Chapter 4

Dynamical ssimulations of
pump-probe ionization
spectroscopy: Analysisand control

Sections4.1to 4.4 carefully analyzethe dynamicsin the lowestexcitedsinglet
stateg(b* A, ¢t A, at A", bt A") inducedby a singlelaserpulse(= pump). Since
only pumplaserenegieswhich arein the experimentatange(3.1- 3.6 eV) are
consideredthe enegetically higher neutralstates( >3.6 eV), which do not af-
fectthepump-probespectrumareexcludedn thetheoreticacomputation®f this
chapter Pumppulseswithin this scaleonly populatehetwo lowestexcitedstates
in eachsymmetry

Attentionis directedparticularlyto theinfluenceof thenonadiabaticoupling.
In section4.1it is shown,in boththe adiabaticandthe diabaticrepresentation,
howthe couplingbetweerthetwo loweststatesof A” symmetrya! A” andb* A",
stronglyinfluencesthe populationdynamics,whereaghe coupling betweenthe
bt A" andthec! A’ statesnducesonly mamginal populationtransfer

Thecalculationof theabsorptiorspectrun{sectiord.2) andthe probability of
fast (lifetime 7 =~ pulseduration)dissociationsection4.3) havebeenperformed
with the help of §-pulses(equation(2.65)). Otherwise,sin*-shapedoump and
probelasempulsesaareemployedo photoexciterionizethemolecule. Thegeneral
form of thesepulsess givenby:

tpulse
bl

e, cos(wt) - sin®(;2=) 1 0 <t < tpuse
€ofy/= (1) = { N e (4.1)

wheret,,;;. denoteshe pulseduration,e? Iy theamplitudeandw the frequency
of the pulsewhichis linearly polarizedin 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-dependentvave packets. In the pump-probesimulations,besideshe five
lowestneutralsingletstatesa' A’, bt A’, ¢t A', a' A” andb' A", the threelowest
ionic doubletstates(a®>A")*, (a?A")T, (b*>A")*, areincluded.

As pointedoutin section2.7,dynamicalcalculationgncludingkinetic coup-
lings call for the SODschemavhich usuallydemands smallertime stepthanthe
split operator In this case atime stepof 0.008fs ona 1024 pointsgrid wasused.
All propagationsvithoutkinetic couplinghavebeenperformedusingthesplit op-
eratortechniquean agrid of 1024pointswith atime step0.02fs.

4.1 Influence of the diabatic b' A’ - ¢! A’ and o' A” -
bt A” coupling on the dynamics

Neglectingnonadiabaticouplings,if the pumppulseprepares statecompletely
localizedin the weaklyboundc! A’ stateor in the stronglyboundb! A” state(see
figure 4.1) no dissociationshould occur and only a signal for the parention,
CpMn(COY}, shouldbe observedhfter the probepulse. Therefore the question
Is whetherthe nonadiabaticouplingis strongenoughto inducesignificantpop-
ulationtransferto the dissociativeh! A’ or a! A” statesyespectively A second=
"probe”) pulsecouldthenpreparghedaughteion, CpMn(CO}, providedthedis-
sociatingwavepacketsnthe b* A’ or the a' A” potentialhaveenoughkinetic en-
ergy (accordingto the Franck-Condorprinciple the momentumis conservedjo
overcomehebarrierin theionic state.

For symmetryreasonghe A’ excitedstatesare only populatedby y- or z-
linearly-polarizedoumppulseswhereaghe A” statescanonly be reachedusing
x-linearly-polarizedight. Consequentlytwo differentpump-probemechanisms
canbe predicted(seepanels(a) and (b) in figure 4.1), thatis, dependingon the
laserpolarization eitherthe A’ or the A” statesarepopulatedoy the pumppulse.
No selectiorrulesholdfor thetransitionfrom theexcitedneutrako theionic states.
Hence theionic statesareequallypopulatedy x-, y- or z-polarizedprobepulses.
Bothprocesseshownin figure4.linvolvesix (threeneutralandthreeionic) states
andthustheyaredescribedy 6 x 6-matricesn boththeadiabatianddiabaticpic-
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Figure4.1: Thetwo excitation(pump)processesivestigatedn this sectiorandin
sectiord.5: Panela): Thect A' stateis populatedy z- (andlessefficiently by y-)
polarizedlight. Panel(b): Theb' A" is populatedby x-polarizedlight. Theionic
statesareequallypopulatecby the probepulseusingarbitrarypolarizations.

ture (seechapter2):

( al A" alA" I BLAT LAY | LA (a2A11)+ (a2Al)+ (bQA/)+ \
alAl
atA" [ bt A’
brtA" [ A
(a®A")*
(a2A')*
\ (B2A) .. )
To studytheinfluenceof theb' A’ - ¢t A’ coupling,the ct A’ stateis populated
usingaz-polarizedaser(ay-polarizedaseris lessefficientbecausef thesmaller
transitiondipole moment(TDM) (seesection3.5)) with 2 = 0.5 GV/m, tPulse =
100fs (37 fs in Full Width at Half Maximum (FWHM)) of the intensityandthe
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(adiabaticyesonanfrequencyfiw = 3.55eV. Thea! A" - b A” populationtransfer
is observedfterexcitingtheb! A” stateby anx-polarizedasemwith an(adiabatic)
resonanfrequencyfw = 3.40eV andthe same:® and#*s¢ values.Notethatin
thediabaticpicturethe adiabaticesonanfrequenciesreoff-resonanpromoting
lesspopulationto the excitedstates.Neverthelessthe same(adiabatic)’pump”
frequenciehavebeenusedin bothrepresentationsIheelectricfield strength(e®
= 0.5GV/m) hasbeenchosersuchthatlessthan10% populationis electronically
excitedin orderto preventhesubsequer(probe)pulsefrom inducingunphysical
back-transformatiofdump)of ionic statepopulation(cf section2.5). According
to equation(4.2),

Loz =¢0-C- (60)2, 4.2
whereg, is the vacuumpermitivity andc is the speedof light, the maximumin-
tensityI,,,,, correspondso 0.07- 10'2 W/cn? [127].

Recallthatto calculatethe transformatiormatrix that connectghe adiabatic
with thediabaticpicture,equation2.37)mustbesolvedusingthekineticcoupling
matrixT"). ThekineticcouplingtermsT(®) andT(® weredepictedn figures3.8,
3.10,3.11 and3.12. Sincetheappliedaserfrequencie®nly populatesignificantly
thebt A, ctA', at A", andb* A" statesthe couplingsamongthe otherstates(see
section3.5) canbe neglectecandthetransformatiommatrix simplifiesto:

1 0 0 000
0 Up Uy 0 0 0
p_ |0 U Us 000 4.3)
= 00 0 100
00 0 010
\o 0o 0 00 1)

Thismatriximpliesthatonly theb andc diabaticstatef A’ symmetryandthe
a andb stateof A” symmetryaredifferentiromthecorrespondingdiabaticstates,
whereasheotherstatesemainthesameaundertheunitarytransformatiorf4.3). To
determinghematrixU thealgorithmdescribedin ref. [61] wasused.Theresulting
diabaticpotentialswith the correspondingotentialcouplingsareshownin figure
4.2 andfigure4.3for thestateof A’ andA” symmetryrespectivelyln eachsym-
metry therearecrossingoccuringat 1.70A and1.78Afor the A’ and A” states,
respectively

Applyingthetransformatior{4.3)onthedipolematrixyieldsthediabaticrans-
ition dipolemomentsiepictedn figure4.4.
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Figure4.2: (a) Diabaticpotentialsh' A" andc*A'. (b) b' A’ - ¢t A’ potentialcoup-
ling.
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Figure4.3: (a) Diabaticpotentialsi* A" andb' A”. (b)a' A" - b* A" potentialcoup-
ling.
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Figure4.4: Diabatictransitiondipole momentga)a' A’ — b* A’ /¢t A’, (b) a* A’
—alA" /bt A",
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Figure4.5: Influenceof theb A’ - ¢! A’ kinetic couplingonthe populationdynam-
icsofthestates' A’ (solidline),b' A’ (dashedine) anda' A’ (dot-dashedine) after
asir?-pumppulseof 100fs duration. (a) Adiabaticrepresentatiomcludingkin-
etic coupling. (b) Diabaticrepresentatiomcludingpotentialcoupling.

The simulationsshownin figure 4.5 demonstratéhat the diabaticcoupling
betweertheb! A’ andc! A’ statesnducesamaiginal populatiortransferindepend-
entof theadiabaticor diabaticpicture. The overallpopulationtransferto the ex-
citedstatess howeversmallerin thediabaticrepresentatiodueto theslightly off-
resonanexcitationenegies(E%4, - E4%, ~ 3.47eV, E¥4, - E%*, ~ 3.38eV,
at g ranck—Condon , 1 85A). Evenfive timeshigherT™ andT® couplingterms
do not increasehe transferof populationto the dissociativestatessuchthatthe
pump-probespectrumis affected. As a consequencehe b A'-c! A’ couplinghas
beensafelyneglectedn the comingtheoreticakimulations.
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Figure4.6: Influenceof thea' A" - b* A" couplingon the populationdynamicsof
the states* A” (solid line), a* A" (dashedine) anda' A’ (dot-dashedine) aftera
sir?-pumppulseof 100fs duration.(a) Adiabaticrepresentatiomcludingkinetic
coupling. (b) Diabaticrepresentatiomcludingpotentialcoupling.

Comparedvith theb' A’-c' A’ coupling,themaximumof thea! A”-b' A" coup-
ling (cf figures3.10and 3.12)is shifted more toward the Franck-Condorpoint
(g manck—Condon , 1 85 A) anda strongereffect uponthe dynamicscanbe anti-
cipated.This shift is reflectedin the diabaticpicturesincethe crossingof the A’
statesis locatedat 1.70A whereaghatof the A” statesappearsat 1.78A. The
dynamicalsimulationsshownin figure4.6 confirmthis hypothesis.

An x-polarizedpumppulsewith the adiabaticesonantrequency iw = 3.40
eV, populatepredominantlythe b A” statewhich reacheghe maximumamount
of populationat about80 fs (pulseduration= 100fs). Due to the nonadiabatic
couplingthe populationof the b* A” statestartsrising at 50 fs andat 300fs prac-
tically all the populationis transferredrom the o' A” to the a* A” state. Despite
thefactthatthediabaticstatesarelesspopulatedhanthecorrespondingdiabatic
ones(because¢hea' A’ — b* A" excitationis off-resonanby 0.02eV), the adia-
baticanddiabaticrepresentationgeld, asexpectedequivalentesults.Therefore,
from nowononly theadiabatiaepresentatiowill beemployedsinceits interpret-
ation(especiallyof thetransitionenegies)is straightforwardseesection2.2.4).
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4.2 Theoretical absor ption spectrum

Theabsorptiorspectrunhasbeencalculatedgccordingo equation2.71)with and
without (for the sakeof comparison}he a' A” - b' A" kinetic couplings. Again,
only the four lowestlow-lying electronicexcitedstatesp' A’, ¢t A’, a' A", b' A",
havebeenincludedsincefor thesestateghe MR-CCI methodcloselyresembles
the MS-CASPT2results. Indeed,the deviationsdo not exceedd.2 eV (cf table
3.5). Furthermorethey are accessiblavithin the enegy domainof the experi-
mentalpulseq~ 400nm(=3.10eV)) and- asmentionedn section3.4- contribute
to thefirst bandof theexperimentabbsorptiorspectrum.
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Figure4.7: Theoreticabasphasgsolidlines)andexperimentaliquid phasg46]
(dashedines) electronicabsorptiorspectrdor CpoMn(CO}). Panel(a): Theoret-
ical spectrunwithouta' A" - b* A” kinetic coupling. Panel(b): Theoreticakpec-
trumwith a* A" - b* A" kinetic coupling.

Thetheoreticabpectrumhasbeenobtainedoy propagatiorof thestartingone-
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dimensionakxcitedstatewavepacketswhich havebeencalculatedasthe elec-
tronic andvibrationalgroundstate©,, scaledoy the absolutevalueof thetrans-
ition dipolel momentsu;o atthe Franck-Condomoint (gZranck—Condon , 1 85 A)
for eachtransition,normalizedn thefollowing way (for details,seeappendixA):

— \//1‘120,36 + Mz?O,y + Mz?O,z

Hip= (4.4)
V2 1130
This resultsin thefollowing initial conditions:
Xl Al (qa,t = 0) = 0.450 - @00 (qa)
Xt A (Qaat = 0) = 0.705 - 600 (qa)
Xal A" (qa, t= 0) = 0.027 - @00 (qa)
Xl A" (qa, t= O) = (0.547 - @00 (qa) (45)

The theoreticalsimulationconcentratesn thefirst bandof the experimental
spectrun(in solution),whichextendgrom 3.10eV (400nm)till 4.3eV (290nm)
with a maximumat 3.65eV (240nm) [46]. This bandis shownin figure 4.7 to-
gethemwith thetheoreticaresults.Solvent-efectswhich mightleadto ared-shift
[128] shouldnot play arole sinceanunpolarsolvent,isooctanehasbeenusedin
thepresentasg46]. Neglectinghea! A” - b* A” kineticcouplingsthetheoretical
spectrunshowsanintensenarrowpeakat 3.40eV, which is normalizedto unity
(figure4.7 (a)). This peakcorrespondso the boundstateb' A” which hasa min-
imum at nearlythe samepositionasthe electronicgroundstate(g menck—Condon
~ 1.85A) leadingto a large Frank-Condorfactor. This narrowpeakat 3.40eV
expressethedominantcontributionof a singleeigenstatéthevibrationalground
stateof b A"), whosedensityandcorrespondingutocorrelatiorfiunctiondoesnot
changewith time. As expectedit becomesroademwhenthea' A" - b' A” coup-
ling is takeninto account.Consequentlythe following peaksat around3.55eV
aremuchmorepronouncedn the coupledcase(figure 4.7 (b)). Thesepeaksin-
dicatea superpositiorof vibrationaleigenstatepropagatean the ¢! A’ potential.
Thedissociativestateh! A’ showsaweak,broadbandaround3.2eV andthea! A’
statedoesnot contributeto the spectrundueto its low TDM.

In conclusionthe mainfeaturesof thelowestpartof the absorptiorspectrum
(between3.2 and 3.6 eV) of CpMn(CO) havebeenreproducedn thelimit of a
one-dimensionapproach.
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4.3 Probability of dissociation on the ' A’ and ¢! A’
states using rotational averaging

As describedn section2.3 a probability of dissociationcanbe calculatedusing
time-dependengxcitedstateswave packets.As a first guesshis hasbeendone
on thetwo lowest-lyingexcitedstatesof A’ symmetryb' A’ andc! A’, wherethe
nonadiabaticouplingcanbesafelyneglecteqseesectiord.1)i.e. thedynamicsgs
governeddy equation(2.48)(Born-Oppenheimedynamics).This meanghatthe
rotationalaveragings performecdnly overthey- andz-polarizedaserseglecting
thex-component.

A differentlabelingof the electronicstatesis usedhere,namelythe a' A’ is
denotedby X andtheb' A’ andc! A’ statesarelabeledB andC, respectively

Therearefour casedo be studied,namelyd-pulseexcitationswith y- or z-
polarizedlight to the B (b A’) andC (c' A’) states. The dissociationprobability
of thesefour casess calculatedaccordingto equation(2.59). A somewhatrbit-
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Figure4.8: Born-Oppenheimealynamicsof thelasers -pulsedrivenwavepacket
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rary, yetreasonablehoiceof b in equation(2.59),onthebasisof molecularorbit-
als,is b=5.4A (~ threetimesthe equilibriumdistanceof the X potential).Hence,
the total dissociationprobability is the sumof the resultingfour probabilitiesof
dissociationweightedby afactorthattakesinto accounthedifferentstrengthof
thetransitiondipole moments.As weightingfactorsthe normof theinitial wave
functionmultiplied by thecorrespondingransitiondipolemomentunctionswere
employed:

Y (iogys(m) - Oy ()
> Zfzv:l (“iO,y/Z(”) - O, (n))Z’

wheren denoteghegrid pointand N is thetotal numberof grid points. Theres-
ulting weightscalculatedaccordingo (4.6) are:

(4.6)

Wy

wpy, = 0.28, wp, = 0.01, we, = 0.01 andwe, = 0.70, (4.7)

wheretheindex”By/z” denotegheX (a'4’) — B (b' A’) and"Cy/z” the X (a'A’)
— C (c'A") transitionusingy- or z-polarizedight. Finally, thetotal dissociation

probability Py () is the sumof the individual dissociationprobabilitiesmulti-
plied by the correspondingveightingcoeficient:

Pdiss(t) - 028 . Pdiss,By(t) + 001 . Pdiss,Bz(t) + 001 . Pdiss,By(t) + 070 . Pdiss,Cz(t)-
(4.8)

Notethatthecalculatiorof Py, (t) accordingo equation(4.8)impliesarotational
averagingdescribedn section2.3 (cf equationg2.69)and(2.70)).

For a comparisorwith the experimentatesultwhich doesnot resolvethese
individual contributions the expressior{4.8) is fitted to anexponentiakise time
of productsn theasymptotidime domain,

x 1 —exp[(t —tp) /7], (4.9)

where Py, is the asymptotio(t = t,,) dissociatiorprobability, andt, is anirrel-
evanttime delaydependingon, andcompensatindor somewhatrbitrary albeit
reasonablehoicesof the boundaryb (for examplet, = 250fs for b = 5.4,&). In
practice onedetermines:

Pdiss ~ Pdiss (tas)u (410)

wheret, is sufficiently large sothat Py;,,(¢) doesnot increasesignificantlyfor

timest beyondt,,; in thepresentaset,, = 450fs is used.
Therelevantpotentials X (a' A’), B (b* A") andC (¢! A"), aredepictedn figure

4.8 togethemwith snapshotef the wave packetsat differenttimes(t = 0, dt, 250
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fs). Specifically eachof thewavepackets;(t) isrepresentety thecorresponding
probabilitydensityp;(t) = |x:(¢)|*> embeddedn therelevantpotentialV;, with a
basdine indicatingthe averagdotal enepgy:

OalT + Vilxa)

(xilxi) '
In particular figure4.8showstheinitial (t=0) wavepacke®,, embeddedh V;, as
well asthewavepacket@att=6t), x g, = 1y-Oo, ANdx . = L. Oo,, With proper
renormalizationObviously thed-pulseinducesmoreefficientexcitationdo theC
(c! A") potentiain comparisonwith theB (b! A’) potentialin accordwith thevalues
of thetransitiondipole momentsn the Franck-Condomegion,cf figure 3.4. As
alreadypointedoutin section3.5, the absolutevaluesof they andz components
arequitedifferentin the Franck-Condomegion. For thatreasonpneobtainsthe
y-componenfor the X (a'A’) — B (b' A") transitionabout0.28¢ea, whereaghe
y-componenfor the X (a'A") — C (c!A) excitationis approximatelyzero. On
thecontrarythez-componenis largefor the X (atA') — C (¢! A’) transition(0.42
eay) andpracticallyvanishedor the X (o' A’) — B (b' A’) excitation.

E; = (4.12)
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Figure4.9: Overallorientationallyaveragegrobability P,;,, andits four contri-
bUtionS:Pdiss,Czy sz'ss,By; Pdiss,Bz andeiss,Cy-

Thesnapshotsf themoleculamwavepacketatt=250fs presentedh figure4.8
demonstrateirectandnearlycompletedissociatiorof x z, onthestronglyrepuls-
ive potentialB (b' A’). In contrastthepotentialbarrierof theC (¢! A’) statecauses
theseparatiomf x ., into two partialwaves:oneof themrepresentthefractionof
xc. Whichis essentiallftrappedn thelocal well of the potentialC (c! A’) closeto
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the Frank-Condorwindow, whereaghe otheronerepresentshe complementary
fractionof x, which dissociatesalbeitslowerthany z,, dueto thelessrepuls-
ive slopeof thepotentialC (c' A'), for g, ~ glmanck=Condon 'in comparisorwith B
(bt A").

The resultingprobabilitiesof dissociationare shownin figure 4.9. Accord-
ingly, the orientationallyaveragedverall dissociatiorprobability, Py;,(t), con-
sistsof two significantcontributions Py;ss 5, (t) and Py;ss ¢ (t), whereashecom-
plementaryterms, Py 5. (t) and Py cy (), arenegligible. As aforeindicated
this is dueto the differentweightsof the underlyingwavepacketgcf equation
(4.7)). Comparisorof figure 4.8 and 4.9 revealsthat the dominantcomponent
Pyiss,c-(t) arisesfrom the relatively slow dissociatiorof x, onthe potentialC
(c' A"), whereaghe smallercomponen®y;,; s, (t) is dueto thefasterdissociation
of xp, onB (b' A"). Thefit of theaveragedheoreticallissociativdifetime, 7, (cf
equatiord.9), is, therefore dominatedoy Py, c.(t). We havecheckedhatthe
valueof r doesnot dependsignificantlyon the choiceof the boundaryb, within
reasonablealuesfrom5to 7 A.

17 experimental
0 pump & probe

\%ﬁo spectrum

Figure4.10: Comparisorof the experimentatlissociativdifetime (t=66 fs) with
thetheoreticakxponentiatisetime of the productgr=63fs), (cf eq. (4.9))

In apreviouspapel24] thetheoreticablecayof the pump-probesignalfor the
lossof thefirst CO ligand,r = 66 fs, hasbeencomparedwith our theoreticalex-
ponentialrise time of the products,m = 63 fs (cf figure 4.10). Both, the experi-
mentaldecayaswell asthetheoreticalisetimeindicatethatthe photodissociation
of CpMn(CO) takesplaceon a 100fs time scale.This is animportantresultfor
ourfurtherinvestigations Sin*-shapedaserpulsegequatiord.1)areusedo sim-
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ulatetheeffectsof the pump(sectiord.4)andthe pumpfollowed by a probe(sec-
tion 4.5).

4.4 Dynamicson the low-lying excited states poten-
tialsinduced by femtosecond laser pulses

As alreadypointedoutin previoussectionsthetransitiondipolemomentscorres-
pondingto the A’ stategposses$wo componentsy or z, (the x-componentan-
ishedfor symmetryreasons)As aconsequencgheinitial wavepacketanbepho-
toexcitedusingy- or z-linearly polarizedlaserpulses.In contrastthe A” states
arephotoexcitedisingx-polarizedaserpulses.All transitiondipolemomentsare
shownin figure 3.4 for thex-, y- andz-components.
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Figure4.11: Applied laserpulsesin the caseof the A" and A" potentialenegy
curves:3.23eV (resonanwith b' A’), 3.55eV (resonanwith ¢t A’), 3.41eV (aver
ageof 3.23eV and3.55eV) and3.40eV (resonanwith b' A" ) (theresonanénegy
of thea' A" is notinvestigatedqseetext)).

In this sectionwe chosedlaserparametersloseto the experimentabnes:eg /2
= 5.5GV/m equivalento anintensityI,,,, ~ 8.0- 102 W/cn? for the A’ states
ande? = 1.0 GV/m equivalentto 7,,,,, = 0.3- 102 W/cn? for the A” states.In
both casesa pulsedurationof ¢,,,,. = 100fs equivalento ca. 37 fs for FWHM
in intensitywasapplied. The moleculewasexcitedwith threedifferentenegies
hw = 3.23eV, 3.55eV and3.41 eV, for simulationson the A’ potentials,anda
singlefrequency hiw = 3.40¢eV, in the caseof simulationson A” curves. These
frequenciesorrespondo the (adiabaticyesonanfranck-Condom' A’ — bt A’,
at A" — ¢! A transitionsto someintermediatevaluebringingthemolecularsystem
betweertheb! A’ andc! A’ statesandto theresonanEranck-Condom' A’ — bt A”
transition,respectivelyall of themillustratedin figure4.11.
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As seenin figure 3.4 the transitiondipole momentsconnectinghe a* A’ and
thea! A" is very small. Testcalculationsusinga laserfrequencyresonanto the
at A" state,iw = 3.13eV, (with intensitiesandpulselengthsgiven above)yield
amamginal populationtransferto the a' A” state. Therefore simulationswith 7w
= 3.13eV arenotconsideredAs in the calculationof theabsorptiorspectrumin
section4.2only thea' A” - b' A” kinetic couplinghasbeentakeninto account.

Themoleculasassumedtb benon-rotatingandit is photoexciteeitherwith y-
orwith z-linearlypolarizedight whenexcitedto the A’ statesandwith linearly po-
larizedlight in thex directionif excitedto statesof A” symmetry Dueto thevery
differentbehaviourof the transitiondipole momentsaroundthe Franck-Condon
window the amountof populationthatwill be transferredrom the groundstate
to someexcitedstatewill dependvery muchon which componenof the trans-
ition dipole momentis used(figure 3.4). Within the statesof interest,b' A’ and
ct A', thez-componentor thea' A’ — b A’ excitationandthey-componentor the
a' A" — ¢! A’ excitationareapproximatelyzero. Therefore significantamountof
population(within reasonabléaserintensity)will betransferredo theb! A’ when
usingy-polarizedlight andthe resonanenegy of b' A’, hw = 3.23eV, whereas
the c! A’ will be mainly populatedf z-polarizedight andthe resonanenepy of
ctA', hw = 3.55eV, is used.Indeed for the aforementionedransitionsthe com-
plementaryz- andy-pulsesj.e. ay-polarizedlaserwith enegy hw = 3.55eV or
a z-polarizedlaserwith enegy fuw = 3.23eV, inducelessthan10 % population
inversionwith the presenintensity

Theresultingpopulationdynamicsandwavepackegévolutionon thethreerel-
evantstatesa' A’, bt A’ andc! A', for hw = 3.23eV and3.55eV areshownin figures
4.12and4.13,respectively Asshownin figure4.12(ajtheuseof ¢, togethemwith
they componenbf thetransitiondipolemomentandalaserenepgy of 3.23eVres-
ultsin ca. 70 % populationinversionfrom the electronicandvibrationalground
stateto b' A’. Thelaseris intenseenoughasto returnpopulatiorto thegroundstate
by stimulatedemissionasindicatedby theresidualpopulationin thegroundstate
vibrationallevel v=1. Figure4.12(c)demonstratedirect dissociationasexpec-
tedfrom arepulsivestate.In contrastusinge, andthez componenbf thetrans-
ition dipolemomentalaserpulseof enegy of 3.55eV populatesn aboutthesame
amountthe ct A’ state.Likewise,smallpopulationsof the groundstatewith v =1
andv = 2 indicatestimulatedemissionseefigure4.13(a)). Thewavepackesimu-
lationsdepictedn figures4.13(b)and4.13(c)indicatethatthemaiginalpopulation
of theb' A’ staterunsawayasfastaswhenusing3.23eV, cf. figure4.12(c).On
the contrary the wave packeton the ¢! A’ potentialsplits into two partial waves
dueto thesmallenegy barrierat2.5A. Themain partremaingrappedandoscil-
latesin the potentialwell, whereasanotherfraction overcomeghe small barrier
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Figure 4.12: Adiabatic time evolution of the laser driven simulations on
CpMn(CO) undery-linearly polarizedlight of hw = 3.23eV (frequencyreson-
antwith b' A’ state)andt,,;s. = 100fs. Panel(a) showsthetime evolutionof the
populationdynamicsasdefinedin section2.2.6. Panelqb), (c) and(d) showthe
time evolutionof thewavepackebnthec! A’, b' A" anda' A’ statesrespectively

(0.2eV) anddissociatesalthoughslowerthanin theb! A’ state. Theseresultsare
in agreementvith the simulationgperformedusinga j-pulsedescribedn section
4.3.

Whenanintermediatenegy fuww =3.41eV is used abouthalf of thepopulation
is transferredo eitherthe b' A’ or to the ¢! A’ statesdependingon whethery- or
z-polarizedpulsesareemployedrespectively Theresultsareshownin figure4.14
for y- andz- pulses.They-polarizedpulsetransfergpreferentiallypopulatiorfrom
a*A' to bt A" andasit happenedn the caseshownin figure4.12(c)it dissociates
rapidly ontherepulsivestate 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) underz-linearly polarizedlight of fiw = 3.55eV (frequencyreson-
antwith ¢' A’ state)andt,,;se = 100fs. Panel(a) showsthetime evolutionof the
populationdynamics.Panelgb), (c) and(d) showthetime evolutionof thewave-

packetonthec! A', b' A" anda' A’ statesrespectively
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Figure 4.14: Adiabatic time evolution of the laser driven simulations on
CpMn(CO) undery- andz-linearlypolarizedight of fiw = 3.41eV (averagedre-
quencybetweertheb' A’ andc' A’ state)andt,,s. = 100fs. Panel(a) showsthe
time evolutionof the populationdynamics.Panelgb), (c) and(d) showthetime
evolutionof thewavepackebnthec! A', b' A’ anda' A’ statesrespectively

The residualpopulationwhich reacheghe ¢! A’ stateis trappedin the local
well (figure4.14(b)). Thesameeffectscanbeobservedf az-polarizedaserpulse
is used. Half of the populationis invertedfrom the a* A’ to the ¢! A’ stateandit
remainscompletelytrappedin the local well andoscillateswith a full periodof
about150fs (dependingn the excitationenegy), asdepictedn ther.h.s. of fig-
ure4.14(b).Also apparents thatthewavepackelocatedin thea' A’ potentialex-
changesamplitudeduring the laserpulseas demonstratedh the populationdy-
namicsof figure4.14(a).Thepopulationof thec! A’ stateclearlyrevealsalossof
amplitudewhenthe pulsereachests maximumof intensity which is transferred
to thegroundstatewith v = 1, indicatinganintra-pulse-pump-dumprocess.

Next,let usconsidetheselectivepreparatiorof cymantrenen theexcited A”
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states.For this purposehe x-componenbf thetransitiondipole moments used.
As seenin figure 3.4, the valuefor the a' A’ — a!A" transitionat the Franck-
Condorregionis closeto zero,andthereforeransitiongo this statewould require
averyintensdaserpulse,in comparisorio theintensityneededo reachotherac-
cessiblestatesasi.e. b'A”. Note thatthe oscillatorstrengthof this staterepor
tedin section3.5at CASSCHevelwaspredictedo be of thesameorderof mag-
nitudeasfor thea' A’ — a'A” transition,andzeroat TD-DFT level. The dis-
crepancybetweerthe previousCASSCFesultsandthe presenbnescomesrom
theslightshift of thea' A’ potentialminimumongoingfrom CASSCRo MR-CCI
level(from 1.81A to 1.85A atMR-CCllevel). Thus,only simulationsontheb A”
(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 hw = 3.40eV (frequencyreson-
antwith b' A" state)andt,,;s. = 100fs. Panel(a) showsthetime evolutionof the
populationdynamics.Panelgb), (c) and(d) showthetime evolutionof thewave-
packetontheb' A", o' A" anda' A’ statesrespectively
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As discussedh sectiond.1thediabaticcouplingconnectingheb! A" with the
ct A" is negligiblebutthe couplingbetweerthea andb statesof symmetryA” has
a stronginfluenceon the dynamics. The populationdynamicsusinga laserwith
anelectricfield of 0.5GV/m hasalreadybeendiscussedhere.An electricfield of
1.0GV/mis enoughto invertca. 50 % of the populationfrom the electronicand
vibrationalgroundstatea' A’ to the b' A" state,asshownin figure 4.15(a),since
thevalueof thetransitiondipolemomentfor thea! A’ — b' A” transitiondoesnot
decayoutsideof the Franck-Condonrvindow asquickly asin the caseof A’ trans-
itions. Thewavepackets trappedn theb' A” statedueto its boundcharacteand
amaximumof populationin this stateis reachedataround80fs. The population
reachinghestatea' A” by thea! A” - b* A" kinetic couplingdissociateslirectly, cf
figure4.15(b)and(c), respectivelyNotethatpopulationtrappedn theb! A" state
doesnotapparenthoscillatefor theminimumpositionmatchesery muchtheone
of theelectronicgroundstate,a' A'.

In summarythesesimulationsillustrate that, differentproductscould be ob-
servedin the probestatedependingon wherethe wavepackets prepared.If the
initial pumppulseprepares statecompletelylocalizedin theweaklyboundc! A’
state(figure4.14)nodissociatiorshouldoccurandonly asignalfor theparenion,
CpMn(COY, shouldbe observedafterthe probepulse. In contrast;f the pump
frequencyis suchthatthewavepackethasenougtkineticenegy to overcomehe
barrierin the ¢t A’ state(figure4.13),or if it selectgherepulsiveb A’ state(fig-
ure4.12)or reachesherepulsivea' A" stateviathea' A" - b' A" coupling(figure
4.15),it will undego fastdissociatiorandthe probepulsewould detectthe frag-
mentCpMn(CO); . Thesestatementassumeaon-rotatingnoleculesandspecific
polarizations.Obviouslyin the caseof freerotatingmoleculesall component®f
thelaserpulsewould interactat the sametime. However in the presentasethe
transitiondipole momentswhich governthe electronicpopulationsare charac-
terizedby a singledominantcomponentvhich is nonzero,andconsequentlyhe
computersimulationsarestill valid.
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4.5 Simulation of pump-probe and control experi-
ments

In this sectionthe excitedstatedynamicwhich hasbeenanalyzedcarefullyin the
previoussectionsis probedby a secondaserpulsethationizesthe molecule.

(a) (CpMn(COY)* (b) (CpMn(CO})*

T T
Pump : 402.5 nm
Probe: 805.0 nm

Pulse duration: sub 40 fs

fon signal / a.u.
ion signal / a.u.

P S

oFLot e
purr1p &:prope spectrum

perimental pump & probe spectrum |

t T T T T
-0.2 -0.,1 D:O 0,1 0,2 03 0:4 05 0,6 07 -0,2 0,1 0 0.1 0,2 03 04 05 0,6 67
time delay -/ ps time delay / ps

Figured.16: Experimentaspectraia) parenton, (CoMn(CO})*, and(b) daugh-
ter ion, (CpMn(CQO})*, usingsub40 fs (FWHM) pumpandprobepulses[129]
(dots= original experimentatiata,solid lines = fits to thesedata).

Oneof the main goalsof this work is to understandhe quantumdynamical
processedehindthe recentexperimentapump-probespectra(figure 4.16) per
formedby Wosteandcoworkerg129]usingultrashorpumpandprobepulseswith
parametersummarizedh table4.1. Theexperimentapump(1 photonexcitation)
andprobe(3 photonexcitation)pulseshavea width of 45 fs (FWHM) and35fs
(FWHM), respectively Thesevaluescorrespondpproximatelyto ourtheoretical
sin’-shapedaserpulseq(cf equation4.1)with a pulsedurationt,,s. = 100fs (for
asin’-pulse,t e = 100fs correspondso At = 36 fs FWHM of intensity).

| A | A | At (FWHM)
pump(1 photon) | 402.5nm (3.080eV) | 12nm(0.092eV) 45fs
probe(3 photons)| 805.0nm (1.540eV) | 35nm (0.067eV) 35fs

Table4.1: Parametersf the experimentapumpandprobepulses.

In figure4.16thetransienspectrgrobingthe parenton (a), (CpMn(CO})*,
anddaughteron (b), (CpMn(CO))*, areshown.Thesolidlinesin figure4.16are
fits to theexperimentatiata(dots). Thesfits indicatemaximaat around30fs for
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theparentandataround100fs for thedaughteron. In bothcasesurthermaxima
with lower peakintensitiesoccurat laterdelaytimesseparatedyy approximately
80-85fs. This vibrationalpatternhasnot beenresolvedin previouspump-probe
experimentperformediusinglongerpulseg At & 90fs) shownin figure1.9,where
only thedecay(but notthevibration)canbeseen.

In our one-dimensionamodel (seelntroduction)photoionizationof the par
entmoleculeversusdissociatiorof thefirst carbonylligand andformationof the
"daughterion” is considered:

CpMn(CO) —3 My =" CpMn(CO} — Morate o~ 4 CpMn(COY, (4.12)

CpMn(CO), "3” CpMn(COY, "% ¢~ + CpMn(CO) + CO.  (4.13)

In orderto theoreticallyreproducehe experimentatesultsshownin figure 4.16,
ab initio quantumdynamicalwavepacketpropagationsavebeencarriedout cal-
culatingthe pump-probespectraasthe correspondingieldsof populationsn the
ionic statesAll interactionswith thedifferentx-,y- andz-componentsf the mo-
leculartransitiondipole operatorsaretakeninto accountandthe total parentor
daughteiion signalsarecalculatedassuperpositionsf the (classically)rotation-
ally averagedcf sectior2.3)signaldor theindividual contributions.Thefive low-
estneutralsingletstatesi' A’, b A’, ¢t A', ' A" andb! A” andthethreelowestionic
doubletstateg(a?A") ™, (a?A")*, (b*A")T, areincludedin the pump-probesimu-
lationsanddepictedn figure4.1. As mentionedn sectiord.1low field strengths
(€z/y/. = 0.5GV/m) areemployedn thepump-probesimulationsn orderto avoid
unphysicaback-transformationf ionic statepopulation.As alreadyreportedbe-
fore, measurabl@opulationtransferto the repulsivea' A” staterequireshighin-
tensities> 0.5 GV/m) becaus®f theweaktransitiondipole momentof this ex-
cited state. Therefore only excitations(pump)to theb' A”, b A’, andc A’ states
wereconsideredseefigure4.11). As describedn theprevioussectionstheb A",
bt A" andc! A’ statesarepopulatedoredominantlyby x-, y- andz-polarizedasers,
respectivelyandno selectiorrulesholdfor transitiondrom the neutralexcitedto
theionic states.

Subsectiom.5.1 studiesthe pump-probespectra using y- and z-polarized
pump laserswhich transferthe main part of the populationto the ' A’ andthe
ct A’ statesrespectively Theresultingspectrahowevercannotreproduceheex-
perimentaloutcome(figure 4.16). Startingwith aleadingpumpexcitationto the
b A" state( x-pol.) apump-probenechanismwvill bedescribedn subsectiod.5.2
which yields a good agreemenwith the experiment. Basedon this analysis of
the experimentapump-probespectrafigure 4.16) an experimentabptimal con-
trol pulse[129] which producegpredominantlyparentionswill betranslatednto
thelanguageof laserdrivenwavepacketsn subsectior.5.3(control).
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45.1 Pump probe spectra with pump transitions to the ' A4’
and c! A’ states

In this subsectiorthe influenceof pumpingpredominantlythe 4 A’ (y-pol.) and
thec! A’ (z-pol.) stateson the pump-probespectrunis investigated Accordingto
our resultsreportedn section4.1the nonadiabaticouplingbetweernthesestates
canbeneglected.

Let usfirst considertheresultingpump-probespectraaftera pumppulsewith
resonant! A’ — b' A’ excitationenegy, iw = 3.23eV, correspondintp al-photon
excitation,analogouso theexperimenf{cf table4.1). Dueto thechoserpumpfre-
quencythey-polarizedpartof thelasermainly populatesheb! A’ neutralexcited
statewhile thec! A’, andb! A" statespreferentiallyexcitedby z- andx-polarized
pulsesrespectivelyshownegligiblepopulationsn our simulations.

6.5

'E{(bZA’)Jf}'— E{p'A’ / _________

difference potential / eV

15 2 2..5 3 3..5 4
distance(Mn-CO)/A

Figure 4.17: Differencepotentialsbetweenthe stateb' A’ and the ionic states
(a®?A")* (solidline), (a*A")* (dashedine) and(b*A’)* (dot-dashedine).

A single-photorprobeenegy of iw = 4.92eV correspondso 3 photonswith
enegy 1.64eV (notethattheexperimenemploys3 photonswith enegy 1.54eV,
seetable4.1)andisin resonancwith all thethreeionic statestdifferentpointsac-
cordingto thedifferencepotentialsshownin figure4.17. Consequentlythewave
packetin the b! A’ stateis probedby the 4.92eV pulseto the (b>A’)™ ion at ca.
1.85A, to the (a2A")* ion atca. 2.2 A andto the (a2A”)* ion atca. 2.8 A. For
transitionsatthesepointsthetransitiondipolemomenis largestfor thepopulation
transferto the (a®?A")* ionic state(seefigure 3.15). As a consequencehe trans-
itions to this ionic statearethe onesgoverningthe resultingoverall pump-probe
signaldepictedin figure 4.18. Indeed,the contributionsto the otherionic states
arenegligiblewith the presentaserparameterandthe overallrotationallyaver
agedpump-probesignalis dominatedoy the contributionof the (a?A")* ion.
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Figure4.18: Theoreticabump-probespectrunusingapumpenegy of 3.23eV (1
photon)andprobeenegy 3.92eV (1 photon). The overallrotationallyaveraged
signalis governedy theion populationin the(a?> A")* stateresultingfrom apump
excitationto theb' A’ neutralexcitedstateanda probeof this stateat around2.2
A tothe(a2A")* ion.

As expectedtherepulsiveb' A’ yields a fastrising anddecayingoump-probe
signalshownin figure 4.18,which is not ableto explainthe muchslowerdecay
presentin the experiment(cf 4.16). The daughternon would be producedwhen
thewavepackettransferredrom therepulsiveb! A’ to anyionic statehasenough
kineticenegy (whichisaccordingotheFranck-Condopricipleconservediuring
verticaltransitions)to overcomethe dissociatiorbarrierin theionic state.In the
presentasethe barrierheightin the (a2A’)* ionic stateis about0.9eV at 2.2 A,
butwherethewavepacketin theb! A’ is probedit hasakineticenegy of only 0.5
eV. Thereforeusingthe probefrequency4.92eV thewavepackethasnotenough
kinetic enegy to climb the barrierandthusonly the parention is produced.

Probepulseswith higherenegieswould inducethe dissociatings* A’ wave
packettlatertimeswhenit hashigherkineticenegiesandconsequentlganover
cometheionic statebarrierto yield thedaughteron. Forinstanceaprobelaseren-
ey of 5.85eV correspondm aresonan! A’ — (a2 A’)* excitationataround4 A.
At thispointthekineticenegy (=~ 0.6eV) is largerthanthebarrier(0.07eV) and,
thereforethedaughtemwould beobservedn ourcomputersimulations However
the probeenegy 5.85eV correspond$o 3 x 1.95eV, amuchhighervaluethan
theexperimentabne(cf table4.1),andis, therefore not consideredere.

Notethatthetotalionic signal(max. ~ 0.01%) is afactorof tensmallerthan
the maximalion populationan thefollowing pump-probespectrawith pumpex-
citationsto the b' A” or ¢* A’ state. This implies that contributionsfrom the y-
componentanbeneglectegrovidedoff-resonanpumpenegiesto theb! A’ state
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areused sinceit would resultin evensmallerion populations.

Next, let usturnto investigatehe pump-probespectraesultingfrom employ-
ing al-photorpumplaserof 3.49eV enegy anda4.716eV (1 photoncorrespond-
ingto 3 x 1.572eV) probepulse.Undertheseconditionshex- andy-components
of the pump pulsedo not contributeto the overall rotationally-average@ump-
probesignal sincethe pumpfrequencyis strongly off-resonantto the 4* A’ and
bt A" stategnearlyl eV totheb* A” andmorethanl.5eV totheb! A’ state).Con-
sequentlyonly thec!' A’ statewill beexcitedby the pump.
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Figure 4.19: Differencepotentialsbetweenthe statec' A’ and the ionic states
(a®A")* (solidline), (a*A')* (dashedine) and(b*A')* (dot-dashedine).

As shownin figure 4.19the probepulse(4.716eV) is resonanto the (b2 A’) T
ionic stateatca. 2.3A | slightly beforethe barriermaximumof the ¢t A’ neutral
excitedstate andatvalueslargerthan2.5A to the othertwo ionic states(a2A’)*+
and(a?A”)*. A big partof thewavepacketis trappedn the potentialwell of the
¢t A’ stateandthuscannotbeprobedo theenepeticallylowerionic statesecause
theseonic statesareresonanbnly afterthe barrier In addition,thetransitiondi-
pole momentcorrespondingdo the ¢! A’-(b2A")* transitionis largerthanthoseto
theotherionic stategseefigure3.16). Thereforecontributionfromthea?A” and
b2 A" ionsarenegligibleandtheonly ionic statethatcontributego thepump-probe
signalshownin figure4.20is the enegetically highestionic state, (b A")*.

Accordingto thepumpfrequencythe mainpartof thewavepackets trapped
in the ¢! A’ potential, but releasegpopulationeachtime it reacheshe barrier
centeredaround2.3A. Theresultingslowly decayingsignalshowsmaximaat 85
fs and260fs andminimaat 180fsand360fs. This vibrationalpatternwith afull
periodof about200fs doesnotreproduceheexperimentabscillationperiodof 85
fs though(cf 4.16). Accordingto the spectrunmshownin figure4.20,adelayof 85
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Figure4.20: Pumpprobespectrunusingay-polarizegpoumplaserof enegy = 3.49
eV andprobeat 4.716eV. Shownis the overall spectrumdominatecby thec' A’
— (b2A")* probetransitionaround?2.3A.

fs (first maximum),could producepredominanththe parention. Thisis ananti-
cipationof our proposedptimalcontrolmechanismwhichis describedn detalil
in section4.5.3.

photonenegy tpuise e Julz leadingTDM
pump(1 photon) 3.43eV 100fs | 0.5GV/m x-pol
probe(1 photon) | 4.852(3x1.617)eV | 100fs | 0.5GV/m -
pump(1 photon) 3.23eV 100fs | 0.5GV/m y-pol
probe(1 photon) | 4.920(3x1.640)eV | 100fs | 0.5GV/m -
pump(1 photon) 3.49eV 100fs | 0.5GV/m z-pol
probe(1 photon) | 4.716(3x1.572)eV | 100fs | 0.5GV/m -

Table4.2: Parametersf thetheoreticalsir?-shapedcf equation(4.1)) pumpand
probepulses.

Finally let usconsiderax-polarizedpumppulsewhich excitespredominantly
the b' A" neutralstatenonadiabaticallcoupledwith the repulsivea! A” state. It
hasbeenfoundthatthe pumpfrequency3.43eV achieveghis tamgetandwith a
photonenegy of 4.852eV theboundb! A” neutralstateis probedat1.80A yield-
ing the parention. Simultaneouslyhe nonadiabaticallyoupled repulsivea' A”
stateis probedat ca. 2.3A producingthe daughteirion. With the chosenpump
alsothe ct A’ state(z-pol.) is significantlypopulatedout the probe,4.852¢V, is
off-resonantfrom ¢! A’ to all ionic statesand,therefore the z-componenbf the
pumplaserwill notcontributeto the overallpump-probespectrum.This mechan-
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ismwill be describedn detailin the nextsection.But before,the appliedpump
andprobepulseparametersf ourtheoreticakimulationsaresummarizedn table
4.2.

45.2 Analysis. Theoretical and experimental pump-probe
spectra of the parent and the daughter ion
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Figure 4.21: Panel(a): Differencepotentialsbetweenthe stateb' A" and the

ionic statesa®?A")* (solid line), (a>A")* (dashedine) and(b*>A’)* (dot-dashed
line). Panel(b): Differencepotentialsbetweerthe statea' A" andtheionic states
(a®A")* (solidline), (a*A’)* (dashedine) and(b*A")*" (dot-dashedine).

In thissectionpumpandprobeenegiesleadingto spectragovernedy thedynam-
ics in the excitedneutralstateb! A” areconsidered.The pumpandprobepulses
arechosenas3.430eV and4.852eV, correspondindo single photonexcitation
andionization,respectively Theexcitationenegy for thetheoreticapumppulse,
3.430eV, is slightly largerthanthe experimentalalue,3.080eV, dueto anener
geticshift of the potentialenegy curvesof the excitedstatesgiventheaccuracy
of theab initio calculationg0.2-0.3eV) [130].
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Figure4.22: Theoreticallines) andexperimenta(dots)pump-probespectra:(a)

Parention (CpMn(CO} ). (b) Daughteiion (CoMn(CO} ). Thekinetic coupling

termsarescaledby afactorO. 75in thetheoreticabimulations.Theenegiesof the

pumpandprobepulsesof 100fs durationare3.430eV and4.852eV, respectively
(seetable4.2).
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Figure4.23: Theoreticallines) andexperimenta(dots)pump-probespectra:(a)
Parention (CoMnCQ}). (b) Daughterion (CoMnCGQ;). The kinetic coupling
termsarescaledby a factor 0.75in the theoreticalsimulationsand, in addition,
the groundstatepotentialis shiftedby 0.04A to theleft leadingto a more pro-
nounceascillationpatterncompareavith figure4.22. The enegiesof the pump
andprobepulsesof 100fs durationare3.430eV and4.852eV, respectively(see
table4.2).
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Likewise,theenegy differencebetweerthetheoreticakingle-photorandex-
perimentakhree-photononizationprobepulses.e. 4.852- 3 - 1.540= 0.232eV
is due,in part,to anenepetic shift of the potentialenegy curvesof theion with
respecto the neutralexcitedstates;anothermart may alsobe absorbedcasmean
kineticenegy of thephoto-detachedlectron(ZEKE approximationsection2.5).

Theprobeis plottedin figure 4.21 showingthe differencepotentialsbetween
theb! A” andtheionic states As alreadymentionechttheendof the previoussec-
tion, thevibratingwavepackein theboundy' A” is probedontheleft turningpoint
of thevibrationataroundl.8A andthea' A” is probedat2.3A leadingto asimul-
taneousneasuremerdf the parentanddaughteion signal. The probepulsecor-
respondso computationallymoredemandingimulationsof three-photomoniza-
tion processewith carrierphotonenepies,1.715eV.

The resulting theoreticalpump-probespectra(lines) of the parentand the
daughteron areshownin figure4.22togethemwith theexperimentatesults(dots)
depictedalreadyin figure 4.16. The kinetic couplingsusedto modelthe pump-
probespectrumhavebeenscaledby thefactor0.75sinceusingthe original coup-
lings (cf figures3.10and3.12)cannotreproduceheexperimentatiecaytimesand
time shiftsof theparent-anddaughtetion signals.This scalingis justifiedby pos-
sibleerrorsof thekinetic couplingterms(seesection3.6.3).

0.005 - - -
— 1.00
0004t 0.75
c
o I _ - 0.60
T o.003} PSRN
= NN
a [ parent / SN
8 o002t N/ . N
)/ S
c i -
L | [ dauahter \O e =
0.001f b
ol S LT T T e i

-100  -50 0 50 100 150 200 250 300

delay/fs

Figure4.24: Parent-(upperthreecurves)and daughtefion signals(lower three
curves)for differentscalingof thekinetic coupingterms:1.00(solidlines)corres-
pondsto the original datapresentedh figures3.10and3.12. 0.75(dashedines)
and0.60(dot-dashedines): Theoriginal couplingsaremultiplied by afactor0.75
and0.60,respectively Theenegiesof the pumpandprobepulsesof 100fs dura-
tion are3.430eV and4.852eV, respectivelyseetable4.2).

Figure4.24showsthe pump-probesignalof the parention for differentscal-
ing factors:1.00(originaldata),0.75and0.60. Obviously asmallerkinetic coup-
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ling leadsto a slowerdecayandto aslightshift of theparent-anddaughtessignal
maximatowarddargerdelaytimes(in betteragreemenwith theexperiment) Fur-
thermore the maximumof the parentsignalis smallestwhenusingthe original
coupling,butlargestwhenusingascalingfactorof 0.60. Theinverseholdsfor the
daughteron signals.Thetheoreticaparentanddaughteion signal(cf figure4.22
or 4.24with scalingfactor0.75)showmaximaat 55 fs andat 90 fs, respectively
Thesevaluescorrespondo peakshiftswith respecto theexperimentexp. parent
maximumat 80 fs andexp. daughtemaximumat 100fs) of 25 fs and10fs, re-
spectively Thedecayingsignalhasfurther, lessintenseanaximawhich occurwith
aperiodof 80fs. Thisvibrationalpatternhoweveris muchlesspronouncedh the
theoreticabpectrunthanin theexperimentabne. ThereforetheMR-CCI ground
statepotentiala' A" hasbeenslightly shiftedby 0.04A totheleft correspondingo
theshift of the MR-CCI minimumto theminimumof the CASSCFR:! A’ potential.
This leadsto a morepronouncedibrationalpatternin thetheoreticalparentand
daughteron signals.Theresultingtheoreticabpectralepictedn figure4.23show
abetteragreementvith theexperimentabnes.Thefirst maximanowappeaat 70
fs for theparention andat100fs for thedaughteron, correspondingp peakshifts
with respecto experimenbf 10 fs andO fs, respectively The oscillationperiod
still hasavalueof 80fs. Thedecaytimer = 166fs hasbeenevaluatedy fitting an
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Figure4.25: Panefa): Nonadiabaticlecayof theb* A" population(solidline) and
correspondingxponentiafit (dashedine) with decaytimer = 166fs. Thevibra-
tional groundstatewave function of of theb' A" statehasbeenemployedasthe
initial wavefunction. Panel(b): Fit of thetheoreticabump-probesignalof figure
4.23(dots)by thefunction(4.14). Thepump-probelataareshifted70fs to theleft
sothatthe peakof thefirst maximumis locatedat delaytime zero.

exponentiato thetime-dependentopulationof theb! A" state(cf figure4.25(a)).
Theb! A" populationdecaysiueto theb! A”-a! A” kineticcouplingwhichhasbeen
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scaledoy 0.75. Thisdecaytime correspondo 45fs (4= 10fs) afterdeconvolution
of thelaserpulseform [127]. The pump-probesignaldepictedn figure4.23can
befitted by thefollowing function:

flz) = (0.00209 : ea:p(—tdemy )) : <1 +0.0389 - cos(Q—7T : tdelay)> , (4.14)

166 80

wherethe first factor containsthe exponentiadecay = = 166 fs, andthe second
factorinvolvestheoscillatorypatternwith aperiodof 80fs. Thisfunctionis shown
in figure 4.25(b)togethemwith the theoreticalpump-probedatawhich havebeen
shifted 70 fs to the left sothatthe peakof the first maximumis locatedat delay
time zero.

Thetime evolutionof the laserdriven systemis simulatedby representative
wavepacketsvhich moveon, andcarry outtransitionsbetweerthe adiabatigo-
tentialenegy curves.In figure 4.26 snapshotef thesewavepacketsat different
propagatiortimest aredepicted.
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Figure4.26: Analysisof thepump-probenechanismTheexcitedandionic states
wave packetshavebeenenlagedwith respecto the groundstateby factors30
and1000,respectivelyn additionthe wavepacketonthec' A’ andthe (a*A")?
potentialshavebeenscaledby afactorof 3and5, respectively Theenegiesof the
pumpandprobepulsesof 100fs durationare3.430eV and4.852eV, respectively
(seetable4.2).

To translatehepropagatioriimes(for instancehosein figure4.26)into delay
timesbetweerthe pumpandprobepulsethefollowing pointsmustbetakeninto
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Figure4.27: Snapshotef the wavepacketin theb' A" stateat 80, 130, 170and
210fs. Theenegiesof thepumpandprobepulsesof 100fs durationare3.430eV
and4.852eV, respectivelyseetable4.2).

consideration:In our propagationghe pump pulsealwaysstartsat propagation
timet = 0. If thewavepacketshouldbe probedat a certainpoint (for example
wherethe probepulseis resonanto anionic state)ata certaintime, e.g. t=100fs,
the probepulseshouldhavethe maximumintensityat thatpropagatiortime (100
fs). Sincethe maximumof a 100 fs sir?-pulseappearsat 50 fs the probepulse
shouldstart50 fs beforethe wave packetreacheshe resonanceointatt = 100
fs (wherea maximalamountof populationis transferredo theionic state).Con-
sequentlya maximumwill appeain the pump-probespectrumjn the givenex-
ample,atadelaytime of 100-50fs = 50fs. Viceversaamaximumatadelaytime
of 50fs pointsto aresonantransitionat propagatiortime t = 100fs (in thesame
example).

Theunderlyingmechanisnof thepump-probexperiments derivedfrom ana-
lysisof thewavepacketdynamicdor thesimulatedspectraExemplarily consider
thecaseof thetime delayof 85fs betweerthepump(3.430eV, ;5. = 100fs) and
probe(3.852eV, t,.s. = 100fs) pulsesassuggestedy thetime delayof thefirst
maximumof the pump-probespectrumin figure 4.20(z-pol.) which is the basis
of ourinterpretatiorof theexperimentatontrolpulsein thefollowing subsection.
This delaytime, 85fs, clearlybelongsalsoto thefirst maximumof the spectrum
depictedin figure4.23(x-pol.). The correspondingdaserinduceddynamicsis il-
lustratedoy snapshotef thedominandensitieof thewavepacketsatpropagation
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timest = 0 fs (initial state)t=50fs (peakof thepumppulse),and50+ 85=135fs
(peakof the probepulse)in figure4.26. Accordingly the pumppulse(which has
3.430eV photonenegy in thetheoreticakimulation)prepare€pMn(CQOY) prefer
ably in two excitedstates.e. thec! A’ andbt A" statespy meansof interactions
with the z- andx-component®f thetransitiondipoles,respectively
Consideffirst the effectsof the laserinduceddynamicsin the b' A” state.As
soonas the pump pulse excitesthe b' A” state,the correspondingartial wave
packetstartsto vibratewith 80fs oscillationperiod. Simultaneouslyt decaysion-
adiabaticallyby meansof kinetic couplingso thedissociatives! A” state.Snap-
shotsof thisdecayingvavepacketaredepictedn figure4.27. At propagatiorime
t=80 fs the maximumof the populationin the b* A" stateis reached.Probingthe
wavepacketin the center(around1.85,&) shouldyield a maximumin the pump-
probespectrumat a delaytime of 80-50= 30 fs. However in our simulationthe
wavepackets probedatl.SOA (aroundheleft turningpoint)andasaconsegence
themaximumappearsvhenthewavepacketeacheshisturningpointatpropaga-
tion time t=130fs, which correspond$o the maximumat delaytime 130-50= 80
fs in the pump-probespectrum. Anothermaximumappearsat propagatiortime t
= 210fs (delaytime: 210-50= 160fs) andanotheminimumat 170fs (delaytime:
170-50= 120fs), whichcorrespondto thewavepacketattheleft andrightturning
point, respectively
Theformationandoscillatorydecayof thispartialwavepackein theb! A” state
is monitoredby the probepulse(with 4.852eV photonenegy in the theoretical
simulation)which prepareghe parentions (CpMn(CO})* by a transitionto the
potentialwell of the seconcdexcitedion state b' A’. The phenomenomf oscillat-
ory ion signalsresultingfrom oscillatorybroadwavepacketshasbeennotedin a
previouswork by Engel[131]. Moreover the samepatternis alsoimposedonthe
densityof the complementaryvavepacketwhich is transferrechonadiabatically
from theb' A” stateto thea' A” state whereit dissociatesowardsthe fragments,
CpMn(CO} + CO. The probepulse(4.852eV) transfersa small fraction of this
dissociativavavepacketfromthea! A" stateto thegroundstateof theion, produ-
cingthusdaughteions,(CpMn(CO}))™.
Asaconsequencéheoscillatorydecaypatternof theparenion signalappears
alsoin thedaughtetion, with approximatelythe sameoscillationperiodof ca. 80
fs (thevibrationalperiodof theb! A” state) butwith ashift betweerthepeakg30
fs) of the theoreticalparentand daughterion spectradueto the time neededoy
thewavepacketin thea' A” stateto travelfrom its origin, closeto the dominant
diabatictransitionat 1.78A to the Franck-Condomvindow for theprobeat2.3A.
Next, considetheeffectsof thewavepacketin thec! A’ state- thesearemuch
simplerthanthosetakingplacein thecoupledh! A” anda' A” states After prepar
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ationby thepumppulse thepartialwavepackein thec! A’ statevibratesreleasing
partof its populationeachtime it reacheghe barriercenterecaround2.5 A. The
wavepackets probedatadelaytime of 85fs, correspondingo thefirst (mostin-
tense)maximumin the pump-probespectrum(figure 4.20), whatis incidentally
nearlythe 80 fs vibrationalperiodof the wavepacketin the b* A” potentialwell.
At this delaytime (85fs), correspondingo a propagatiortime of 135fs in figure
4.26,thewavepacketreachegsheright turningpoint butis nottransferredo any
ionic statebecausehe probepulse(4.852eV) turnsout to be off-resonantfrom
transitionsfrom the ¢! A’ stateto anyionic states.Consequentlyaccordingto the
presenteanechanisnthe z-polarizedpartof thepumplaserwill notcontributeto
theoverallpump-probesignal.

As we will seetheanalysisof the pump-probespectran termsof the under
lying laserinducedmoleculamprocessess essentiafor predictingthe mechanism
of optimalcontroldescribedn the nextsubsection.

4.5.3 Control: Wave packet dynamics induced by the optimal
control pulsefor (CpMn(CO)3)*

Baseddnthetheoreticabimulationsof theexperimentapump-probespectran the
previoussubsections/e arenowreadyto derivethequantundynamicalprocesses
inducedby the experimentabptimal pulsedesignedo maximizethe parention,
(CpMn(CO})™*, andshownin figure4.28. This pulseresultsfrom a multi-photon
optimizationexperimentwherea single laserbeamcenterecat a wavelengthof
around800nm (1.55eV) with spectrawidth of AA =8-10nm (0.016-0.01%V),
thereferenceulse passeacrossapulseshapesetupwhichallowsthesimultan-
eousmodulationof phase-andamplitude. The outcomingoptimal pulse(cf fig-
ure4.28)whichcontrolstheproductionof the parenton consistof two dominant
sub-pulsegollowed by a third, maginal one,with ca. 85 fs time delays. Figure
4.28alsoshowghephasevhichchangedittle aroundthefirsttwo sub-pulsesThe
maximumof the phasebetweerthe secondandthe third sub-pulsgossesseso
physicalimportancesincetheintensityin thatregionis nearlyzero.
Usingthephasep thechirp canbe calculatedaccordingo [132]:

d¢

— 4.15
=, (4.15)

W =wy —

wherewy is the carrierfrequencyof thereferencepulsé. Fitting the phaseof the

INotethatin theliteraturethe negativesignin equation(4.15)is sometimeseplacedy apos-
itive one,for instanceseeref. [133)].
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Figure4.28: Experimentabptimal controlpulseandcorrespondinghasg129].

threesub-pulsegseefigure 4.28)with a polynomialfunction,onegets[129]:

first sub-pulseip = —0.00821 — 0.0036 - ¢ + 6.98955 - 10 °t% + 6.55448 - 10~ ¢3
(4.16)

secondsub-pulserp = —1.85989 - 10™* + 7.79724 - 10™* - ¢ 4+ 6.21517 - 107> - 2
(4.17)

third sub-pulseip = —0.13866 + 0.00226 - ¢ + 8.99761 - 10 -
(4.18)

Asaresultfromthelineartermin thepolynomialexpansiornf thephase—0.0036-
t, thefirst sub-pulsérasaslightly highercentralfrequencythantheoriginal pulse.
The valueof this blue-shiftiAw = 0.0024eV corresponds$o ca. 0.16 % of the
referencdrequency(1.55eV). Resultingfrom thelinearterm (7.79724 - 104 - t)
the secondsub-pulsas slightly red-shiftedby 0.0006eV Furthermorepoth,the
first("pump”) andthesecond’probe”) sub-pulseshowaslightlineardown-chirp
with valuesA¢ = 2-6.98955-10°-t andA¢ = 2-6.21517-107°-¢, respectively
Butthesdinearchirpshaveanegligibleeffectonthepump-probespectrumastest
calculationshaveshown.
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The wave packetdynamicsinducedby the optimallaserpulsecanbe under
stoodby meansf a carefulanalysisof the pump-probespectrunshownin figure
4.20. This spectrumshowsa first and mostintensemaximumat a delaytime of
85 fs, which is alsothe delaytimesbetweenhe threesub-pulse®f the optimal
controlpulse(cf figure4.28). Thepumpandprobeenegiesin thatcasehavebeen
3.49eV and4.716eV, respectivelyseetable4.2) and,asexplainedn subsection
4.5.1,thepump(z-pol.) andprobepulsesnducepredominantlys' A’ — ¢! A’ and
ct A" — (b* A')T transitionsyespectively Accordingly, we assumehattheoptimal
pulseachieveshetarget,i.e. increasinghepreparatiorof parenionsby hindering
fragmentationin two dominantsequentiasteps:First, selectiveexcitationto the
ct A’ neutralstate(first sub-pulse)andsecondselectiveionizationto the (bt A')
ionic state(secondsub-pulse)followed by a third, lessimportantstep(third sub-
pulse). Sincethe third sub-pulsehasa muchlower intensitythanthe othertwo
sub-pulsesit hasonly mamginal effectsnot includedin the following theoretical
simulations.

The dominanteffects of the first and secondsub-pulse®f the optimal laser
pulsearedemonstratetdy simulationof the wavepacketdynamics,llustratedin
thesnapshotshownin figure4.29. Theexperimentalwo- andthree-photorxcit-
ation(first sub-pulsepandionization(secondsub-pulseparerepresentead thethe-
oreticalsimulationsby singlephotonprocessewith meanphotonenegies3.490
(2x1.745eV) eV and4.716(3x1.572)eV. The effect of thetwo sub-pulsesre
containedn figure4.29andtheycanbe explainedasfollows: Thefirst sub-pulse
mustavoid excitationof stateb! A” sincethis statewould decaynonadiabatically
to the dissociativer'! A” state,causingcompetingpreparationsf parentaswell
asdaughterions,channelg4.12)plus(4.13)afterthesecondsub-puls€seeprevi-
oussubsectionanalysis). Insteadthefirst sub-pulseshouldexciteexclusivelythe
c' A" statewhich doesnot decayto any dissociativestate on thetime scaleof the
optimallaserpulse.Forthisfirst purposethelaserpulseoptimizationshouldgen-
eratethe first sub-pulseconsistingof the high-frequencycomponent®f the ref-
erencepulse. In our theoreticalsimulation,a slightly higherpumpenegy more
in resonanceavith thec' A’ statethanthe previous’analysis” pumphasbeenem-
ployed.In thesimulationdescribinghecontrolwe usedapumpenegy of 3.49eV
= 2x1.745eV andin the onedescribingthe pump-probespectrumwe used3.43
eV =2x1.715eV. Thepumppulsein ourcontrolexperimentas thereforea0.03
(perphoton)x 2 eV = 0.06eV higherenegy thanin the analysisexperimenof
the pump-probespectrgprevioussubsection).

Thesecondsub-pulseprobeshewavepacketin thect A’ stateslightly before
it reacheghe barrierataround2.5A atatime delayof 85 fs correspondingo a
propagatiortime of 135fs in figure 4.29. After this time delaythe populationin
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Figure4.29: Hypotheticalcontrolmechanism.The excitedandionic statesvave
packetsavebeerenlagedwith respecto thegroundstateby factors30and1000,
respectively Thefirst andsecondsub-pulsef the optimalcontrolpulse(cf figure
4.28)aresimulatedby "pump” and”probe” pulseswith photonenegies3.49eV
and4.716eV, respectively

the c! A’ statewill decayascanbe seenfrom the pump-probespectrumin figure
4.20and thereforealaterpreparatiorof parenions(analogouso probing)would
belessefficient. To beresonantvith the(b! A’)" ionic statetheprobe(secondsub-
pulse)needdo havealowerenegy thanin ourpreviousanalysisimulationwhich
was4.852eV. In ourtheoreticakimulationof the controlmechanisna probeen-
ergy of 4.716eV hasbeenemployedcorrespondingo atheoreticakhift of -0.136
eV or 3x(-0.045)eV in a 3-photonexcitation.

Dueto the frequencieemployed the describednechanismeadsin our the-
oreticalsimulationto a nearlyexclusiveproductionof the parention, whereasn
theexperimenthe obtainednasspeakratiosCpMn(CO)"/CpMn(CO); hasbeen
1:13beforeandl:16afteroptimization[24] correspondingp anincreasef parent
ilonsbut notto a completeoptimization. This incompleteness dueto the small
spectralvidth (8-10nm) of thereferenceulsewhich doesnotallow amodulation
to higherpump(first sub-pulsenegies,which would producebetterresonance
with theboundc! A’ state.

Note thatthe enegiesin the pump-probeexperimentare2x or 3x 1.54eV
(805 nm) but the carrierfrequencyin the control experiments 2x or 3x 1.55
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eV (800nm). Theexperimentablue-shiftsof the pump(2 photons)andprobe(3
photons)arethus0.02eV and0.03 eV, respectively In addition,the pumpen-
ergy is blue-shiftedoy 2x 0.0024eV andthe probeis re-shiftedoy 3x 0.0006eV
comparedo the referencepulseeneny, ascalculatedaboveusingthe fitted op-
timal phase.Thereforethe overallexperimentablue-shiftof the pumpsub-pulse
in figure4.28comparedvith thepreviouspumpin table4.1lis 2x (0.01+0.0024¥F
2x 0.0124eV which correspond$o 0.8 % of thepumpenegy in the pump-probe
simulation.Theprobesub-pulsef the optimalcontrolexperiments blue-shifted
by 3x (0.01-0.0006)with respecto the probeenegy givenin table4.1.

Theexperimentaandtheoreticakhiftsaresummarizedh table4.3. Thetheor
eticalbue-shiftof thepumpenepy (2x0.03eV) andred-shiftof the probeenegy
(3x 0.045eV) arethreeandfour timeslargerin absolutevaluethanthe experi-
mentalpump(2x 0.0124eV)andprobe(3x0.0094eV) shifts,respectively This
differencebetweertheoryandexperimentccountsn partfor arelativeshift of the
potentialenegy curvege.g. A’ vs. A” orneutralexcitedvs. ionic states) Another
partmay alsobe dueto the fact thatthe proposedheoreticaimechanisnexclus-
ively producegarentions, whereasn the experimentheyield of parentionsis
only maximizedasmuchasthenarrowspectrarangeof thereferenceulse(8-10
nm) allows.

pumg*? (control) - pumg*? (analysis) (2 photons)
probe®? (control) - probé®? (analysis) (3 photons)
pump”e° (control) - pumg”¢ (analysis) (2 photons)
probé”<° (control) - probé™¢° (analysis) (3 photons)

2x(0.01+ 0.00124)eV
3x(0.01- 0.0006)eV
2x0.03eV
3x(-0.045)eV

Table4.3: Experimentalexp)andtheoreticaltheo)shifts of thepumpandprobe
enepgiesin controlvs. analysis.

Thequantitativeandqualitativeeffectsof thethird sub-pulseremaiginal, yet
complex,in comparisorwith the dominantfirst and secondsub-pulses.On the
onehand,asmallfractionof thewavepacketin thec' A’ statewhichwasnotion-
ized by the secondsub-pulsegould vibrate backto the left turning point of the
ct A" potentialwell. Thereit would be transferrednto parentionsin the second
ionic excitedstateby thethird sub-pulse Onthe otherhand,a fractionof theori-
ginalwavepacketn theelectronia:! A’ groundstatewhichwasnotexcitedby the
first sub-pulseouldbeexcitedto therepulsiveb! A’ stateby thesecondsub-pulse.
Beforecompletedissociationpartof thatpartialwavein thes! A" statewould be
trappedasparenionsby thethird sub-pulsewithoutproducinganydaughterons.

In conclusionthemechanisnof theoptimallasermpulsefor producingpredom-
inantly parentions CpMn(COY);, channel(4.12), hasbeendiscoveredafter care-
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fully analyzinghigh resolutionpump-probesignalsby meansf quantundynam-
ical simulationsbasedn ab initio potentials.Theanalysishasbeenfacilitatedby
therathersimplepatternof theoptimallasemulseconsistingof two dominantsub-
pulsesplusathird maginal one. Thefirst sub-pulses supposedio actasa pump-
pulsepopulatingin asmuchaspossiblethe ¢! A’ state.After a delayof about85
fs the secondsub-pulseprobe)transfershe ' A’ populationto the (b* A’)* ionic
stateto form the parention. Startingfrom the referencepulse,the laseroptimiz-
ationgenerateswo dominantsequentiabub-pulsesvherethe pumphasslightly
higherandthe probehasslightly lower frequencieghanin the previouspump-
probespectrumin orderto yield the tametion (via the excitedc! A’ state)while
suppressinghe competingchannelhere:via the excitedb! A” state).

Thepresenanalysigmayalsobeextendedor predictionsof optimalpulsedor
thedaughteion CpMn(CO)}": The pumppulseshouldhavea lower centralfre-
guencythanthereferenceulseto populatepredominantlthelow-lying repulsive
bt A’ state.Subsection.5.1studieshepump-probespectrausinga pumplaserof
enegy 3.23eV which transferthe main part of the populationto this state. The
wave packetin the b' A’ state,seediscussiorin subsectiort.5.1,would prepare
thedaughtefion providedthe probeenegy is highenougho mainly transferit to
the(a2A") " ionic stateatadelaytimewhichcorrespondso enougtkineticenegy
to overcomeheionic statedarrier Thus,lowerpumpandmuchhigherionization
(probe)frequenciesrenecessario achievethistarget,i.e. optimizingthedaugh-
terion yield. The excitationto the b* A’ stateinvolvesalsoan alternativeway of
producingthe parention. As hasbeendiscussedn section4.5.1,the pumpand
probeenegiesof 3.23eV and3.92eV, respectivelymainly producethe parent
ion (cf figure4.18).

The presenshift of the groundstateminimum (0.04A) andthe scalingof the
thekinetic couplings(x 0.75)arewithin quantumchemicalaccuracy The shift
andscalingcorrespondo an’inversion” of theexperimentapump-probendcon-
trol spectrafrom which we haveextractednformationto fit the theoreticalsig-
nalsto theexperimentabnes.Additionalexperimentaandtheoreticaktudiesnay
serveto fix otherparameters.g. theverticalexcitationenegiesof theexcitedand
lonic states.



