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Different methods to obtain information about the probability densities of vibrational wave packets in diatomic
molecule are compared. More explicitly, we consider puipmbe ionization processes. Time-resolved
photoelectron spectra and total ion yields as well as fragment ion distributions are calculated, and these different
quantities are employed to reconstruct radial densities. It is shown that-pomoipe ionization experiments

are well suited for the mapping of vibrational wave packets.

1. Introduction in time-resolved experiments has been addressed by several

ggroups. Itis, for example, possible to use the technique of time-

gated emission spectroscépyo map the probability density

of vibrational wave packets in a diatomic molecélé? Also,

a typical experiment, a first laser pulse, commonly termed the It can be shown that _th_e_ probability density of a wave_packet
which serves as the initial state for a resonant excitation of a

pump pulse, interacts with the system and produces a Iinearmolecule in a well defined geometry can be related to the time-
combination of eigenstates, i.e., a wave packet. At a variable | """ N y ey
derivative of a pump-probe fluorescence sign#d:

delay-time a second pulse (probe) causes another transition in Regarding ionization processes, other approaches have been
the system. A signal then is recorded as a function of the pump realized. Seel and Domcke showed that time-resolved photo-

probe delay, yielding information about the dynamical behavior . S

of the system under investigation. Here we are concerned with electron s%eztétra d|_rectly r_eflect the wave packet dyn_am|cs n

pump-—probe ionization measurements where the transient Signalmolec_ules%v Th?'r _semlnal_ study treated a m“'“'_m"d?
vibrational dynamics in pyracine but the mapping is unique in

consists of an ion yield or photoelectron distribution. Many the simple case of a single vibrational mode, e.g. for a diatomic
experiments have been performed using femtosecond pump p - Y . €.
molecule?” Here, femtosecond experiments of Baumert and co-

probe ionization and the detection of ions, see, e.g., refs. 3 workers showed beautifully the changes of radial probabilit
Also, femtosecond time-resolved photoelectron spectroscopy,densities in the l\@molegule in weg?@ and stronp laser y
which has been reviewed extensively recefityhas become o7 oo o e St TS Comb ex glosion of
a valuable technique to investigate dynamical processes in : chnique employs. EXplos
molecules. molecules when_a Igioll_s;f;’omatlng ions interact via their pure
The present paper is concerned with purppobe ionization dcig'lfjrliobrlﬂ?onrepi)glljlsoir;formggcr)i, attk)]guta;yemv[\)/gg r:(?lg(tari]:lume
signals and the imaging of molecular wave packets. To be more y . : P .
neutral system. Of course, this technique can also be applied to

precise, the question to be asked is as follows: if a vibrational ionization processes involving sinale or double ionizafb#
wave packet is prepared in a molecule, then how much of the Ex erimZntaI and theoreticgl effogrts have been reported Which
properties of this packet can be traced in a signal? The relation _. P P

of measured signals to quantum mechanical wave functions hasM at the construction of wave packets, concerning not only

a long history. As a prominent example, we mention the :jr;:érugzggltr{e?gt also their phad®:®“° This topic will not be
reflection principle of cw-spectroscopy: in a molecular bound- In the foll : . . . he vibrational
to-free transition, the absorption spectrum directly reflects the n ¢ e following sections, we Investigate t e vit rationa
ground-state wave function of the syst&mi2for an application motion in a bound-state potential of the sodium dimer (see

in atomic photoionization, see the work of Ré%tikewise, Elglg_e 1)£ 'tl'hef Slrobet_pu!se |r}|t|at;esv<'§1/ trar;snllo:] :ﬁ etln a’?“'t
excitation profiles in continuum resonance Raman spectroscopy onding state ot the cationic molecule. YVe cajculate the transien

map the nodal structure of the final state in the two-photon signals tOf phgltca[glsc:.ron spe((:jtra, total ion yleldts, and frarllgmgn'[l
processd#-17 Also, it is possible to relate properties of wave Nomentum dISbulions and compare guanium mechanica

functions directly to rotational (otational reflection princitfle ~ d€nsities as constructed from the various signals with the

and vibrational (vibrational reflection princig® fragment nume.rlcallly obte}lned ones. .Thle thelory and the quel are

distributions in photodissociation processes. descgbed in section 2. !\Iumgrlca results are presented in section
Whereas the latter examples do not explicitly involve time, 3 and a summary is given in section 4.

i.e., transient changes of a system, the imaging of wave packets)  Theory and Model

The preparation of quantum mechanical wave packets an
the real-time observation of their dynamics is at the heart of
time-resolved spectroscopy with femtosecond laser pdfisks.

 Part of the “Gert D. Billing Memorial Issue"" 2.1. Pump—Probe lonization. We regard a pump/probe
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molecule. The wave function corresponding to the ejection of

e(E) a photoelectron with kinetic enerdy then ig526
WE(t)D: UE(t - T) WE(T)D (4)
2 with
8l (AB)'
S& t= 2 7 bt U(—t) Wot) Ut 0 (s
Sotr o weMB= T -, dt Ue(=0 Wo®) Uy(®) [po(MOD - (5)
> vl
4 11
,l_a Here, we assumed (besides the usual B@ppenheimer
I l E A+B'(p) separation of electronic and nuclear degrees-of-freedom) that
81 In the photoelectron decouples from the nuclei and the other
87 |, electrons. The propagator in the ionic stafe(t) = exp [~i(H,
4N ) + E)t], contains the nuclear Hamiltonid# and the photoelec-
5 tron energy as an additive constant. The interaction energy is

25 4.5 6.5 8.5 10.5
-10

r[10"°m]

Figure 1. Pump-probe ionization schemes. Upper panel: ionization
at a delay-timd yielding photoelectrons with different kinetic energies L
E. Middle panel: threshold ionization with different photon energies Where the notation is as above.
(indicated by the arrows) allowing one to image properties of the  The state$ye(t)Care of central importance for the calculation
vibrational wave packet passing a critical bond leng(ff) where of various experimentally accessible signals as will be detailed
ionization becomes possible. Lower panel: during an ionization at iy the next subsection. To calculate these states we solve the
delay-timeT, building of fragments with momenfa This goesinhand  ie_dependent Schdinger equation using the method of Feit
with the production of photoelectrons with ener§y The horizontal " L . o .
line defines an energycorresponding to a kinetic fragment energy of and FIe(_:K? _The Ionlzatlo_n C(_)ntlnuum IS dlscretl_zgd so that the
€ — Vi(w) = pZ/(2m). nuclear ionic wave function is calculated for a finite number of
energieskE,. All transition dipole moments are, within the

|00 (125), the double minimum statg¢l0 (3,) and the Condon approximation, set to a constant value;@gf= 1.
dissociative ionic statél((2y) of the sodium dimer. The 2.2. Pump—Probe lonization Signals.The photoelectron
potentials of the latter two states are displayed in Figure 1. In spectrunP(E, T) is determined from the probability of finding
the pump process, initiated by a femtosecond pulse with a electrons with a fixed kinetic enerdy which is given as the
photon energy ofv; (atomic units are used throughout this horm of the ionic states of eq 5:
paper), a vibrational wave packet is prepared in staféVithin .
the probe transitiondfy), ionization takes place at a defined P(E,T) = We(MIye(MU ™
delay-timeT. The ionization scheme, as displayed in Figure 1,
was realized in several femtosecond purppobe ionization
experimentg4443

In what follows, we assume that all transitions are electric
dipole transitions and the fields are weak so that the matter
light interaction may be described by time-dependent perturba-
tion theory. Thus, the wave packet prepared in the pump proces
can be written as

W) = — 50, 0,0 € ©)

Note that the spectrum explicitly depends on the puipiobe
delay T. Also, since the population in the ionic state remains
constant after the ionization pulse stops, the stgte8at time
t =T (eq 5) enter in the expression for the spectrum. Thus, the
subsequent time evolution in the ionic state does not influence
the spectrum, which is important with respect to the wave packet
S1maging; see below.

The total ion yield, as a function of the pulse-delay, is
1y, 0= U, (t)[1,(0)0 @ calculated from the photoelectron spectrum by integration:

where U(t) is the propagator for the nuclear motion in state PodT) = f dE P(E, T) (8)

|10and Another measurable quantity is the momentpjrd{stribution

1 oo of the ionic fragment&(p, T). This distribution can be calculated
ly,(0)= 7 f_ L, At U (=) Wi(t) Ug(t) o0 2) from the momentum-space wave functions of the state&)C
as

Here|yolis the initial vibrational state in the electronic ground o _
state|0Jthe rotational motion is not included in what follows), F(p.T) = m f dE |0pIUg(t — T)WE(T)D]Z o

evolving in time with the nuclear propagatddo(t). The
interaction energy is f dE |ip — WE(T)H]Z ©)
1 ) The ketgp—[hare the eigenstates of the full nuclear Hamiltonian
Wi (t) = ~ 5 M0 g,(t) e 3) and|pClare plane waves. It is important to notice that here the

time-limit enters if the fragment distribution is calculated in
terms of the projection on plane waves; i.e., a wave packet
prepared at timd has to move into the asymptotic region in
order to arrive at a constant momentum distribution.

where only the term leading to absorption was kept. The pulse
envelope is denoted ax(t) anduo is the projection of the
transition dipole moment on the field polarization vector.

The wave packety,(t)Omoves unperturbed until the second
laser pulse starts interacting with the molecular sample at time
T, thus inducing ionization. In the ionization process, the photon  3.1. Transient Photoelectron SpectraWe start with the
energy is shared between the photoelectron and cationicwave packet reconstruction from a given photoelectron spec-

3. Wave Packet Imaging
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trum. Therefore, an approximation to the equation for the ionic P(E) for a fixed delay-timeT. The approximations leading to
states|yg(T)0is employed. The approximation consists of the eq 17, namely (a) the neglect of commutators of the potentials
neglect of commutators between the kinetic energy operatorswith the kinetic energy operator and (b) the replacement of the
and the r-dependent operators (potential energy, dipole window functionl(r,E) by a d-function, may be analyzed in

moment}f>->1 leading to detail#"5% Here we remark that for a constant difference
potential, approximation (a) becomes exact, but then, the
Ye(r,T) = wyo (1) w4(r,T) 1(r,E) (10) spectrumP(E,T) is independent of the actual position of the
] ] wave functiomyy(r, T) (and consequently of time). Also, for a
with the integral o-pulse excitation, the spectrum becomes energy- end

i . independent and no information can be gathered from the signal.
I(r,E) = > f_m dt MOV~ (@2mBt g,(1) (11) On the other hand, for a very long pulse, the correction term
c(r,E) in eq 16 vanishes but then, approximation (a) is invalid.

Here Vi(r) denotes the potential energy in staml The We_thus expect that the conngction formulateql in egs 16 and
photoelectron-spectrum now takes the form 17 is reasonable for substantiallydependent difference po-
tentials D(r) and for pulses that are short compared to the
_ 2 vibrational periods but long enough to guarantee that the window
P(ET) f dr p(r.T) (Bl (12) function I(r,E) is strongly peaked around the root of eq 15.
where we used the definition for the density In .the numerical examples g.iven in section 3, t.he wave
functions|yg(T)Care calculated without further approximations
o(rT) = |y (r) 9o (r, T2 (13) from eq 5 and the photoelectron spectrum is obtained from the

norm of these functions (eq 12). This spectrum is used as the

It is the latter quantity that we want to reconstruct. From eq 12 input for the inversion; e.g., it plays the role of a data set which
it is clear that, to do so, a knowledge of the spectiR(f) and is taken from experiment. The density is obtained from_eq_l?
the function|(r,E) is necessary. It is also obvious, that the Where the connection between energy and bond length is given
product between the transition dipole moment and the vibrational Via the resonance condition of eq 15. .
wave function cannot be disentangled. 3.2. Transient lon Yields. In this subsection we discuss an

Let us now proceed to calculate the density from eq 12. As imaging method which was first suggested in connection with
one possibility, the integral can be discretized, which leads to Pump-probe fluorescence signafszHere, we briefly describe
a matrix equation. The latter could, in principle, be inverted to the idea and extend the method to experiments which measure
yield the density. This approach was recently investigated by transient ion yields. Figure 1 (middle panel) shows an ioniza-
us in connection with the determination of dipole moments from tion scheme, where the photon energy is chosen such that
time-resolved photoelectron specifaNe will not discuss the ~ for @ certain bond length = a, it matches the difference

method here. Instead, we evaluate the time-inteigrdf) em- ~ Potential, i.e.., = D(r = &). For delay-time§, when the wave
ploying a Gaussian envelope functiongaét) = exp(—(3t/2)?) packety(r,T) is located at distances smaller thana, ioni-
leading to the expression zation is not possible. The ion yield increases if the packet
moves into the region with > a and will eventually settle to
_ l / 2 _—(D()—(w—E))p? a constant value. This happens, if the transition dipole moment
I(r.E) 2 Amlp~e (14) (i1 can be approximated by a constant and the laser frequency

. . ) is large enough, for a detailed discussion; see refs 25, 54, and
where we have introduced the difference poteridi@) = Vi(r) 55. Of course, for later times, the wave packet will pass the

— Va(r). The functionl(r,E) represents a window function which  distancea on its way back and the signal again decreases to
is peaked around distanceswhich are the roots of the equa-  zero.

tion As in the last section we use a Gaussian prghgse to
obtain the total ion yield as
D(r) — (0, ~ E) =0 (15) g
T 00 —[E—(wr— 2/532
Thus, for a monotonic difference potential (which is the case PodT) =f?f dr p(r,T) [ dE e 2E- (PO (18)

in our numerical example and will be assumed in what follows),
the last equation establishes a clear connection between the bon
length and the photoelectron energy. The window function
becomes a representation of #héunction in the limit of long
pulses (i.e., fop — 0). Thus, we may write

g’erforming the integration over energy and employing properties
of the error function erf()% yields

b B (.7{/2)3/2 d
I(r,E) = in{o(D(r) — (w, — E)) + c(r,E)} (16) ol 1) = T f r p(r,T) x

y : V2[w, - D(r)]]}
where the additional term(r,E) compensates for the error made 1+ efl————[( (19)
by replacing the window function by @&function. Neglecting B
the termc(r,E) yields the spectrum in the simple form The latter equation demonstrates in a clear way what has been
o(r,T) said above: if the density(r,T) is located in a region where
P(E,T) ~ > a7) the argument of the error function is substantially negative, the
|dD(r)/dr|ri signal is zero. If the wave packet moves into the region to the
right of a, the signal levels off to a constant proportional to the
where we have used the property of théunction: 6(f(x)) = area under the density, see the discussion in refs 24 and 56.

o(x)/|dffdx|x. This equation, together with eq 15, relates the  To establish the relation between the total ion yield at a fixed
radial probability density(r) and the photoelectron spectrum delay-time and the radial density, we replace the expression
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(1 + erf(x))/2 appearing in eq 19 by a step functi®{r — a). 2
I,(r,E) =im| 6

p
am Vi) = Vi) ~ (0, E))] =

It then can be shown thét
2m

dP(T) (-
ar 1@mn (20) vy (ryar],

(28)

with j(a,T) being the probability flux through the point= a at _ . .
time T. Employing the definition Here, the values; are obtained as roots of the equation

2

i p
(1) Po(r,T) = (1, T) €D (21) o FVI®) = V() — (@, ~ E) =0 (29)
where §r,T) is a real function and assuming that the latter

i i Note that, since we have used a projection on the eigenstate
depends only weakly on the delay time, one finds pro) g

|p—Oto calculate the fragment distribution, the value of the
momentunp is fixed so thatr depends only parametrically on

dPio(T) _1 dSr,T) a 22 p. Evaluating the integral overleads to the fragment distribu-
p(aT) (22) .
aTr m{ dr tion
wherem is the reduqed mass. Thus, under the a.ssum'ptions' as | — Iri(E)Eﬂzp(ri(E),T)
made above, the time-derivative of the total ion signal is F(p,T) ~ f dE > (30)
proportional to the density at the resonance pointa at time |dVy(r)/dr|; g

T.
In a last step, the density is constructed from the equation To eliminate the integral over energy, an additional approxima-
tion is introduced. Therefore, although the probe pulse is
_ dP(4) spectrally broad, we employ the limit of energy conservation
plr=a+ vt T) ~ di J =1t which says that, at a given valuegfwe must have (see Figure
1, lower panel)
Here enters the average velocity of the wave packet motion
in state |10 which can be estimated classically as = Vi(r) + w, =Vi(r) + E (31)

A 2(wq, — V4(@))/m.

3.3. Transient Fragment Distributions. A third method for

(23)

This allows one to eliminate the photoelectron energy from eq

imaging wave packets was used before in the connection Wit?\9 o obtain

the Coulomb explosion of small molecuf@s33 A critical 2

analysis of this method was given by Chelkowski and Ban- p_ + V() — V,(r) =0 (32)
drauk3® The main idea here is to relate the asymptotic 2m ! !

momentum distribution of the atomic ions to the dengpifryT)
at the timeT that the ionization proceeds; see Figure 1, lower
panel.

Inserting eq 5 into the expression for the fragment distribution
(eq 9) yields: F(p,T)

F(pT) = [ dEl [dr p—|r0 o _ _ _ _
o i In principle, for a given potentia¥(r), the stationary scattering
@) dte® ’2m+v'(°°)+E_‘”2_V1)t§ 9u(1) 141 Y4(TIP (24) statesip — |rOcan be calculated by solving

Since the roots;, as determined from the latter equation, are
independent ok, the momentum distribution now reads

I I AT

AV, (r)/dr|? (33)

2

p
> 1 V()

o lp—0 (34)

a2
where we used the fact thap—[is an eigenstate of the [p—+vl} lp—=
Hamiltonian in the ionic state and neglected the kinetic energy 2m

operator in stat¢ll] Employing, as in the preceding sections, @ aying the proper boundary conditions into account. Within a
Gaussian for the probepulse envelope, the time integral can  |inaar approximation to the potential around the paintthe

be evaluated as solution of the time-independent Sétinger equation is an Airy
. _ function Ai(r = r;) = Ai(0), thus is independent af 12 and
I(rE) =3 SOt gPMIVIC) Va0 Bt g 1y (25) may be omitted in evaluating the fragment distribution. The final
expression then is

B O A e Y S T)
2 i1

F(p,,T) ~ W (35)

Following the arguments as given in section 3.1, the window lavy(r) r|ri

function s written as The expression for the photofragment (eq 35) and photoelectron

| (r,E) = spectrum (eq 17) are very similar and are identical if the
P 5 denominators (containing the derivative \#f(r) and D(r) at

p
in[é

o TVI(®) = Vi) = (@, — B)

the same resonance distance) are set to the same constant. They
+ Cp(r'E)] (27) are, however, based on different kind of approximations.
In practice, the momentum distributions are calculated from
The latter function is now replaced bydafunction as eq 9: for a fixed value oE we propagate the wave functions
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T T T T T

(photoelectrons)

150 fs

3 1 3
r[107° m] r[10™"° mj
Figure 2. Constructeddc) vs numerically exact densigyfor different Figure 3. Constructeddc) vs humerically exact densigyfor different
pump-probe delays. The densities are derived from the photoelectron pump—probe delays. Here the wave packet imaging is performed using
spectra. the time-derivative of the transient ion yield. The choice of the probe

photon energies allows for the mapping at different bond lengths. The
numbers given in the different panels indicate the times when the wave
packet has completely entered the excitation window so that the
ionization signal has leveled to a constant.

we(r,T) until they are completely localized in the asymptotic
region. Then the coordinate space wave function is transformed
into momentum space. This is repeated for a discrete set of
energiesE which covers the photoelectron spectrum sufficiently.
Finally, the energy integral is calculated. The thus obtained
distributions which represent the experimentally provided input
then enter into eq 35 to determine the dengify), where the
distancegs; fulfill eq 32.

first two parameters, the constructed and numerically exact

densities agree perfectly. A larger discrepancy occurs irathe

' = 5,0 A case, mainly at longer bond lengths. This has to do
with the fact that here the wave packet passes the barrier of the
double minimum state and thus the approximation of a constant
velocity vo within this state is not valid. It has to be noted that
a wave packet being localized in the regions of the classical
First, the construction of radial densities from photoelectron turning points in the potential;(r) cannot be monitored using

spectra will be treated. In what follows, results are discussed the flux method as described above, since the transient ion

for photon energies of 3.73 eV (pumpulse) and 4.5 eV  yield will not level to a constant value as a function of delay

(probe-pulse). The Gaussian pump pulse had a duration of 50 time.

fs (full width at half-maximum), and a shorter (Gaussian) Finally, we discuss the wave packet imaging by inversion of

probe-pulse of 20 fs was employed. Figure 2 compares the the fragment distribution. As in the case of the photoelectron

numerically exact density(r,T) with the constructed density  spectra pulses withh; = 3.73 eV, 50 fs width (pump) and;

4. Numerical Examples

pc(r,T) obtained from eq 17 for different delay-timé&s as =45 eV, 20 fs width (probe) were employed. The upper panel
indicated. In our case, the difference potential between the of Figure 4 compares the densities at a delay-tim& ef 100
double-minimum stat¢lJand the repulsive ionic staté’is a fs. Here, the vibrational wave packet in the intermediate state

monotonicly decreasing function of (in the region, the is localized at a bond length between 3 and 4 A. The constructed
vibrational wave packet dynamics takes place), so that there isdensity is shifted slightly toward smaller distances as compared
a one-to-one correspondence between the paintnd the to the numerically exact one. At a later time of 150 fs, the fact
photoelectron energy, as defined via the equality in eq 15. The thatp; peaks at smaller distance is as well observed. This trend
figure documents that the prescription for the construction of continues and is most pronouncedTat 250 fs (lower panel
the density is indeed excellent, as was demonstrated theoreticallyof Figure 4). The reason for the discrepancy in the location of
before®”58 For all three delay times, the position of the the two densities can be rationalized in the following way: the
maximum ofpc(r) coincides with that op(r). Also, the widths basic idea of the construction method is that the initial wave
of the densities agree well so that here we may say that wavepacket, produced within the ionization step, carries a momentum
packet imaging through time-resolved photoelectron spectros-distribution which is dominated by components with zero
copy works very well. momentum, and thus the energy at early times is almost exclu-
Next, we turn to the densities, as obtained from the total ion sively potential energy. The latter then is transformed into kinetic
yields using eq 23. The same parameters for the pulses asnergy of the fragments. The assumption of a mean zero mo-
specified above were used except that the probe photon-energymentum is not necessarily valid: since the wave pagkét T)
was varied. As is sketched in Figure 1, resonant ionization with is moving outward in the double-minimum state, its kinetic
pulses of different photon energies selects different bond  energy is transferred into the ionic state (see, e.g., eq 10). Thus,
lengthsr = a, at which the vibrational wave packet can be the fragment distribution peaks at a higher momentum which,
monitored. Figure 3 contains the calculated densities. We chosein turn, yields a constructed density at shorter distances. This
> to assume values of 3.1 eV (upper panel), 2.95 eV (middle reasoning also explains why the mismatch in the peak position
panel), and 2.76 eV (lower panel), corresponding to bond lengthsincreases in going from 100 to 250 fs since for the longer time,
of a= 4.3, 4.6, and 5.0 A, respectively. For the choice of the the lower state wave packet has picked up more speed.
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T ' wave packet in comparison to the results as obtained using the
(fragment other two methods. It should be noted that in all three cases
essentially the same approximation were involved leading to a
simple physical picture relating wave functions and observables.
It is of course possible to implement corrections (see, e.g., ref
33) to the approximations, but owing to limited experimental
resolution this might not be useful. In conclusion, we have
1 demonstrated that pumprobe ionization experiments are well
suited to characterize vibrational wave packets in small mol-
ecules and to monitor their temporal changes.

distribution)

100 fs

Acknowledgment. We gratefully acknowledge support by
the NRC-Helmholtz Program, the DTU Visiting Scientist Pro-
gram (project ADAM), and the Fonds der Chemischen Industrie.

References and Notes

(1) Garraway, B. M.; Suominen, K.-ARep. Prog. Phys1995 58,
365.

(2) Yeazell, J.; Uzer, TThe Physics and Chemistry of WaPackets
Wiley: New York, 2000.

(3) Baumert, T.; Gerber, GAdv. At. Mol. Opt. Phys1995 35, 163.

(4) Baumert, T.; Herek, J. L.; Zewail, A. H. Chem. Physl1993 99,
4430.

(5) Berry, R. S.; Bonacic-Koutecky, V.; Gaus, J.; Leisner, T.; Manz,
J.; Reischl-Lenz, B.; Ruppe, H.; Rutz, S.; Schreiber, E.; Vajda, S.; de Vivie-

2 8 Riedle, R.; Wolf, S.; Wete, L.Adv. Chem. Phys1997, 101, 101.
(6) Schwoerer, H.; Pausch, R.; Heid, M.; Engel, V.; Kiefer,JMChem.
] ) ] ] Phys.1997, 107, 9749.
Figure 4. Constructedd.) vs numerically exact densigyfor different (7) Neumark, D. MAnnu. Re. Phys. Chem2001, 52, 255.
pump—probe delays. The momentum distribution of the fragments was (8) Stolow, A.Int. Rev. Phys. Chem2003 22, 377.
used for the construction. (9) Stolow, A.Annu. Re. Phys. Chem2003 54, 89.

(10) Herzberg, G.Spectra of Diatomic Moleculesvan Nostrand

. L . . Reinhold: New York, 1950.
As a second observation the deviation in the width of the "~ (11) Teliinguisen, J. IPhotodissociation and Photoionizaticdrd ed.:

two densities is much more pronounced in the 250 fs case thanwiley: New York, 1985. _ _ o

at earlier times. Because of the large positive momentum from 5 (12) gCh'rt‘)k%’ R-Pé‘OI?d'Zsicéggon DynamicCambridge University
. . . ress: Cambridge, England, .

the intermediate state dynamics, the fragment momentum™ " 13y Roci "3 MJ. Phys. B: At Mol. Opt. Phy€.995 28, L601.

distribution yields a constructed density at too small distances (14) Kolba, E.; Manz, J.; Schreier, H. J.; TriscaChem. Phys. Lett.

where the potential energy is rather steep and thus the width1992 189 505. ) )
becomes too small as well (15) Vogt, P.; Schmitt, M.; Kiefer, WChem. Phys. Lettl995 243

64.
Altogether, for the example regarded here, the use of the (16) Lee, S. Y.Chem. Phys. Lettl993 203 93.
fragment distribution is good as long as the vibrational wave 88 Eichhe:(sddsrhg/lh; Eng;# Vigggnéspggjé Lettl996 263, 640.
H H H H chinke, R. em. YS. X .
packet in statélChas not develope_d a momentum distribution (19) Hennig, S.: Engel, V.. Schinke. B. Chem. Phys1986 84, 5444.
far away from zero momentum which, in the present example, (20 Eberly, J. H.; Wodkiewicz, KJ. Opt. Soc. Am1977, 67, 1252.
is the case at small delay times. The imaging procedure could (21) Dunn, T. J.; Sweetser, J. N.; Walmsley, |. A.; RadzewicRys.

be improved in a simple way if additional information about Re: Lett. 1995 74, 884.
P P Y (22) Dunn, T. J.; Walmsley, I. A.; Mukamel, hys. Re. Lett. 1995

the kinetic energy in the intermediate state are avail&ble. 74884,
(23) Engel, V.; Henriksen, N. El. Chem. Phys200Q 112, 106.
5. Summary (24) Henriksen, N. E.; Engel, Mnt. Rev. Phys. Chem2001, 20, 93.

(25) Seel, M.; Domcke, WChem. Phys1991 151, 59.

; ; ; ; (26) Seel, M.; Domcke, WJ. Chem. Phys1991, 95, 7806.
Three methods to image the density of vibrational wave (27) Meier, C.: Engel, VChem. Phys. Let993 212 691,

packets have been discussed. They are based on a-pnoipe (28) Assion, A.; Geisler, M.; Helbing, J.; Seyfried, V.; BaumertPhys.
ionization scheme employing ultrashort laser pulses. In the first Rev. A 1996 54, R4605.

method, the photoelectron spectrum is used for the constructionph§/259)|_e':tft°1h9”9fgeé’le£v 4T4?7H°fma””v M.; Strehle, M.; Baumert,Ghem.
of the density. Because of the very fast ejection of the (30) Frohnmeyer, T.: Baumert, Rppl. Phys. B200Q 71, 259.

photoelectron an excellent snapshot of the density at the time (31) Stapelfeldt, H.; Constant, E.; Sakai, H.; Corkum, PPBys. Re.
of the ionization is obtained. The subsequent dynamics in the A 1998 58, 426.

P ; o (32) Bandrauk, A. D.; Chelkowski, £hys. Re. Lett.2001, 87, 273004.
ionic state, leading to a modification of the wave packet does (33) Chelkowski, S.. Bandrauk, A. [Phys. Re. A 2002 65, 023403

not enter into the signal. Extending our former work on ptmp (34) Assion, A.; Baumert, T.; Geisler, M.; Seyfried, V.; GerberFaro.
probe fluorescence spectroscopy, we showed that transient iorPhys. J. D199§ 4, 145. '

yields can be used to map vibrational densities. The underlying (gg)ss';gsfg& %Bgﬂzagghggb "6'4? Ejdrup, T.; Thagersen, J.; Stapelfeldt,
method does also yield reliable results in the present case, but '(363)' Leonard, U.; Raymer, M. Ghys. Re. Lett. 1995 76, 1985.

is of lower quality for a flat difference potential between the (37) Leichtle, C.; Schleich, W. P.; Averbukh, 1. S.; Shapiro, Rhys.
neutral and ionic state. Opposite to the time-resolved photo- Rev. Lett. 1998 80, 1418. _

electron measurements, here it is necessary to adjust the-probe 80(35’?05\;’_\/ einacht, T. C.; Ahn, J.; Bucksbaum, P.Fhys. Re. Lett. 1998
pulse wavelength in order to map the wave packet at different ~(39) Lein, M.; Erdmann, M.; Engel, \d. Chem. Phy200Q 113 3609.
times (distances). As a third method, we investigated photo- 195%0%8553\(/35%, E.; Stapelfeldt, H.; Juhl, S.; Mglmer, fys. Re. A
fragment distributions which, using energy conservation argu- (41) Baumert, T.: Gerber, Gsr. J. Chem1994 34, 103,

ments, can be related to the vibrational densities. The quality  (42) assion, A.; Baumert, T.; Seyfried, V.; Weiss, V.. Wiedenmann,

of the procedure depends more critically on the location of the E.; Gerber, GZ. Phys. D: At., Mol. Clusteré996 36, 265.



8960 J. Phys. Chem. A, Vol. 108, No. 41, 2004

(43) Wollenhaupt, M.; Assion, A.; Bazhan, O.; Horn, C.; Liese, D;

Sarpe-Tudoran, C.; Winter, M.; Baumert, Chem. Phys. LetR003 376,
457.

(44) Feit, M. D.; Fleck, J. A.; Steiger, A. Lomput. Phys1982 47,
412,
(45) Lax, M. J.Chem. Phys1952 20, 1752.

(46) Lee, S.-Y.; Pollard, W. T.; Mathies, R. &hem. Phys. Let.989
163 11.

(47) Braun, M.; Meier, C.; Engel, V. Chem. Phys1995 103 7907.
(48) Li, Z.; Fang, J.-Y.; Martens, C. @. Chem. Physl996 104, 6919.

(49) Hiller, E. M.; Cina, J. A. JChem. Phys1996 105 3419.
(50) Cao, J.; Wilson, K. RJ. Chem. Phys1997, 106, 5062.

Gréde et al.

(51) Dilthey, S.; Hahn, S.; Stock, GJ. Chem. Phys200Q 112
4910.

(52) Lohmidler, T.; Erdmann, M.; Rubner, O.; Engel, ¥ur. Phys. J.
D 2003 25, 95.

(53) Ermoshin, V. A.; Engel, VEur. Phys. J. D200, 15, 413.

(54) Engel, V.Chem. Phys. Lett1991, 178 130.

(55) Lohmidler, T.; Erdmann, M.; Engel, VChem. Phys. Let2003
373 319.

(56) Henriksen, NE. Adv. Chem. Phys1995 91, 433.

(57) Shen, Z.; Boustani, |.; Erdmann, M.; Engel, ®hem. Phys. Lett.
2001 339 362.

(58) Shen, Z.; Engel, VChem. Phys. LetR002 358 344.



