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Control and imaging of interfering wave packets in dissociating b molecules
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Dissociation of iodine molecules by two phase-locked 110 femtosecond laser pulses creates a wave packet
in the repulsive part of thd state. The time-dependent density functions for the internuclear position,
|¥(R,1)|?, and for the internuclear velocitj¥ (vg,1)[%, of the wave packet are measured by ionization with a
delayed, intense 20 fs nonresonant laser pulse. The pronounced interference pattern, observew (R}foth
and |¥(vg)|% is controlled by the time separation of the two pump pulses. The experimentally determined
internuclear position and velocity distributions are in very good agreement with calculated res{M$Ry?
and|¥(vg)|? obtained by numerical wave packet propagation.
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l. INTRODUCTION fragments. We measuf®(R)|? and|¥ (vg)|? as a function of

time by varying the delay between the pump and the probe
The formation and manipulation of wave packets in quan- ulses)./ ying y pump P

tum systems are important both from a fundamental perspec- 1he measured density functioh(vg)|? and|[¥(R)|? dis-
Blay strong oscillations due to interference of the two wave

ackets. The phase difference between the two pump pulses
ntrols the interference pattern. In particular, the interfer-

trol at the atomic and molecular levgl-3,3Q. The strong
development in the ability to shape ultrashort laser pulses h

essentially converted the field of wave packet dynamics fron?ence undergoes a-phase shift as the delay between the

a discipline of passive observgnon of _phenpmena, .., SPEGycitation pulses is changed by half an optical period. The
troscopy, to a discipline of active manipulation. One particl-p, nqulations are much more pronounced than in our first re-

lt\a/lvr type of wavi ;t)acket tcodntt;oltlnvolves mte:{eregcet lbe- ort on the subjecfl5], primarily because the pump pulses
een wave packets, created by two or more ultrasnort las now phase-locked. The structure of the measured

pulsesl. It has proven a v_ersgtlle and.eff|C|ent approach for\I,(vR)F and[W(R)2 is in excellent agreement with the cal-
control and characterization in a variety of systems. Thes ulated distributions

studies include interferometry of bound vibrational wave Our paper is organized in the following way. In Sec. Il the
Fri(r:lii(cet/?/al\?e sr:gl(letr;]?rlleéufir—g]étgnterfe;grgetrgoﬁzrsli? basic idea of the experiment is described and the develop-
lecul r‘]) itvi13 yd : tgf m_b 'tva freel ment of wave packet interference is illustrated by calcula-
mz;)nzicr:J aélgcltrr?)r;y[ P ]6rai?1telr?15(r:lggtarnv(\:/gvee ai(lig $r5eiy X tions. This section also contains a description of our numeri-
P 9 b4 P 1$5,18. cal approach. The experimental setup is discussed in Sec. Ill.

: In this paper we study numerlc_all_y and expenmental_ly the‘The experimental and numerical results are presented and
interference between two dissociative wave packets in mo-

lecular iodine. Two phase-locked 110 s buUMD pUlSES Crea,[compared in Sec. IV. The quantum nature of the wave packet
: P I D IS pump p fhterference is illustrated by calculated Wigner functions in
the wave packets by exciting the iodine molecules to th

repulsive part of théB state. Experimentally, a delayed, in- ec. V. Finally, Sec. VI contains concluding remarks.
tense 20 fs laser probe-pulse ionizes the dissociating mol-
ecules, and the internuclear density functigd(R)[%, and
the internuclear velocity density functioh¥ (vg)|?, are de-
termined from the kinetic energy distributions of the ionic A. Basic ideas: Development of interference

Figure Xa) illustrates the basic idea of the experiment.

Two identical pump laser pulses separated in time excite an

*Present address: Laboratoire des Milieux Désordonnés et Hétérédine molecule from the electronic ground state to the con-
génes, Université Pierre et Marie Curie, 75252 Paris Cedex oginuum of theB state. Hereby, two dissociating wave packets

II. DOUBLE PULSE DISSOCIATION OF A MOLECULE

France. are formed. Dispersion during the dissociation causes the
"Electronic address: henriks@chem.au.dk wave packets to overlap and interfere. The relative amplitude
*Also at @rsted Laboratory, Niels Bohr Institute, University of and spacing of peaks in the interference pattern are deter-

Copenhagen, Denmark. mined by the time separation of the pump pulses.

Ynterfering internuclear wave packets can also be generated by The calculated internuclear density distributid¥&(R)[*
predissociation of a diatomic molecule upon irradiation with ain Fig. 1(c) illustrate the development of interference as a
single femtosecond laser pulse—see R27]. function of time.t, after the second pump pulse. Shortly after
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a)

(t=0.2 p3 high internuclear velocitieSvg>4 A/ps are
seen. As soon as both wave packets reach the flat part of the
B-state potentialt=0.5 pg the high velocity components
have disappeared, and the final interference structure for
|W(vR)|? is established. At later timgd (vg)|? remains un-
changed, since there is no force on the iodine fragments that
can influence their relative velocity.

Comparison off¥(vg)|?> and |[¥(R)|? at t=0.5 ps shows

WTTTTTTI

A\
|

Energy [arb. units]

t=0.2ps t=0.5ps t=3.0ps

W(R)?

P )P e

. that the interference develops first|#(vg)|?> and only later
B ) the steady structure dfP'(R)|? is reached. An interference
pattern appears, if the wave packets overlap. The wave pack-
ets overlap completely in momentum space as soon as both
wave packets reach the flat part of tBestate potential. On
A T T T T T the other hand, the overlap R space develops only gradu-
2 4 6 8 10 12 14 16 ally. For t>3 ps the overlap is essentially completedRn
Internuclear separation, R [A] space.
To measurgV(R)|? and [¥(vg)|? at different times, the
dissociating 4 molecule is projected onto an I*br an I
[ +1* potential curve by multiphoton absorption from an in-
i tense ultrashort probe pulse delayed with respect to the pump
L - pulses. FOR>10 A, the I'+1* potential curve is Coulombic
i and the 1+1 potential curve is flat. The internuclear density
. . 1/ . . function is obtained from the velocity distribution of thé |
4 5 6 5 6 78 11 14 17 ions originating from the *1+1* channel[Fig. 1(b)] using
RIA] ) RIA] ) RIA] Coulomb’s law[17]. Likewise, the internuclear velocity den-
sity function|¥(vg)|? is obtained from the velocity distribu-
I I tion of the I ions originating from the I+1 channel. In
r r particular, the velocity of the wave packet in tBestate is
L . the same as that in the 1*thannel, since both potentials are
SN AR\ essentially flat foR>10 A.

01 2v [3A/4s] 5601 2v [3/&/481 5601 2V [3A/4] 56 For internuclear distances below 8—10 A the I* poten-

R P R P R P tial curves start to deviate from a Coulombic shape and the

FIG. 1. Principle of the experiment and development of inter-I+I+ potential Curves dewa’ge from the flat_forr_n. This '2“0'
ference(a) Energy diagram ofJ showing both the potential curves duces an error in the experlmgntal determmauonhlc(fvp)]
involved in the wave packet formation and the potential curves use@nd [¥(R)|>—the error becoming gradually larger &sis
to measuré¥ (vg)|2(1*-1) and|W(R)|2(1*-1%) from the ion velocities ~lowered. As a result, we only present experimental data for
as illustrated in(b). Above theB-potential curve and irc), we ~ R>10 A, corresponding to=3 ps.
show calculated¥(R)|? for double pulse excitation, and {d) the .
corresponding calculated(vg)|?. The interference appears in B. Numerical approach
[¥(vg)|? as soon as the wave packet reaches the flat part of the We have performed numerical simulations of the wave
B-potential curve(t=0.5 p3. Dispersion causes the initially sepa- packet dynamics of the system. The theoretical model in-
rated parts of W(R)|? (t=0.2 p3 to overlap and interfere, and the cludes two molecular states: the grou)ﬁdE; state and the
final interference pattern is establisheda8.0 ps. excitedB 3IT state of b.2 The pump laser induces a coupling
excitation, the two wave packets are separated on the oteﬁI the.X state and thé state. In the dipole approximation the
tial curve. This is iIIustraFt)ed by the calc?ulaté‘ﬂ(Rﬂ2 at tp coupling isVoumdR) =(R) -Epumgdl). The excitation is very
=0.2 ps. The larger width of the peak centered around 5 /j\ocahzed inR, and the trans!t|on d|polt_a mome.m may be
shows that dispersion has already broadened the wave pacl?ésumed constant. The Rabi couplidg=uEo/# is adjuste_d .
excited by the first pump pulse. A£0.5 ps, the wave pack- SO that only a few percent of the ground state population is
ets begin to overlap, and the interference pattern develog&ansferred to the excited state.
untl a steady three-peaked structure is established 1h€ PUmp pulses are identical and separated by the delay
(t=3.0 p3. At later times the relative magnitudes of the 7pump SO the total pump fieldz,umt), can be expressed as
peaks remain unchanged, but each peak continues to spread Epumdt) = E(t + 7pump + E(1), (1)
out due to dispersion. ) .

The double pulse excitation also produces interference if/Nere E(t+7ump denotes the field of the first pump pulse.
the internuclear velocity density distributidW(vg)|2, as il- 10 model the experimental pump pulsest) is expressed by
lustrated by the calculatel(vg)|? in Fig. 1(d). The wave & chirped Gaussian pul$gs],
packet created in thB state initially accelerates and subse-
quently slows down during passage of the short range poten-We use the analytical potentials for teand B states given by
tial well (R<5A). Therefore, shortly after excitation Cheet al.[29].
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E .
E(t) = yl—?‘le-tzfﬁv cogwt— 2 —¢), ) (@) : ()
where :
-I—2 4 12 24" 1 24" A
B= ’y:1+i2, 6:%, o= Sarctaree. i
2In2 B By 2 B
(3 SR
The corresponding unchirped pulse has a peak amplitudt 2.1 mm 14.1 mm

Eo, and a FWHM of the intensity profild,m, o is the

central angular frequency anfl’ is the linear chirp of the FIG. 2. (a) The raw I image recorded for a pump wavelength of
pulse. In the experiment the pump pulse lengiimgy™? IS 494.5 nm,r,n,=294.55 fs and=10.4 ps. It is the sum of 20 000
typically 110 fs. The spectral width of the pump pulses cOr-ingividual images(20 000 laser shofsand contains a total of
responds to a Fourier transform limited pulse with a duratiorsgo 000 ion hits(b) The Abel inverted image corresponding to the
in the range 65 to 90 fs. raw image in(a).

The time-dependent one-dimensional Schrédinger equa-
tion for the coupledX andB states is solved on a grid using
wave packet calculations with a splitting of the short-timepeak intensity of each pump pulsesl.5x 10*2 W/cn?.
propagatof19,2Q and a fast Fourier transformation between  The phase locking is done by passing a HeNe ldxer
coordinate¥(R) and momentumV' (k) representations. The -g32 g through the interferometer collinear with the
internuclear density functioft’(R,t)|? for the wave packet (rump laser beam. One of the end mirrors of the Michelson

in the B state is obtained after propagation to the desireqnerferometer is mounted on a piezocrystal. We use the error
pump-probe delay. The internuclear velocity density func- gjqn4) from the HeNe interference to control the piezocrystal.

. b ;
tloq_L\I’(gR,tN Is calculated frorrﬂf(fk)r:n theB state. ibrati his mechanism allows for a stabilization of the interferom-
e discrete representations of the stationary vibrationgye o the order of-#/8 and is the main improvement of

e;g;anstate wav(;e fur?cF;.or;s, e';hfr tKéfv::)g or theX(vt.: 1) F the experimental setup compared to Réf].
states, are used as nitial conditions for theé propagations. For 1, probe pulses, making up the second laser beam, are

comparison with the experiments we calculate the mcoherenctreated by sending the rest of the amplified Ti-sapphire laser
sums . :
output through a home-built hollow core wave guide com-
> ¥, RYZ and D a,|¥,(vr b2 (4)  pressor. The probe pulse is delayedtbyith respect to the
v=0,1 v=0,1 second pump pulse. The pulses are compressed such that
their duration,Type is ~25 fs inside the vacuum chamber

The We'ght fa_ctors_av in the mcoherent sums are determme.dwhere their pulse energy is adjustedt®4 uJ. With a focal
by the initial vibrational state populations of the molecules in ; : .
spotsize wg~27 um the peak intensity reaches-1.9

the experiment. The calculated density distributions for the

4
wave packets in th@® state are compared to the measured” 1TO; V_V/ e duced in the | lecule i .
distributions in Sec. IMsee Figs. 3 and)4 e ions, produced in the laser-molecule interaction, are

detected by two-dimension&2D) ion imaging. Fast gating
of the ion detecto(Microchannel platésensures that the 2D
ion images only contain ions with a mass-to-charge ratio
Most of the experimental setup has been described prevequal to that of 1. Typically, 15-25 ions are detected in each
ously [15] and only the important features are discussedndividual image and a total “raw” image is the sum of
here. A pulsed molecular beam is formed by expanding 1.5-20 000 individual images. An example of a raw image,
mbar iodine in 3 bar helium and crossed at 90° by two fo-recorded for7,,,,=294.55 fs andt=10.4 ps, is shown in
cused laser beams. Fig. 2@). Since the polarizations of both the pump and the
The laser beam containing the pump pulses for the phoprobe laser beams are collinear and parallel to the plane of
toexcitation of } is produced by sum frequency mixing the the detector any raw image recorded in the experiment can
signal output from a fs optical parametric amplifi@OPAS  pe Abel inverted. Hereby, the kinetic energy distribution
with part of the output from an amplified fs Ti-sapphire laser(and the angular distributigrof the I ions, can be deter-
(A=800 nm. The parametric amplifier is operated aroundmined[22]. Figure 2b) is the Abel inverted image of the raw
A=1300 nm giving the pump pulses a wavelength ofinage in Fig. 2a). On the vertical center line of the Abel
~495 nm. inverted image the noise originating from the Abel inversion

Each of the frequency mixed pulses is split into tWo ¢4 pe seen. This center line is disregarded when the kinetic
pulses by passing them through a phase-locked Michelsogherqy distributions are determined from the image.
interferometef21]. The pump pulse separatioty,m, can be

adjusted in steps of 0.315fs. The final pump pulses are
~110 fs long. Each pulse containrs2.5 uJ of energy, and ~ 3we use the Basex procedure for the Abel inversion—see
the pump beam is focused to a spot size~31 um, so the Ref.[28].

IIl. EXPERIMENTAL SETUP
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IV. RESULTS AND DISCUSSION
A. Extraction of the measured |W(vg)|? and |[¥(R)[?

The images in Fig. 2 exhibit two pairs of half rings, one
with a diameter of~2.1 mm and one with a diameter of
~14.1 mm. The innermost pair of half rings are produced %
when the intense probe pulse projects the dissociating wavis
packet onto anl-1 potential curve, i.e., single ionization of
the dissociating molecule. The outermost pair of half rings
result from the wave packet being projected onto &l
potential curve, i.e., double ionization of the dissociating
molecule. The substructure in each pair of half rings is only
observed when two pump pulses are used. It is the signatur
of interference between the two wave packets created by thi
two pump pulses as shown previou$hb.

To extract|W(vg)|? and |[¥(R)|?> from the experimental
data the following procedure is applied. From the radial dis-
tribution of each Abel inverted image recorded with the
pump and probe pulses we subtract the radial distribution of
an Abel inverted image recorded with only the probe pulse.
The latter radial distribution is scaled by an experimentally
determined factof<1) to compensate for the fact that the
pump pulses dissociate a non-negligible fraction of the mol-
ecules. The part of the resulting radial distribution corre-
sponding to the*tl channel is directly converted into a dis-
tribution of internuclear velocities to obtaji (vg)|2.

Similarly, the part of the radial distribution corresponding
to the I'-1* channel is converted into a distribution of kinetic
energiesP(E,;,) including the appropriate probability trans-
formation of the radial distribution. Energy conservation
gives

MR

PRI

P(Eyin) = f P(Egis) P(Ecoul= Exin — Edig) dEgis, (5

where P(Ey) and P(E¢,,) are the probability distributions N‘:«
of the dissociation and the Coulomb energies, respectively
Since P(Eyy) is obtained from|W(vg)|?> we can extract
P(Ecou) by deconvolution oP(Ey;,) from P(Ey,). Hereafter,
the distribution of internuclear distancd®¥(R)|?, is deter-

mined using Coulomb’s law and, again, transformation of the
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B. Phase control of the interference pattern FlG_’ 3. [V(R)? and|\If(vR)|? measuredleft _column) and calcu-_
lated (right columr) at three different probe times and for two dif-

Figure 3 displays theR distribution of the interfering ferent pump-pump delays. On each figure the probe tines

wave packets obtained at three different probe times. Thgiven, and the full curve corresponds tg,m=305.0 fs and the

correspondingg distribution is approximately the same at dashed curve tor,m=306.0 fs. The velocity distribution is the

three different time$Fig. 3(d), (D)]. The central wavelength same for all three delays and shown(&h and (D). The calculated

of the pump pulses is 494.5 nm and on each subfigure thdistributions(A)~«(D) contain contribution only from molecules ini-

results obtained fot,,,,=305.0 fs and 306.0 fs are shown. tially in the vibrational ground state;=0. The fast jitter in the

The experimentally recorde® distributions exhibit three ~calculated/¥(vg)? is due to a small coherent population of the

major interference peaks faf,,,=305.0 fs and two major Pound vibrational states of tf state.

peaks forry,m;=306.0 fs[Figs. 3a) and 3d)] in good agree-

ment with the calculated resulffigs. 3a)-3(c)]. The rela- broadening of the interference peaks also agrees well with

tive magnitudes of the experimental interference peaks arthe calculations.

essentially the same at the three different delays, but each Comparing the R distributions obtained with 7,y

peak broadens due to dispersion. For instance, the FWHM of305.0 fs and 306.0 fs we see that the interference structure

the largest peak on the full curve increases fref2.0 A at  undergoes a phase shift slightly larger tharThe reason is

t=5.9 ps[Fig. 3a)] to ~3.4 A att=9.9 ps[Fig. 3c)]. The that the Michelson interferometer is locked to either the “bot-
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tom” (7p,mp=305.0 fg or the “top” (7,ym=306.0 f3 of the S(w) = (1 + co$wTyump) Soumd @) , (7)
interference fringes from a HeNe laser. The time difference

between “top” and “bottom” is half an optical period at _ )
632.8 nm,~1.0 fs, which is~1.28 times half an optical pe- WhereSumg®) is the spectrum of a single pump pulse. Thus,

riod at 494.5 nm, i.e., a phase shift of 1728 the spectral modulation of 4{,,, [Eq. (7)] iszdirectly trans-
The complete modulation of the calculatel(R)[? is not ferred toP(Ey) and therefore also tpV(vg)|%. The Franck-
perfectly reproduced by the experimental observations. Howcondon factor, accounting for the energy dependence of the

ever, the experimental modulation & (R)|? is much stron- overlap between the initial vibrational level and the final
ger than the modulation in our first report on interferencecontinuum state, does not produce interference but rather a

between dissociating wave packgls]. In fact, [¥(R)|? al- small modification of the envelope #(Eys compared to
most reaches zero between the two largest interference peal€ envelope oS(«w). )
on the full curvegFigs. 38-3(c)]. The improvement is pri- _ 1he interference structure ¥ (R)|? can now be thought

marily caused by the phase locking of the two pump pulse§f as b(_aing _created by the structured int_ernuclear velocity

in the present work. The lack of phase locking in our previ-distribution, i.e., each interference peak i#(R)|* moves

ous work[15] caused phase fluctuation and phase drift, durWith a velocity given by the corresponding interference peak

ing the recording of an ion image, that were sufficiently largein | ¥ (vR)|°. We note that the final distribution of dissociation

to blur the interference structure although still small enougtenergies and thereforl (vg)|? is only determined by the

for the appearance of clear interference structures. spectrum of the pulsg®3]. On the other hand¥(R)|? also
Pronounced interference structures are also observed tfepends strongly on the pulse duration and the chirp of the

the internuclear velocity distributiongig. 3d)]. For 7,  PUMp pulses. For instance, the dissociating wave packets

=305.0 & four individual peaks are resolved. Their positions may be focuse@minimizing the width at a choserR, if the

at 1.77, 2.69, 3.36, 3.97 A/ps agree well with the positiongoump pulses are properly positively chirpga#].

of the peaks in the calculation, 1.83, 2.70, 3.33, 3.88 A/ps

[Fig. 3(d)]. Similarly, for 7,,,,=306.0 fs the positions of the _ o

experimentally observed interference peaks, 2.18, 2.97, 3.58, D- Comparison of calculated and measured distributions

4.14 Alps, are in good agreement with the calculated posi- Another example of our ability to image the dissociative

tions (2.18, 2.93, 3.56, 4.08 A/psAt both pump-pump de- wave packet is displayed in Fig. 4. Here, we show measure-

lays the relative magnitudes of the interference peaks Pres ents and calculations o (R)|? at seven different probe

dicted by the calculations are very well reproduced by the[. f fixed i delav. In this time int l th
experimentally measuregk distributions. Imes for a Tixed pump-pump defay. in this ime intervai the
wave packet evolves from a mean internuclear distance of
13.9 A att=3.4 psto 30.0 A at 9.4 ps. The figure also shows
C. Spectrum of the pump pulses |W(vg)|> which is approximately the same for all the probe
times (3.4 ps<t=<9.4 p9 considered.

The peaks ifW(R)|* and in|¥(vg)|” are correlated inthe  QOverall, the agreement between the experimental and the
sense that each interference peak¥r(R)|*> moves with a  calculated results is gratifying. In particular, the position and
velocity given by the corresponding peak | (vg)[>. To  the relative magnitude of the two major interference peaks in
illustrate the correlation we determined the average velocityhe experimentaR distributions overlap precisely with the
of the peaks in the experimentBldistributions by plotting calculated|¥(R)[*s at all times? The broadening of the
their central positions as a function of the three probe timesvave packet due to dispersion is also clearly illustrated in the
in Fig. 3. For each peak the three points fall on a straight lineaxperimental data. For instance, the FWHM increases from
as expected for the linear motion of the dissociating mol-1.3 A att=3.4 ps to 5.0 A at=9.4 ps in good agreement
ecule. With Tpump:‘?’os-o fs we find 1.83, 2.70, and with the calculations.

3.25 A/ps in good agreement with the peak positions in  The calculated distributions have an initial vibrational
|¥(vr)|* noted above. Similarly, for,um=306.0 fs we find  state distribution of 90% im=0 and 10% inv=1 of the X
2.23 and 2.93 A/ps, which agree well with the central posi-state. The two main peaks at the smaller value® afrigi-
tions of the two peaks with the smallest velocities in the nate from molecules initially in=0. The third peak has
distribution. contributions from bothv=0 andv=1, whereas the two

To understand the interference patterfiitvg)|> we note peaks located at the largest valuesRofnainly contain con-
that once the wave packets have reached the flat part of thebutions fromv > 0. Experimentally, the interference struc-
B-state potential the distribution of the dissociation energiesture is very well resolved for the@=0 contribution. The
P(Eyis), is determined by the spectrum of the pump-pulsegeaks at the large® values, visible for each probe delay in
S(w) and the Franck-Condon factéic(w): the calculated¥ (R)|%’s, are only partly observed experimen-

P(Egio) * S(w)Fpc(w). (6) “At t=3.4 ps the experimental relative magnitude of the two major
interference peaks deviate slightly from the calculated and also
from the relative magnitude at other times. This is most likely

The spectrum of the two identical pump-pulses, separated byaused by imperfect phase locking of the two pump pulses during
Tpump IS the recording at 3.4 ps.
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FIG. 5. The distribution of dissociation energid(Ey;), re-
corded at four different pump-pump delays. For eagh,, the cor-
. . responding spectrum of the two pump pulses is shown as an inset.

mental and the calculated peak positions. The precise peak
positions are very sensitive to the precise phase of the two
pump pulses. Any small deviation in the valuegf,, used

in the calculation from the reat,,,, in the experiment will
cause a shift of the peak positions.

Both the spectral width and the duration of the pump
pulses have been taken into account for the pump pulses
used in the calculations. With the present parameters the
main effect of the chirp of the pump pulses is additional
FIG. 4. [W(R)|” and| ¥ (vg)|* measuredfull curves and calcu- —\iqih of the peaks ifW(R)[2 compared to a calculation with

lated (dashed curvésat seven different probe times. The wave- 65 fs Fourier transform limited Gaussian pulses
length of the pump pulses is 494.5 nm anglm=294.55 fs. The P )

velocity distribution is approximately the same for all probe delays E. Dependence on pump-pump delay
and the average is shown in the lower right-hand figure.
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The data presented so far were obtained for a pump-pump
tally. This lack of resolution could originate from imperfec- delay around 300 fs. To illustrate the dependence of the
tions in our ion imaging techniqLFe. wave packet interference upon the pump-pump delay we re-
Comparing the calculated and the measuredg)|?, itis  corded|¥(vg)|* and [¥(R)|? for different values ofrymp
seen that all four significant interference peaks are resolvedhe results are displayed in Figs. 5 and 6. We plot the dis-
experimentally but there is a small offset between the experitribution of dissociation energiesP(Egys) rather than
|W(vg)|? to provide a direct comparison with the correspond-
5The finite duration of the probe pulse induces Reblur of  INg optical spectraFig. ). A 7yumis increased from 250 to
~Toondr @S the wave packet is projected onto a Coulomb curve#70 S the modulation period in the Opt'cﬁlls_pe(:trum is ob-
Although the peaks at largR originate from the fastest part of the Served to decrease from 133 chto 71 cm* in excellent
wave packetppg is still less than 5 A/ps meaning that the upper @greement with the X,,, modulation expected from
limit on the R-blur in the probe step is%0.025 A~0.13 A. There-  EQ. (7).
fore, the origin of the limitations in the imaging technique is more  Qualitatively, the dependence of the modulation period
likely found in the velocity focusing and detection of the ions. upon 7,ump is clearly reproduced iR(Eg) as seen in Fig. 5.
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' @ T ] we detect a decrease in the modulation periodras, in-
- t=27ps o t=47ps - creases. For instance, &t2.7 ps the fringe spacing is
w | Fpump ~ 250 B Tpump = 250 f5 ~2.0A for 7,,m=250fs and only ~1.2 A for 7ym,
§ =470 fs. In each of thér-distributions measured we only
= r 1 resolve clear interference peaks at the smallest internuclear
, , — N distances because this part has a contribution only fsom
10 12 14 16 18 20 22 10 15 20 25 30 35 40 45 =0. For the same reason as given in the discussion of Fig. 5
I i the largeR part of theR distributions is blurred due to con-
- t=27ps t=47ps ] tributions from wave packets excited from different vibra-
w | = 3155 | =SB tional states.
§ The spacing between the peaks in Figl)&orresponds to
=T ] il an internuclear resolution of 1.2 A in the internuclear region
L . ~10-14 A. In the present experiments we did not perform
16 12 14 16 18 20 22 10 15 20 25 30 35 40 45 experiments with a larger pump-pump delay than 470 fs. We
P Y note, however, that finer modulation of bofr(vg)|? and
- ‘- 2-7=p:10 i ;=4'7=le0 &) |¥(R)|? resulting from even larger values @, provides a
« | pomp i P way of calibrating the resolution of the wave packet imaging.
s L V. WIGNER FUNCTIONS OF INTERFERING
10 12 14 16 18 20 22 10 15 20 25 30 35 40 45 WAVE PACKETS
[ $d=)27ps ] ED=)6-7PS In this section we represent calculated Wigner functions
- T = 47065 { [ Tpump = 470 15 for the interfering wave packets to illustrate the quantum
§ - 1 nature of the system. The Wigner function for two conjugate
- [ 1T il variablesx andp,

10 12 14 16 18 20 22 15 20 25 30 35 40 45 50 W(x,p):if (X=X ) p(x+x)EEPX gy (8)
RIA RIA h

FIG. 6. |W(R)|2 measured for four different pump delays. The is a real function, but contains all information about the
distributions are shown for two probe delays in each case to confirjuantum state of the syste(x,p) is a quasiprobability
the interference structure. The spacing between the interferendeinction and features areas of negative probability
peaks becomes smaller at larger pump delays. WI(x,p) <0, which are signatures of a coherent interfering

quantum system.
To provide a quantitative comparison we measure the spac- Figure 7 shows Wigner function8(R,vg) corresponding
ing between the major interference peaks, located at the lowy the two dissociative wave packets in Here,W is given
est dissociation energié&s< 300 cm*) because this part 45 a function of instead of momentum for easier compari-
of P(Eg) is produced by dissociation of molecules in the son with thevy, distributions discussed in this papers. Figure
v=0 level. The high kinetic part has contributions both from7(a) represents the same state as Fig. 1=8& ps. The full
molecules in the)=0 level, dissociated by the high energy contours (red areas correspond to positive values of
part of the spectrum, and from molecules in excited vibraiw(R,vg). The coherent quantum nature of the system is evi-
tional stategmainly v=1 and 3 dissociated by the low en- dent, since areas with negative values\6R,vy) are present
ergy part of the spectrum. In general, when the vibrationajshown as dashed contours/blue aye&sr comparison, the
spacing(~210 cm™) differs from an integer multiplum of Wigner function for an incoherent sum of two dissociating
the SpeCtraI modulation these contributions will bR(IEd|S) wave packet are shown in F|g(m In the latter case
at large dissociation energies. The results for the modulatiogy(R,vg) >0 for all values ofR andvg. We include Fig. )
period of the four differenP(Ey), summarized in Table I, to illustrate that each wave packet corresponds to an elon-
agree very well with the modulation observed in the corregated peak along a line=vg. The two elongated peaks are
sponding optical spectra. nearly parallel. In the coherent cafiéig. 7(a)] these peaks

Figure 6 showg¥(R)|? at two different probe times for are also present, but in between these peaks areas of positive
the four differentr,,y, Similar to the observations iR(Es) and negativeM(R,vg) appear due to interference.

Detection of the quantum state of a system might be re-
alized through the implementation of a quantum tomography
scheme. Quantum state tomography has been demonstrated
for wave packets in bound states. In a harmonic potential the

TABLE |. The modulation frequency of the four dissociation
energy distributions and optical spectra shown in Fig. 5.

Tpump 250fs 315fs 410fs 470fs time evolution ofW(R,vg) is a simple rotation of the phase-
Egis modulation(cm™?) 134 101 86 73 space distribution. In this case quantum tomography requires
Spectral modulatioicm™) 133 110 81 71 a series of measured marginal distributions, dRgdjstribu-

tions, for a full period of the motion in the bound stdgs].
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IW(R)I? N IW(R,1=2.5 ps)P? V(R 1=5 )P
® /\/\/\R [A] X ’\‘ ( '/I%/\IL[A]
. | .

1 | |
/ ’u.’)
1 3 )
N
EIEA] P W
12 | 4 - 5 ps)
Ve [A/ps] vl A/ps]
(b) PRI FIG. 8. Wigner functionW(R,vg) for double pulse excitation

RIA] with positively chirped pulses. The Wigner function corresponds to
o ! that in Fig. 7 except for the additional positive chirp of the pulses.

i The chirp stretches the pulses by a factor of 10, corresponding to a
linear chirp ¢”"=2.9x10*fs?> [Eq. (3)]. Full contours (red),
W(R,vg) >0. Dashed contourtblue), W(R,vg) <O0.

point. This would correspond to measuremenRadistribu-
tions for an increased range of rotations of the phase-space
distribution.

To illustrate our idea we calculated the Wigner functions
when two positively chirped pump pulses create the disso-
ciative wave packetsee Fig. 8 The chirp of the pump-
pulses causes the wave packets to focus around 10 A. The
figure shows how the Wigner function is rotated by approxi-
mately 45° fromt=2.5 ps tot=5.0 ps. The corresponding
R-distributions, displayed in the upper panel of Fig. 8, ex-
hibit very different interference patterns. We believe this in-

reased information makes it possible to reconstruct the
igner function fromR distributions measured for a range
of times around the focus time.

For the freely propagating wave packet, time evolution
dictates a shearing of the phase-space distribution. Even if
we in principle were able to measure tRelistributions at all VI. CONCLUSION

probe delays this WQUI.d Only correspond to mform_atlon " " The interference between two dissociating wave packets
the phase-space distribution for a quarter rotation. This

; in molecular iodine was studied numerically and experimen-
means that alternative methods of quantum tomography have 2
, measured by Cou-

tally. In particular,|W(R)|? and |V (vg)
mb exploding the dissociating molecule with an intense

to be implemented. The scheme of maximum entropy ha%
been successfully used for quantum state tomography 0-fs-long probe pulse, agreed very well with the calculated

molecules dissociated by only one laser pyia8. However, A : ; .
the inherent complex strﬁcturye of the pregently measured di listributions. Experimentally, we illustrated the influence of
tributions provides a more demanding challenge. The distri:he delay between the two pump pulses on the wave packet

butions presented in Fig. 4 change very little for the variou nterference pattern._'_l’his provides a method_for calibrating
probe delays, and it is therefore likely that the information he internuclear position and velocity resolution of the ex-

contained in our data is insufficient to allow for a reliable perimental technique. The potential for determining the

reconstruction of the quantum state. More realistic, it WouIdWIgner function, i.e., the full quantum information of the

be necessary to record tlkedistribution at the time where dissociative motion, was discussed.
the width of the wave packet is minimized at the early times
where the final interference structure is establistssg Fig.

FIG. 7. Wigner functionW(R,vg) for the dissociative wave
packets created by double pulse excitation. Full contqtes),
W(R,vg)>0. Dashed contourgblue), W(R,vg) <0. (@) Coherent
double pulse excitation corresponding the calculated wave packet i
Fig. 1 att=3 ps. The areas wittM(R,vg) <0 is a signature of the
interference(b) Incoherent double pulse excitation. Only the two
density islands corresponding to the individual wave packets ar
present.
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