoin thedaughterion, with approximatelythesameoscillationperiodof ca.80

fs (thevibrationalperiodof the ãÍà{á�â&â state),butwith ashift betweenthepeaks(30

fs) of the theoreticalparentanddaughterion spectradueto the time neededby

thewavepacketin the ä à á â â stateto travel from its origin, closeto thedominant

diabatictransitionat1.78Å to theFranck-Condonwindowfor theprobeat2.3Å.

Next,considertheeffectsof thewavepacketin the ß à á â state- thesearemuch

simplerthanthosetakingplacein thecoupledãÍà{á�â â and ä,à{á}â â states.After prepar-
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ationby thepumppulse,thepartialwavepacketin the ç è{é�ê statevibratesreleasing

partof its populationeachtime it reachesthebarriercenteredaround2.5 Å. The

wavepacketis probedatadelaytimeof 85fs, correspondingto thefirst (mostin-

tense)maximumin the pump-probespectrum(figure4.20),what is incidentally

nearlythe80 fs vibrationalperiodof thewavepacketin the ë è é ê&ê potentialwell.

At this delaytime(85 fs), correspondingto apropagationtime of 135fs in figure

4.26,thewavepacketreachestheright turningpoint but is not transferredto any

ionic statebecausethe probepulse(4.852eV) turnsout to beoff-resonantfrom

transitionsfrom the ç è é ê stateto anyionic states.Consequently, accordingto the

presentedmechanismthez-polarizedpartof thepumplaserwill notcontributeto

theoverallpump-probesignal.

As we will see,theanalysisof thepump-probespectrain termsof theunder-

lying laserinducedmolecularprocessesis essentialfor predictingthemechanism

of optimalcontroldescribedin thenextsubsection.

4.5.3 Control: Wave packet dynamics induced by the optimal

control pulse for (CpMn(CO)ì ) í
Basedonthetheoreticalsimulationsof theexperimentalpump-probespectrain the

previoussubsectionswearenowreadytoderivethequantumdynamicalprocesses

inducedby theexperimentaloptimalpulsedesignedto maximizetheparention,

(CpMn(CO)î ) ï , andshownin figure4.28.Thispulseresultsfrom amulti-photon

optimizationexperimentwherea singlelaserbeamcenteredat a wavelengthof

around800nm(1.55eV) with spectralwidth of ð²ñ = 8-10nm(0.016-0.019eV),

thereferencepulse,passesacrossapulseshapersetup,whichallowsthesimultan-

eousmodulationof phase-andamplitude.Theoutcomingoptimalpulse(cf fig-

ure4.28)whichcontrolstheproductionof theparention consistsof two dominant

sub-pulsesfollowed by a third, marginal one,with ca. 85 fs time delays.Figure

4.28alsoshowsthephasewhichchangeslittle aroundthefirst twosub-pulses.The

maximumof thephasebetweenthesecondandthethird sub-pulsepossessesno

physicalimportancesincetheintensityin thatregionis nearlyzero.

Usingthephaseò thechirpcanbecalculatedaccordingto [132]:

óõôöó½÷¡øúù òù§û¯ü (4.15)

whereó½÷ is thecarrierfrequencyof thereferencepulse1. Fitting thephaseof the

1Notethatin theliteraturethenegativesignin equation(4.15)is sometimesreplacedby apos-

itive one,for instanceseeref. [133].
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Figure4.28:Experimentaloptimalcontrolpulseandcorrespondingphase[129].

threesub-pulses(seefigure4.28)with apolynomialfunction,onegets[129]:

first sub-pulse:ýÿþ�� ���������	��
 � ��������������������������	�����	
���������� �!�������#"�"�����
$����%&��'
(4.16)

secondsub-pulse:ýÿþ�� 
����	�#�������	
$� �)( �!*��+*#�	*��#",�	
$� �)( �-�.�!���+��
$��
/*���
$� ��� ��� �
(4.17)

third sub-pulse:ý þ0� ���1
$������2�!�������	���#�����.���������	*���
3�	
�� ��� ��� �
(4.18)

Asaresultfromthelineartermin thepolynomialexpansionof thephase,� ����������4��
, thefirst sub-pulsehasaslightly highercentralfrequencythantheoriginalpulse.

Thevalueof this blue-shift 5�687 = 0.0024eV correspondsto ca. 0.16 9 of the

referencefrequency(1.55eV). Resultingfrom thelinearterm(
*��+*#�	*��#",��
�� �)( ���

)

thesecondsub-pulseis slightly red-shiftedby 0.0006eV Furthermore,both,the

first (”pump”) andthesecond(”probe”)sub-pulsesshowaslightlineardown-chirp

with values6²ýÿþ � �:���������	��� �;
$� ��� �<�
and 6²ýÿþ � �=���+��
/��
/* �;
�� ��� �>�

, respectively.

But theselinearchirpshaveanegligibleeffectonthepump-probespectrum,astest

calculationshaveshown.
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Thewavepacketdynamicsinducedby theoptimal laserpulsecanbeunder-

stoodby meansof acarefulanalysisof thepump-probespectrumshownin figure

4.20. This spectrumshowsa first andmostintensemaximumat a delaytime of

85 fs, which is alsothedelaytimesbetweenthe threesub-pulsesof the optimal

controlpulse(cf figure4.28).Thepumpandprobeenergiesin thatcasehavebeen

3.49eV and4.716eV, respectively(seetable4.2)and,asexplainedin subsection

4.5.1,thepump(z-pol.) andprobepulsesinducepredominantly?�@�ACB�DFE�@�ACB and

E$@GA2BHD ( IJ@&ACB ) K transitions,respectively. Accordingly, weassumethattheoptimal

pulseachievesthetarget,i.e. increasingthepreparationof parentionsbyhindering

fragmentation,in two dominantsequentialsteps:First,selectiveexcitationto the

E @ A B neutralstate(first sub-pulse);andsecond,selectiveionizationto the( I @ A B ) K
ionic state(secondsub-pulse),followedby a third, lessimportantstep(third sub-

pulse). Sincethe third sub-pulsehasa muchlower intensitythanthe othertwo

sub-pulses,it hasonly marginal effectsnot includedin the following theoretical

simulations.

The dominanteffectsof the first andsecondsub-pulsesof the optimal laser

pulsearedemonstratedby simulationof thewavepacketdynamics,illustratedin

thesnapshotsshownin figure4.29.Theexperimentaltwo-andthree-photonexcit-

ation(first sub-pulse)andionization(secondsub-pulse)arerepresentedin thethe-

oreticalsimulationsby singlephotonprocesseswith meanphotonenergies3.490

(2 L 1.745eV) eV and4.716(3 L 1.572)eV. Theeffect of the two sub-pulsesare

containedin figure4.29andtheycanbeexplainedasfollows: Thefirst sub-pulse

mustavoidexcitationof stateI @ A B B sincethis statewould decaynonadiabatically

to the dissociative? @ A B B state,causingcompetingpreparationsof parentaswell

asdaughterions,channels(4.12)plus(4.13)afterthesecondsub-pulse(seeprevi-

oussubsection,analysis). Instead,thefirst sub-pulseshouldexciteexclusivelythe

E @ A B statewhichdoesnot decayto anydissociativestate,on thetime scaleof the

optimallaserpulse.Forthisfirst purpose,thelaserpulseoptimizationshouldgen-

eratethefirst sub-pulseconsistingof the high-frequencycomponentsof the ref-

erencepulse. In our theoreticalsimulation,a slightly higherpumpenergy more

in resonancewith the E @ A B statethantheprevious”analysis”pumphasbeenem-

ployed.In thesimulationdescribingthecontrolweusedapumpenergy of 3.49eV

= 2 L 1.745eV andin theonedescribingthepump-probespectrumwe used3.43

eV = 2 L 1.715eV. Thepumppulsein ourcontrolexperimenthas,therefore,a0.03

(perphoton) L 2 eV = 0.06eV higherenergy thanin theanalysisexperimentof

thepump-probespectra(previoussubsection).

Thesecondsub-pulseprobesthewavepacketin the E @ A B stateslightly before

it reachesthebarrierat around2.5 Å at a time delayof 85 fs correspondingto a

propagationtime of 135fs in figure4.29. After this time delaythepopulationin
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Figure4.29: Hypotheticalcontrolmechanism.Theexcitedandionic stateswave

packetshavebeenenlargedwith respectto thegroundstateby factors30and1000,

respectively. Thefirst andsecondsub-pulseof theoptimalcontrolpulse(cf figure

4.28)aresimulatedby ”pump” and”probe” pulseswith photonenergies3.49eV

and4.716eV, respectively.

the M�N�O2P statewill decayascanbeseenfrom thepump-probespectrumin figure

4.20and,therefore,alaterpreparationof parentions(analogoustoprobing)would

belessefficient. To beresonantwith the( Q N O P ) R ionicstatetheprobe(secondsub-

pulse)needstohavealowerenergy thanin ourpreviousanalysissimulation,which

was4.852eV. In our theoreticalsimulationof thecontrolmechanisma probeen-

ergy of 4.716eV hasbeenemployedcorrespondingto atheoreticalshift of -0.136

eV or 3 S (-0.045)eV in a3-photonexcitation.

Dueto thefrequenciesemployed,thedescribedmechanismleadsin our the-

oreticalsimulationto a nearlyexclusiveproductionof theparention, whereasin

theexperimenttheobtainedmasspeakratiosCpMn(CO)R /CpMn(CO)RT hasbeen

1:13beforeand1:16afteroptimization[24] correspondingtoanincreaseof parent

ionsbut not to a completeoptimization.This incompletenessis dueto thesmall

spectralwidth (8-10nm)of thereferencepulsewhichdoesnotallow amodulation

to higherpump(first sub-pulse)energies,which would producebetterresonance

with theboundM�N�OCP state.

Note that the energiesin the pump-probeexperimentare2 S or 3 S 1.54eV

(805 nm) but the carrier frequencyin the control experimentis 2 S or 3 S 1.55



Dynamics:Analysisandcontrol 123

eV (800nm). Theexperimentalblue-shiftsof thepump(2 photons)andprobe(3

photons)arethus0.02eV and0.03eV, respectively. In addition,the pumpen-

ergy is blue-shiftedby 2 U 0.0024eV andtheprobeis re-shiftedby 3 U 0.0006eV

comparedto the referencepulseenergy, ascalculatedaboveusingthe fitted op-

timal phase.Therefore,theoverallexperimentalblue-shiftof thepumpsub-pulse

in figure4.28comparedwith thepreviouspumpin table4.1is 2 U (0.01+0.0024)=

2 U 0.0124eV whichcorrespondsto 0.8 V of thepumpenergy in thepump-probe

simulation.Theprobesub-pulseof theoptimalcontrolexperimentis blue-shifted

by 3 U (0.01-0.0006)with respectto theprobeenergy givenin table4.1.

Theexperimentalandtheoreticalshiftsaresummarizedin table4.3. Thetheor-

eticalbue-shiftof thepumpenergy (2 U 0.03eV) andred-shiftof theprobeenergy

(3 U 0.045eV) arethreeandfour timeslarger in absolutevaluethantheexperi-

mentalpump(2 U 0.0124eV)andprobe(3 U 0.0094eV) shifts,respectively. This

differencebetweentheoryandexperimentaccountsin partfor arelativeshiftof the

potentialenergycurves(e.g. W2X vs. W2X X orneutralexcitedvs. ionicstates).Another

partmayalsobedueto thefact that theproposedtheoreticalmechanismexclus-

ively producesparentions,whereasin theexperimenttheyield of parentions is

only maximizedasmuchasthenarrowspectralrangeof thereferencepulse(8-10

nm)allows.

pumpY<Z�[ (control) - pumpY\Z�[ (analysis) (2 photons) 2 U (0.01+ 0.00124)eV

probeY<Z�[ (control) - probeY<Z�[ (analysis) (3 photons) 3 U (0.01- 0.0006)eV

pump]_^ Y>` (control) - pump]_^ Y<` (analysis) (2 photons) 2 U 0.03eV

probe]_^ Y>` (control) - probe]_^ Y<` (analysis) (3 photons) 3 U (-0.045)eV

Table4.3: Experimental(exp)andtheoretical(theo)shiftsof thepumpandprobe

energiesin controlvs. analysis.

Thequantitativeandqualitativeeffectsof thethird sub-pulsearemarginal,yet

complex,in comparisonwith the dominantfirst andsecondsub-pulses.On the

onehand,asmallfractionof thewavepacketin the a�bGWCX statewhichwasnot ion-

ized by the secondsub-pulsescould vibratebackto the left turningpoint of the

a$bGW2X potentialwell. Thereit would be transferredinto parentions in thesecond

ionic excitedstateby thethird sub-pulse.On theotherhand,a fractionof theori-

ginalwavepacketin theelectronicc�bGW2X groundstatewhichwasnotexcitedby the

first sub-pulsecouldbeexcitedto therepulsived b W X stateby thesecondsub-pulse.

Beforecompletedissociation,partof thatpartialwavein the d b W X statewouldbe

trappedasparentionsby thethirdsub-pulse,withoutproducinganydaughterions.

In conclusion,themechanismof theoptimallaserpulsefor producingpredom-

inantly parentionsCpMn(CO)ef , channel(4.12),hasbeendiscoveredaftercare-
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fully analyzinghighresolutionpump-probesignalsby meansof quantumdynam-

ical simulationsbasedonab initio potentials.Theanalysishasbeenfacilitatedby

therathersimplepatternof theoptimallaserpulseconsistingof twodominantsub-

pulsesplusa third marginalone.Thefirst sub-pulseis supposedto actasapump-

pulsepopulatingin asmuchaspossiblethe g�hGiCj state.After a delayof about85

fs thesecondsub-pulse(probe)transfersthe g�h�iCj populationto the k\lJhGiCj_mGn ionic

stateto form theparention. Startingfrom thereferencepulse,the laseroptimiz-

ationgeneratestwo dominantsequentialsub-pulseswherethepumphasslightly

higherandthe probehasslightly lower frequenciesthanin the previouspump-

probespectrumin orderto yield the target ion (via theexcited g�hGiCj state)while

suppressingthecompetingchannel(here:via theexcitedlJhGiCj j state).

Thepresentanalysismayalsobeextendedfor predictionsof optimalpulsesfor

thedaughterion CpMn(CO)opn : Thepumppulseshouldhavea lower centralfre-

quencythanthereferencepulseto populatepredominantlythelow-lying repulsive

l�hGi2j state.Subsection4.5.1studiesthepump-probespectrausingapumplaserof

energy 3.23eV which transferthemainpartof thepopulationto this state.The

wavepacketin the l h i j state,seediscussionin subsection4.5.1,would prepare

thedaughterion providedtheprobeenergy is highenoughto mainly transferit to

the( q o i2j j ) n ionicstateatadelaytimewhichcorrespondstoenoughkineticenergy

toovercometheionicstatesbarrier. Thus,lowerpumpandmuchhigherionization

(probe)frequenciesarenecessaryto achievethistarget,i.e. optimizingthedaugh-

ter ion yield. Theexcitationto the lJhGiCj stateinvolvesalsoanalternativeway of

producingthe parention. As hasbeendiscussedin section4.5.1,the pumpand

probeenergiesof 3.23eV and3.92eV, respectively, mainly producethe parent

ion (cf figure4.18).

Thepresentshift of thegroundstateminimum(0.04Å) andthescalingof the

thekinetic couplings( r 0.75)arewithin quantumchemicalaccuracy. Theshift

andscalingcorrespondtoan”inversion”of theexperimentalpump-probeandcon-

trol spectrafrom which we haveextractedinformationto fit the theoreticalsig-

nalsto theexperimentalones.Additionalexperimentalandtheoreticalstudiesmay

serveto fix otherparameterse.g. theverticalexcitationenergiesof theexcitedand

ionic states.


