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Cross-revival of molecular wave packets
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We predict that vibration-rotation coupling in diatomic molecules will lead to cross-revivals of vibrational
wave packets—provided lifetime effects and collisions can be eliminated. Analytical conditions for full cross-
revivals of systems governed by the minimal Hamiltonian exhibiting rotation-vibration coupling are found and
the influence of higher-order cross terms is studied. Finally, generality of the phenomenon of molecular
cross-revival is investigated by doing numerical calculations for several molecular potentials and temperatures.
For expansion-cooled molecules strong cross-revivals are obtained in all cases. In the particular example of
cold Li2 in the A 1Su

1 state nearly complete cross-revivals are observed. These cross-revivals survive thermal
averaging and reach at an initial temperature of 900 K an amplitude which is close to half the beat amplitude
at zero time delay. The ‘‘rotational cooling’’ mechanism facilitating this, by reducing the effective rotational
temperature of the wave packet, is explained in terms of the molecular rotational constants and laser wave-
length bandwidth.

PACS number~s!: 42.50.Md, 33.15.Vb, 33.90.1h
i
br
A

na
in
ts
o-
ni
s
in

n

fr

re
e
t

io
t
x

te

ta
th

b

m
n
,
d

le
r-

er
ss-
um
his
as

n-
-

ar-
ts.
in
an.
of
i-
ss-
er

nc-
in
um

gies

ome
I. INTRODUCTION

Ever since the first studies of wave packets in diatom
molecules, it has been customary to try to separate vi
tional and rotational contributions to coherent transients.
the same time it has been noted that this separation is i
equate and that the influence of vibration-rotation coupl
has to be considered both in ‘‘pure’’ vibrational transien
i.e., recorded in magic-angle configuration, and ‘‘pure’’ r
tational transients, as measured as the time-dependent a
ropy parameter. This coupling leads at low temperature
complicated shapes of rotational transients and to narrow
of vibrational beat structures at elevated temperatures@1#.
Nevertheless, revivals of the decayed vibrational transie
exhibiting the classical vibrational period were observed@2#,
as well as fractional revivals@3,4#, for which the vibrational
beating takes place at some overtone of the classical
quency.

The rapid initial decay of the vibrational revival structu
due to the broad rotational population distributions obtain
under thermal conditions has lead many authors to treat
rotational degree of freedom classically. The summat
over rotational states then simplifies greatly by reducing
an integration which often can be done analytically. An e
ample of the utility of this approach was recently presen
by Ermoshin, Kazansky, and Engel@5#. The price for this
simplification is to give up the quantum nature of the ro
tion, which yields an unphysical monotonous decay of
vibrational revival amplitude.

Now, wave packets in free molecules left unperturbed
collisions stay coherent virtually indefinitely~we ignore for
the moment possible lifetime effects!, which means that one
could expect a long-term revival of the vibrational beat a
plitude, as the rotational energies causing the vibratio
dephasing are quantized. Recent theoretical studies have
example, shown that a complete revival of wave packets
pending on two independent quantum variables is possib
general@6,7# and for atomic Rydberg wave packets in pa
1050-2947/2000/61~3!/033404~7!/$15.00 61 0334
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ticular @8#. These results were obtained for the lowest-ord
generic Hamiltonian capable of displaying such cro
revivals, i.e., a Hamiltonian being quadratic in both quant
numbers and having a cross-term linear in each of them. T
is not the situation met by diatomic molecules, however,
the lowest-order model Hamiltonian displaying rotatio
vibrational coupling is of third order in the quantum num
bers.

We investigate in this paper the conditions for the appe
ance of cross-revivals of diatomic molecular wave packe
We start by finding general analytical relationships for it
the case of the lowest-order model molecular Hamiltoni
Next, we examine by numerical calculations the effect
including higher-order terms in the Hamiltonian using typ
cal molecular parameters and finally we show that cro
revivals will take place generally with large amplitude, und
certain circumstances, even for hot molecules.

II. THEORY AND CALCULATIONS

Let us start by expressing the time-dependent wave fu
tion of a rovibrational diatomic molecular wave packet
terms of the stationary eigenstates with vibrational quant
numberv and rotational quantum numberJ,

C~r ,t !5(
vJ

cvJcvJ~r !exp$2 iEvJt/\%, ~1!

and ignore possible perturbations, so that the term ener
EvJ can be represented by a Dunham expansion

EvJ5(
i j

Yi j S v1
1

2D i

Jj~J11! j . ~2!

Then, assuming that the wave packet is centered about s
quantum numbersv̄ and J̄ and defining the new variables

n5v2 v̄,
©2000 The American Physical Society04-1
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TONY HANSSON PHYSICAL REVIEW A 61 033404
k5J2 J̄, ~3!

we can rewrite the wave function as

C~r ,t !5(
nk

cnkcnk~r !exp$2 i ~Ev̄ J̄1Enk!t/\%. ~4!

If we now limit the Dunham expansion~2! to the lowest
order which encompasses vibrational and rotational reviv
and also exhibits coupling of the vibrational and rotation
motions, i.e., we keep the five termsY00, Y10, Y20, Y01, and
Y11, we get

C~r ,t !5(
nk

cnkcnk~r !expH 2
i

\ S n
t

Tn
cl 1k

t

Tk
cl

1n2
t

Tnn
rev1k2

t

Tkk
rev1nk

t

Tnk
rev1nk2

t

Tnkk
rev D J , ~5!

where the for us uninteresting energy of the wave pac
center has been subtracted. TheTx

y notation is adopted from
Bluhm, Kostelecky´, and Tudose@7# and is slightly extended
and

1/cTn
cl5Y1012Y20S v̄1

1

2D1Y11J̄~ J̄11!,

1/cTk
cl5Y01~2J̄11!1Y11S v̄1

1

2D ~2J̄11!,

1/cTnn
rev5Y20,

1/cTkk
rev5Y011Y11S v̄1

1

2D ,

1/cTnk
rev5Y11~2J̄11!,

1/cTnkk
rev 5Y11. ~6!

We have for convenience introduced the speed of lighc
~cm/s!, as the unit conversion factor in Eq.~6!, as conven-
tional practice is to give the Dunham coefficients in terms
reciprocal centimeters.

Now, to gain clarity through reduced complexity b
without sacrificing generality, the analysis can straightf
wardly be extended to encompass the full problem, we li
the analysis to pump-probe experiments utilizing mag
angle configuration of linearly polarized laser fields@9#. The
signal is then given by@1#

I vib~ t !5(
J

N~J! (
i , j , i

Ai j @ f 2~J!

3cos$2pct~Ev i J212Ev j J21!1Dw i j
J21%1 f 1~J!

3cos$2pct~Ev i J112Ev j J11!1Dw i j
J11%#, ~7!

in which N(J) is the rotational population distribution in th
initial electronic state and thef 6(J) factors correspond to
03340
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the statistical and orientational weights of the rotational tr
sitions. TheAi j ’s contain all other information on initial stat
population, transition probabilities, laser field frequency a
intensity, detection probabilities, and so forth. The pha
shifts describing the shape and position of the wave pac
are denotedDw i j

J61.
The magic-angle signal contains only beat terms betw

energy levels with differentv ’s and identicalJ’s. Conse-
quently, all terms in Eq.~4! which depend solely onk do not
contribute to our signal. In other words all terms of the ki
Y0 j of the Dunham expansion~2! are absent in the observe
signal and are here henceforth ignored.

We apply the classical phaser-centroid approximation for
the numerical computation of the signal~7!. This model is
detailed in Ref.@10# and we give here but a brief overview o
its features and merits. The quintessence of the model is
semiclassical approximation to replace the phase shifts in
~7! by the classical phase of the correspondingr centroids.
This renders the calculations very inexpensive, even w
including every relevant rovibrational transition at high tem
perature. Furthermore, the temporal dimension of the la
molecule interaction is neglected, which is of little cons
quence here, as we are interested only in very long t
scales so that the laser pulses are well separated in tim
must be noted, however, that the phase shifts in Eq.~7! are
influenced by the temporal structure of the laser pulses.
model was in Ref.@10# shown to reproduce all observe
quantum dynamical features of the studied model case, N
molecules in theA 1S1 state, the short time dynamics eve
quantitatively. All needed molecular parameters in the cal
lations are computed from known potential energy curv
and Dunham parameters using theLEVEL 6.1 software@11#.

For the sake of consistency, we apply the classical ph
r-centroid model also to the calculations with the mod
Hamiltonian defined in Eq.~5!. We then choose the phas
factors determining the classical positions of the pump a
probe transitions to be zero and the wave packet to hav
shape parametrized by a Gaussian distribution in both vib
tional and rotational quantum numbers. If we furthermo
ignore the Ho¨nl-London and orientation factors, this proc
dure amounts to calculating the square modulus of the a
correlation function of a Gaussian wave packet, a meth
which was used by Vetchinkin and co-workers@12,13# to
investigate pure vibrational revival structures of wave pa
ets in Morse potentials.

III. RESULTS AND DISCUSSION

To disclose the effect of rotation-vibration coupling o
the long-time wave-packet dynamics in diatomic molecul
we start by discussing the dynamics in the case of a mini
coupled model Hamiltonian and then proceed to investig
the effect of including successive terms of a molecular D
ham expansion. Finally, we do calculations on molecul
i.e., we apply the full Dunham expansion of the molecu
Hamiltonian, under various realistic experimental conditio

A. Minimal coupling Hamiltonian

Following the assumption of magic-angle configuratio
the only parameters we need to consider in Eq.~5! areTn

cl ,
4-2
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CROSS-REVIVAL OF MOLECULAR WAVE PACKETS PHYSICAL REVIEW A61 033404
Tnn
rev, Tnk

rev, andTnkk
rev . Each of these parameters correspon

to a distinct beat period of the vibrational transient. Thus,
classical vibrational period is given byTn

cl and the vibra-
tional revival time byTnn

rev. The rovibrational coupling gen
erates the cross-revival and super-cross-revival times,Tnk

rev

and Tnkk
rev . The requirement for the overall function to b

periodic and thus a full wave-packet revival to exist is th
all four parameters are commensurate@6,7#. This is for the
minimal coupling Hamiltonian always true for the relatio
betweenTnk

rev and Tnkk
rev but generally not for the other rela

tions. However, the various parameters give rise to ne
periodic behavior whenever the beat periods are very dif
ent, as the beat periods then govern the envelope of
transient in a hierarchic manner. This is the normal case
the lowest-order anharmonic terms contributing to
magic-angle signal for diatomic molecules, that is,Tn

cl

!Tnn
rev!Tnk

rev, as long asJ̄ is reasonably small. We defe
momentarily the discussion of Hamiltonians with realis
molecular parameters, to study first the model case of a c
pletely periodic minimal coupling molecular Hamiltonia
~Table I! with parameters of molecular magnitude.

Extracting the cross terms from the exponent in Eq.~5!
and using Eq.~6! we have

nk/Tnk
rev1nk2/Tnkk

rev5nkcY11~2J̄111k!. ~8!

Thus, in the limit of J̄@k the molecular minimal coupling
Hamiltonian becomes identical to the second-order Ham
tonian studied by Bluhm, Kostelecky´, and Tudose in Ref
@8#. They showed that for such systems full cross-reviv
occur with a periodTnk

rev and that the revival pattern with it
system of fractional cross-revivals depends very much on
ratios between the revival periods. A peculiarity of the m
lecular minimal coupling Hamiltonian, however, is thatTnk

rev

depends onJ̄. Thus, the cross-revival period will depen
critically on the preparation of the molecular wave packet
well as on the potential.

Whenever the large-J̄ limit does not hold, which is prac
tically always, another characteristic of the molecular mi
mal coupling Hamiltonian becomes evident. To see this
consider the opposite limiting case,J̄!k. Then Eq.~8! is
dominated by thenk2 term and we still have wave-packe
revivals to occur whenever the exponent in Eq.~5! is a mul-
tiple of 2p, but now with periodTnkk

rev . This is the longest
period of all in Eq.~5! and it thus determines the full wave
packet revival period also in the cross-over regime betw

TABLE I. Dunham coefficients,Yi j , for the minimal coupling
Hamiltonian chosen so as to make Eq.~5! periodic for v̄510 and

J̄520.

Yi j ~cm21! j 50 1

i 50 0.000 0.500
1 312.575 20.005
2 23.075 0.000
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the two limiting cases. Note thatTnkk
rev contrary to Tnk

rev is

independent ofJ̄ and hence only depends on the potentia
The two extreme limits discussed in the section above

idealized cases and are thus never met in experiments.
they turn out to be good approximations to the two realis

casesJ̄.DJ and J̄'DJ. The second case is typical of sta
dard femtosecond pump-probe experiments on thermally
cited molecules and the first one can be achieved eithe
cooling the molecules in a supersonic expansion or by us
the labeling technique developed by Ubernaet al. @14#. Ap-
plying the latter method, however, one has to remember
the standard conditions of magic-angle detection no lon
apply, as they require an initially isotropic molecule e
semble.

Full wave-packet revivals occur in theJ̄ cross-over re-
gime only at the super cross-revival periodTnkk

rev 51/cY11.

Nevertheless, much of theJ̄@DJ behavior is retained when

J̄.DJ and the structure of first-order revivals is still prom
nent. This is exemplified in Fig. 1. Note that structures
lated to half-revivals with full magnitude but with the vibra
tional phase shifted byp are occurring on all time scales an
that the beat pattern is symmetric around1

2 Tnkk
rev . At this time

the even and odd wave functions are exactly out of ph
with respect to each other. Other fractional revivals are s
in between the full revivals.

Broadening the population distribution over rotation

states, so thatJ̄'DJ, rapidly quenches the first-order cros
revivals and the fractional cross-revivals. Thus, we see
Fig. 2 sharp spikes of full super cross-revivals occurring
Tnkk

rev and little evidence of ordinary cross-revivals or reviva
except for a couple of strong fractional cross-revivals.

FIG. 1. Autocorrelation signal for a Gaussian wave packet w

narrow J distribution (v̄510, Dv53, J̄520,DJ52) governed by
the molecular minimal coupling Hamiltonian~Table I!.
4-3
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TONY HANSSON PHYSICAL REVIEW A 61 033404
B. Higher-order Hamiltonians

Terms of higher orders will tend to wash out the cro
revival and super-cross-revival structures, to create new o
at even longer times. Their impact will, however, be ve
much dependent on the magnitude and signs of their res
tive scaling factors, in our case theYi j ’s in the Dunham
expansion~2!. Especially due to the normally occurring a
ternation in sign and therefore partial cancellation of
various terms it is beforehand not obvious to what ext
cross-revivals will take place for more complicated molec
lar Hamiltonians than the minimal coupled one discussed
Section III A.

To illuminate the behavior of higher-order Hamiltonia
we calculate traces using Dunham expansions of var
sizes. Some representative results for theJ̄'DJ case, which
is the case most prone to be affected by the dispersive ef
of the higher-order cross terms, are reproduced in Fig. 3.
Dunham coefficients used in these calculations are those
Li2 molecules in theA 1Su

1 state ~Table II!. Note, as the
symmetry about12 Tnkk

rev is now broken, we can, strictly speak
ing, not call the structure at12 Tnkk

rev a half revival and we
henceforth drop the distinction between half and full rev
als.

Higher-order purely vibrational termsYi0 , where i .2,
will, due to the relatively small spread of the wave packets
v, for the first few super cross-revivals mainly affect t
vibrational period and vibrational revival periods and amp
tudes. A reduction of the super cross-revival amplitude
also clear but not severe, asY30!Y11. Thus, we choose the
minimal coupling Hamiltonian with allYi0 terms to be our
reference for discussing the effects of higher cross ter
The first super cross-revival of the reference Hamiltonian
shown in Fig. 3~a!.

The dispersive action of theY21 term is vividly born out
in the cross-revival structure in Fig. 3~b!. Not only is the
structure broadened and therefore attenuated, it also m

FIG. 2. Same as Fig. 1 except for the broaderJ distribution (v̄
510, Dv53, J̄520, DJ520).
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to longer times by about 10%. However, the subsequ
terms of the kindYi1 in the Dunham expansion have th
opposite sign toY21 and largely cancel the detrimental effe
of the latter, as is seen in Fig. 3~c!. As a consequence, th
cross-revival structure once again narrows, its magnitude
creases, and the period shortens.

Adding even higherYi j terms, that is, withj .1, has rela-
tively minor consequences for the overall appearance of
super cross-revival. Consequently, the super cross-reviva
the full Hamiltonian in Fig. 3~d! is very similar to the pre-
ceding one and has even higher amplitude than it does.
final amplitude is actually about 80% of the original, whic
is a somewhat artificially high number. The ratioY11/Y20 for
Li 2(A) is coincidentally very close to a half-integer valu
As the initial super-cross-revival peaks are very narrow~see
Fig. 2!, the width is about the width of a vibrational reviva
peak, this means that the first~half! super cross-revival falls
between two vibrational revivals and is strongly suppress
This strong effect in turn is a consequence of the restrict
of perfect phase alignment of the partial waves in the Gau
ian wave packet, which is never present in a real experim
Moreover, truly molecular wave packets will include mo
dispersive terms than Gaussian wave packets. All in
similar simulations with realistic wave packets yield resu
comparable to those in Fig. 3, although with somewhat str
ger effects. It thus seems as though only a small numbe
terms are important for the gross features of the super cr
revivals of Hamiltonians with parameters of molecular ma
nitude.

C. Molecular Hamiltonians

The concluding remark of the previous section indica
that cross-revivals might be observable in experiments

FIG. 3. The effect on the first super-cross-revival peak of
autocorrelation signal for a Gaussian wave packet (v̄510,Dv
53, J̄515,DJ520) of including higher-order terms of the Hami
tonian. The Dunham expansion is that of the Li2(A) state~Table II!.
The various terms included are~a! Yi0 ,Y01,Y11; i 50 – 5; ~b! Y21

added;~c! Y31,Y41 added;~d! all terms, respectively.
4-4
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TABLE II. Dunham coefficients,Yi j , for the Li2(A
1Su

1) state@15#.

Yi j ~cm21! j 50 1 2 3

i 50 0.000 4.974 237 631021 27.468 605 331026 9.750 894 3310211

1 255.4673 25.480 648 631023 6.542 245 231028 21.643 478 5310212

2 21.581 360 6 2.005 072 731025 26.728 066 9310210 0.000
3 3.127 908 931023 21.558 119 931027 22.673 592 5310211 0.000
4 23.463 643 231025 21.122 497 031028 0.000 0.000
5 21.188 920 231026 0.000 0.000 0.000
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real molecules. The typical parameters accessible to the
perimenter are then those of the pump and probe laser fi
and the temperature of the molecule. Thus, we simulate
ible UV ultrafast pump-probe experiments on molecules
tially in the electronic ground state with some sort of therm
distribution over rovibrational states. It should be note
though, that in many experiments it would be advantage
to use preparation laser fields in order to gain tighter con
over the wave-packet properties. All effects of spontane
emission and collisions are ignored in the simulations. T
is in practice a serious limitation for most of the simulat
molecular states, although not for Li2(A), as discussed in
Sec. III D.

We here report in detail the results of the simulations
various wave packets moving in the Li2(A1Su

1) state. The
pump-probe scheme we apply isX 1Sg

1→ A1Su
1

→E 1Sg
1 , for which all states are well characterize

@15,16#, and the signal we assume to be proportional to
final total population of theE state. Although this is a spe
cific case, we find from simulations involving other molec
lar states that the conclusions appear to be generally va

It is clear from the calculations on model wave packets
the two preceding sections that there exist two regimes of
cross-revival pattern depending on the wave-packet pro
ties, notably the spread in rotational states. The two set
wave-packet parameters correspond approximately
expansion-cooled and hot (T.300 K) Li2 molecules, respec
tively. Consider first the case of expansion-cooled Li2 mol-
ecules, for which the simulation result is shown in Fig.
The outstanding feature of this figure is the strong su
cross-revival pattern with an amplitude close to 90% of
initial beat amplitude. In between these nearly compl
wave-packet revivals there is a close to symmetric struc
of partial revivals, which is attributable to plain and fra

FIG. 4. Simulated pump-probe signal for cold Li2(A). The ini-
tial population of the molecule is defined byTvib570 K and Trot

530 K and the laser pulses have wavelengthslpump5620 nm and
lprobe5800 nm with a bandwidth of 200 cm21 each.
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tional cross-revivals. All in all, these features are indicat
of a narrow wave packet inJ space, andDJ'5 is indeed
found to describe the wave packet well. Note, this is
effective width of the wave packet, which is affected byJ̄
'3.

The super cross-revival period in Fig. 4 is 3.245 ns. T
is close to but longer than12 Tnkk

rev 51/2cY1153.043 ns, as ex-
pected in view of the results in Sec. III B. In that subsecti
a peculiarity of the Li2(A) molecular constantsY11 andY20
was pointed out, which lead to the first super cross-revi
falling between two vibrational revivals. A magnified vie
of the first peak in Fig. 4 reveals just this characteristic.
conclusion, all features of Fig. 4 are qualitatively describa
in terms of a minimal coupling Hamiltonian of the kind in
vestigated in detail in Sec. III A. The higher-order terms a
necessary for a quantitative description, though.

The parameters used in Fig. 3 correspond approxima
to a wave packet produced atT5300 K. Thus, we expec
appreciable super cross-revivals to be present also at
temperatures. Setting the temperature to something typic
experiments in a heat-pipe oven, 900 K, yields the trace
Fig. 5. The super cross-revivals are as expected partially
pressed, but there is still a strong peak, 40% of the orig
amplitude, close to1

2 Tnkk
rev . It is found at a slightly longer

time, however, 3.254 ns, than for the cold molecules. Thi
a reflection of the increased importance of the higher-or
terms in the Hamiltonian, which tend to push the revival
later time~Sec. III B!.

It might at first sight seem surprising that the cross-revi
peaks survive the conceivably excessive thermal avera
of the signal atT5900 K. The effective rotational tempera
ture of the wave packet, however, is only 430 K, for tw
major reasons, both of which are related to the strict se
tion rules applying to the rotational quantum numbers in
two-photon transition. First, provided the laser wavelen
bandwidth is sufficient, theJ distribution in the excited state
is very similar to that of the ground state. This means that

FIG. 5. Same as Fig. 4 except forTvib5Trot5900 K.
4-5
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TONY HANSSON PHYSICAL REVIEW A 61 033404
effective rotational temperature in the excited state,Trot* , is
different from that of the ground-state distribution,Trot

0 , as
the rotational constants for the two states involved,Bv* and
Bv

0, are different. In the case of identicalJ distributionsTrot*
5(Bv* /Bv

0)Trot
0 , which in the excitation process yields a r

duction of the effective rotational temperature, as typica
Bv

0 is greater thanBv* . In the Na2(A)←Na2(X) transition,
Bv* /Bv

050.67, which is close to the observed cooling rat
0.66, 0.63, and 0.63 at 300, 700, and 900 K, respectiv
The same ratio of the rotational constants applies to the
responding transition in Li2, and a cooling ratio 0.68 is ob
tained for an initial temperature of 300 K. For the hig
temperature case of 900 K, however, the cooling ratio
substantially lower, 0.48, which implies an additional co
ing mechanism being effective.

The second process contributing to the ‘‘rotational co
ing’’ of the wave packet is connected to the limited wav
length bandwidths of the laser pulses. Namely, if the diff
ences between the three rotational constants in the pu
probe process@17# are sufficiently large, then the rotation
distribution in the ground state is not fully sampled. T
sampling efficiency is obviously related to the absolute s
of the rotational constants, as smaller absolute values ge
ally imply smaller differences. This in turn leads to th
lighter molecules are more likely to experience the ba
width related cooling than heavier ones. Consequently
observed here, the laser bandwidths are sufficiently larg
sample the Na2 rotational distribution efficiently at all tem
peratures but not so for Li2 at elevated temperatures. Thu
the wave packets generated in Li2(A) at 900 K are cooled
rotationally even more than expected from the simple ro
tional constant mechanism discussed above.

We have shown that super cross-revivals of vibratio
wave packets in the unperturbed Li2(A) state will occur with
very large magnitude even at high initial molecular tempe
ture. How general is this phenomenon? The ‘‘rotational co
ing’’ due to changing rotational constants in the excitati
process will be present for all transitions where the grou
state is more strongly bound than the excited state, whic
normally the situation, and thus it is a generally occurri
process. The ‘‘cooling’’ due to bandwidth limitations is re
stricted to light molecules, however. Thus, the super cro
revivals for heavier molecules at high temperatures will
occur with as large amplitude as in Li2. For Na2(A) at an
initial temperature of 900 K, e.g., we obtain a super cro
revival amplitude which is 17% of the initial vibrational am
plitude. The same measure for initially cold~Tvib550 K,
Trot510 K! Na2 molecules is 65%. Likewise expansion
cooled NaK(A) and I2(B) molecules also yield strong supe
cross-revivals, 56% and 50% of the initial amplitude, clo
to 1/2Tnkk

rev . Although we have investigated merely a fe
molecular states, the high consistency of the results in
different cases indicates that the existence of cross-revi
and super cross-revivals is an inherent and therefore gen
feature of wave-packet dynamics in unperturbed diato
molecular potentials and can be observed provided the in
molecular temperature is not too high. For molecules c
taining sufficiently light atoms the temperature restriction
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relaxed, as the laser wavelength bandwidth then becom
limiting factor.

D. Perturbation and lifetime effects

We ignored in the discussion above several commo
occurring complications to the simple picture of a wa
packet moving under the influence of a potential. These
fects have to be assessed in order to judge whether or no
super cross-revivals are a physical reality in molecules.

Considering that the cross-revival time scale ranges fr
a few ns for the lightest diatomic molecules to a couple
hundred ns for the heavier ones, it is clear that radiat
lifetime effects will be detrimental to the cross-revivals
wave packets in most electronically excited states. In ad
tion, collisions will scramble the phase of the wave pac
whenever the ambient pressure is about a millibar or abo
with the same end result.

The remedy for the collisional quenching is easily fou
by performing the experiments in molecular beams, which
anyway a prerequisite to obtain the low temperatures ne
sary to observe near-complete cross-revivals. The radia
lifetime on the contrary does not lend itself to such ea
manipulation and restricts the number of molecular states
which cross-revivals are possible. As it turns out, cro
revivals of wave packets in electronically excited states w
fully allowed optical transitions to lower states available, i.
all states accessible by direct laser excitation from the e
tronic ground state, are only feasible for molecules conta
ing at least one of the very lightest elements, such as lithi
In this context even sodium is a heavy atom. Our particu
case of Li2(A) is a good example of a case whenTnkk

rev is
short enough compared to the fluorescence lifetime~19 ns
@18#! to facilitate the existence of cross-revivals.

The obvious, although experimentally nontrivial, way
avoid the limitation of radiative lifetime is to do the exper
ments on molecules which are in a state not directly coup
to a lower one by a strong optical transition. This involves
least one preparation stage, for instance, in which a th
laser field is applied. Such a scheme was, for example,
cently @19# successfully employed to prepare and probe
wave packet in the electronic ground state of K2. Another
suitable approach, which simultaneously eliminates the n
for expansion cooling of the molecules by applying
continuous-wave laser for highly selective initial state pre
ration, has been developed by Ubernaet al. @14#.

Finally, we have throughout the discussion assumed
the energy levels of the molecular states can be expresse
a simple Dunham expansion. It has to be kept in mi
though, that perturbations of electronically excited states
other nearby states may cause deviations from this beha
The A 1Su

1 state of Li2, for instance, is perturbed by th
a 3Pu state@18# and the perturbation will for some choice
of wave-packet parameters alter the appearance of the c
revival structures. This perturbation is caused by spin-o
coupling and is very local. Hence, depending on the s
composition of the wave packet, such perturbations may
may not have significant influence on the cross-revivals.
4-6
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conclusion we note that perturbations are absent for the e
tronic ground state.

IV. CONCLUSION

We predict that vibration-rotation coupling in diatom
molecules will lead to cross-revivals of vibrational wa
packets—provided lifetime effects and collisions can
eliminated. The cross-revivals we obtain are nearly comp
for expansion-cooled Li2 in the A 1Su

1 state. Due to ‘‘rota-
tional cooling’’ of the wave packet in the pump-probe pr
cess these cross-revivals survive thermal averaging and r
at 900 K an amplitude which is close to half the beat am
tude at zero time delay. Except for molecules containing
least one very light atom, one has to resort to experime
schemes involving preparation of wave packets in the e
tronic ground state to observe cross-revivals, as to av
thermal averaging and/or lifetime effects to dominate
long time dynamics.

The detectable time correlation extending over many
discussed here opens some interesting prospects. First,
s.

,

a

s

03340
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sions in the gas phase at all reasonably normal tempera
and pressure take place on a pico- to nanosecond time s
Thus, information on various collisional cross sections mig
be extracted by monitoring the cross-revival structure a
function of pressure. Second, Ubernaet al. @14# have shown
the feasibility of utilizing phase control of molecular wav
packets on a ps time scale and that it is in this fashion p
sible to ‘‘focus’’ the wave packet so that ionization occurs
a specified instance. From the results obtained here, it is c
that the same approach could in principle be applied to cro
revivals to obtain wave-packet focusing on a ns time sc
Finally, careful analysis of the cross-revival structure see
to be a potential tool to investigate perturbation phenom
in diatomic molecules.
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