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Nuclear Fluxes in Diatomic Molecules Deduced from Pump-Probe Spectra
with Spatiotemporal Resolutions down to S pm and 200 asec
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When molecules move, their nuclei flow. The corresponding quantum observable, i.e., the nuclear flux
density, was introduced by Schrédinger in 1926, but until now, it has not been measured. Here the first
experimental results are deduced from high-resolution pump-probe measurements of the time-dependent
nuclear densities in a vibrating diatomic molecule or molecular ion. The nuclear densities are converted to
flux densities by means of the continuity equation. The flux densities are much more sensitive to time-
dependent quantum effects than the densities. Applications to the sodium molecule and the deuterium
molecular ion unravel four new effects; e.g., at the turns from bond stretch to compression, the flux of the
nuclei exhibits multiple changes of directions, from small to large bond lengths, a phenomenon that we call

the “quantum accordion.”
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Panta rhei—everything flows. Today, this famous
hypothesis [1] has been confirmed in almost all fields of
physics. Prominent examples in molecular physics, atomic
physics, attosecond and strong field physics, and neighbor-
ing fields, e.g., physical chemistry, femtosecond chemistry,
and molecular engineering include fluxes of molecules in
molecular beams [2,3] or of electrons through molecules
between electrodes [4,5], or laser-induced electron tunnel-
ing current flow in atoms [6]. Until now, however, intra-
molecular nuclear fluxes have not been monitored
experimentally. The first purpose of this Letter is to open
experimental access to this demanding field, specifically to
nuclear fluxes in diatomic molecules. It calls for a new
record in spatiotemporal resolution of experimental flux
densities jr(R, ), which depend on internuclear bond dis-
tance (R) and time (¢) [i.e., better than 10 picometers (pm)
and from ~20 femtoseconds (fs) down to 200 attoseconds
(asec), respectively]. For comparison, this standard has
already been achieved in recent quantum dynamics simu-
lations of wave packet interferometry for nuclear densities
and flux densities in the vibrating iodine molecule I, [7].
The flux density ji(R, ) is related to the time-dependent
density 5(R, t) by means of the continuity equation [8]; see
Egs. (1) and (2) together with the definitions given below.
There is, in principle, no way in which to measure j(R, t)
independently of p(R, r), simultaneously, since that would
violate the uncertainty principle. The first goal of this
Letter is understood in this context. The second purpose
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is to use the nuclear flux densities to reveal new, possibly
even counterintuitive, quantum effects. For reference, it is
intuitively clear that a vibrating diatomic molecule exhibits
alternating stretches and compressions of the chemical
bond. Accordingly, in a classical picture, the velocity
v, = R and hence the nuclear flux density j,; = povq
(where p, denotes the classical nuclear density) should
oscillate between positive and negative values, respec-
tively. As a working hypothesis, one could assume that
the experimental nuclear flux density jg(R,?) should
evolve analogously. Since the experimental results account
inherently for the underlying quantum dynamics, any devi-
ations from the classical reference should reveal new
quantum phenomena.

This Letter presents the first experimental nuclear flux
densities jg(R, f) of vibrating diatomic molecules or mo-
lecular ions, specifically for the Na, molecule in the elec-
tronic excited state 2'I1,, and for the D; molecular ion in
the electronic ground state 23, ; . Our choice of these sys-
tems is motivated by two criteria. First, the original experi-
mental papers by Frohnmeyer and Baumert for Na, (2! IT o)
[9] as well as by Ullrich, Moshammer, and co-workers for
D3 (*3}) [10] not only present the original pump-probe
spectra, but they also convert them to nuclear probability
densities p(R, t). The signals for p(R, ) are integrated
over all molecular orientations (@, ®), ie., p(R 1) =
p(R, DR* = [dQ|y(R, O, D, 1)|*> for the corresponding
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molecular wave function W(R, ®, D, 1) = (R, O, D, 1)/
R, in accord with quantum dynamics simulations of
p(R, 1) in Refs. [11,12], respectively. The experimental
P(R, t) provide an important intermediate step from the
original pump-probe spectra to the corresponding target
observable jr(R, ) = jr(R, )R?. Since p(R, 1) evolves
ultrafast in one dimension, we use the unit 1/fs (1 fs =
10715 ) of jr(R, 1), which is the same as the unit used for
the nuclear flux at R and ¢. The pump-probe measurement
of the nuclear flux density in a vibrating diatomic molecule
is, therefore, equivalent to monitoring the nuclear flux.
Second, the spatiotemporal resolutions of the densities
are 17 fs and 4 pm for Na,(2'Il,), and 220 asec and
5 pm for Dy (*3}), respectively. These extraordinarily
high resolutions are essential for the present purpose.
They were achieved by means of femtosecond photoelec-
tron spectroscopy [9,13] (based on theoretical concepts
and simulations of Refs. [11,14]), or by time-resolved
three-dimensional Coulomb explosion imaging [10]
(based on concepts of Ref. [15]). We are not aware of
any other published pump-probe spectra of vibrating
diatomic molecules with similar high resolutions; very
recently, S. R. Leone presented analogous results for
the Br, molecule [16]. For comparison, these methodologi-
cal advances [9,10] improve the spatiotemporal resolutions
of the pioneering femtosecond pump-probe experiments
of Zewail [17,18] by approximately one order of
magnitude.

The experimental nuclear densities p(R, 1) are shown in
Figs. 1(a) and 2(a) for vibrating Na,(2'II,) and D5 (*3)),
adapted from Refs. [9,10], respectively. Their spatiotem-
poral patterns appear as mountains with oscillatory ridges.
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FIG. 1 (color online). (a) Contour plots of the experimental
nuclear probability density (R, t) (adapted from Ref. [9])
and (b) the deduced experimental flux density jgr(R,?) for
vibrating Na,(2'IT,). Equidistant contours are drawn for
AR 1) =0.01,0.11,...,0.61 A~! and for jR(R, ) = —0.003,
—0.002, ...,0.003 fs~!, respectively.

These correspond to quasiperiodic alternating bond
stretches and compressions. Four vibrational periods are
displayed in the time windows for Figs. 1 and 2. These are
chosen such that the pump and probe laser pulses do not
overlap (their full widths at half maximum are 40 fs for Na,
and 7 fs for DY). Another reason for the choice of these
time windows is that they correspond to entirely different
mechanisms of the vibrational dynamics. The point that we
wish to make here is that the method to obtain jx(R, ¢) from
P(R, t) deduced from pump-probe spectra is general. To
distinguish these mechanisms, we recall that in pump-
probe spectroscopy of diatomic molecules, the pump laser
pulse induces quasiperiodic sequences of three phases of
the vibrational quantum dynamics: (i) vibrational round
trips that correspond to classical motion, (ii) quantum
dispersion of the wave packet, and (iii) vibrational revivals
[19]. The time windows for Figs. 1 and 2 show Na,(2'II,)
in phase (i) and D3 (*2 /) in phase (ii). Figure 1(a) displays
rather large amplitude (internuclear distances between
~3.0 to 5.0 A) vibrations for Na2(21Hg), with typical
round-trip times of about 370 fs. In contrast, the overall
shape of the nuclear density for D (*%;) shown in
Fig. 2(a) is quite robust [see also Fig. 4(a) below]. It
appears as rather a broad “mountain” ranging from ~1.0
to 3.5 A. The top of this mountain shakes with rather small
amplitude (say from 1.7 to 2.1 A) and short period
(7 = 3 fs), which correlates well with the period of the
pump laser pulse. This is a consequence of its very high
intensity (Iy,x = 0.5 X 10" W/cm?) for DY (*%]), which
causes field dressing of the molecular ion, shaking it at
the frequency of the pump pulse [10,20]. This effect
does not occur in the photoelectron spectroscopy of
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FIG. 2 (color online). (a) Contour plots of the experimental
nuclear probability density (R, ) (adapted from Ref. [10])
and (b) the deduced experimental flux density jgr(R,?) for
vibrating D7 (*3;). Equidistant contours are drawn for
AR 1) =0.01,0.11,...,0.61 A~! and for jr(R 1) = —0.20,
—0.15,...,0.20 fs~!, respectively.
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Na,(2'I1,) with rather low intensity of the pump pulse,
~1.0 X 10" W/cm? [9].

Once the nuclear probability density g(R, t) of a vibrat-
ing molecule is measured, it is straightforward to deter-
mine the nuclear flux density j(R, 7). For this purpose, the
continuity equation

g +V-j=0 (@)

at’ !
is decomposed into radial (R) and angular (®, ®) compo-
nents (j = jrer + jo€p T joeq) and integrated over all
orientations. The experimental scenarios—isotropic initial
distributions, excitations by linearly z-polarized laser
pulses—imply that the angular components do not contrib-
ute. Hence Eq. (1) is reduced to the radial part

P 9 -
2R 1)+ — jr(R 1) =0, 2
atp( ) aRJR( ) (2)

where Jr(R 1) = [[ dOR[S*(R, O, ®, )(Pr/M)X
(R, ©, ®, 1)] with radial momentum operator Pp =
—ihd/OR and reduced molecular mass M; I stands for
the real part. The boundary conditions

jrR(R,)—0 for R—0 and R— oo (3)

then yield
- Jd R
juko =~ ["arp®. D) (4)
Jat Jo

High resolution of the experimental data for p(R, 1), as
in Refs. [9,10], is essential for accurate numerical evalu-
ations of jg(R, t) by Eq. (4). Analogous expressions for
nuclear fluxes have been derived by W. H. Miller [21-23].

Let us now determine the experimental nuclear flux
densities jg(R, 1) for vibrating Na,(2'TI,) and D5 (*X]),
using Eq. (4) with the pump-probe spectral results for
P(R, 1) of Refs. [9,10] as inputs. This requires some pre-
paratory steps. First, the original experimental data for
(R, t) of Na,(2'II ¢) contain some background. This is
subtracted so that g(R,t) — 0 for R— 0 and R — oo.
Second, the experimental data are affected by noise. For
compensation, the nuclear densities are renormalized so
that [ dR'p(R’, 1) =1 at all times. Third, the lower and
upper bounds for normalization, and also for the integral
(4), are replaced by values R,,;, and R,,,, such that (R, 1)
is negligible for R < R, or R > R ...

The resulting experimental nuclear flux densities in
vibrating Nay(2'Il,) and D3 (*3]) are shown in
Figs. 1(b) and 2(b), respectively. On first glance, they
confirm the anticipated classical phenomena: alternating
bond stretches and compressions, which are visible in the
nuclear densities g(R, t), correspond to alternating positive
and negative values of the nuclear flux densities jz(R, ),
respectively. The four vibrational periods of the p(R, )
illustrated in Figs. 1(a) and 2(a) are thus associated with
eight lobes of ji(R,t) with alternating signs, shown in

Figs. 1(b) and 2(b), respectively. Apparently, the formation
of lobes of jr(R,t) with opposite signs is even more
prominent than the corresponding oscillatory ridges of
the p(R, t). By extrapolation, it is easier to analyze the
experimental jk(R, ) than 5(R, ), in order to discover
time-dependent quantum effects. Below, we unravel four
new quantum effects (QEs), labeled QE1-QEA4.

QE1l: The experimental nuclear flux densities for
Na,(2'I1,) show that the major component of bond com-
pression from ~5.0 to 3.0 /oko is followed by a minor
component from ~6.0 to 5.0 A. Likewise for Dy (*3]),
the negative lobes of the experimental nuclear flux den-
sities have two peaks, indicating that bond compression
proceeds in two steps, from values of R near 2.5 A to
smaller ones, close to 2.0 A.

QE2: For Dy (*%), not only bond compressions but
also bond stretches tend to start at rather large (~ 3 A)
bond distances.

QE3: The small amplitude vibrations of the top of the
“mountain” of the nuclear density p(R, 1) for Dy (*X})

correspond to much larger amplitudes (~ 0.8 A) of the
jr(R, t). This means that the apparent shaking of the
“mountain” top is due to quasiperiodic large-amplitude
“landslides” of a small fraction of the nuclear density—a
special quantum effect caused by the very strong field of
the pump pulse, which becomes obvious in phase (ii) of
molecular vibrations.

QE4: Another quantum effect can be seen in snapshots
of the nuclear flux densities during molecular vibrations.
Figure 3 shows the experimental j(R, 7) [and for compari-
son also §(R, 1)] of the vibrating Na,(2'II,), in the time
window from 358 to 558 fs when the molecular stretch
turns to compression. The switch occurs close to t =
458.1 fs. The corresponding classical expression
Ja(R, 1) = pa(R, t)vy would suggest that this turn should
be associated with a moment when the classical density
Pa(R, 1) is localized at the classical turning point and the
velocity v is equal to zero; i.e., j(R, ) should vanish. In
contrast, at t=458.1fs, the experimental jg(R,?)
approaches rather small absolute values (compared to the
maximum ones), but it never vanishes. Instead, it is dis-
persed over rather large domains of bond lengths, from
R ~3106.0 A, with two changes of sign at R = 3.7 A and
R =5.3 A, corresponding to bond stretches at small
and large values of R but bond compression at medium
bond lengths. Vibrational reversals of jz(R, 1) are predicted
in Refs. [7,24,25] as a consequence of wave packet
interference—here this is revealed by high resolution
pump-probe spectroscopy. The cartoon in the very bottom
of Fig. 3 illustrates this phenomenon as the ‘“quantum
accordion.” In the (idealized, one-dimensional) classical
accordion, there is a moment in which all the bellows
remain still as push turns to pull. In contrast, the bellows
in the “quantum accordion” never stand still altogether,
but during the turn from pull to push, different parts expand
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FIG. 3 (color online). (a) Snapshots of the experimental nu-
clear probability density g(R,f) (adapted from Ref. [9]) and
(b) the deduced experimental flux density jz(R, ) for vibrating
Na,(2'I1,). Bottom panel illustrates the “quantum accordion,”
which corresponds to the snapshot of ji(R, ) at r = 458.1 fs,
with two changes of the directions of the nuclear flux density
marked by circles (see text).

or contract in opposite directions. Figure 4 shows similar
snapshots for vibrating Dy (22+) Apparently, the “quan-
tum accordion” is even more pronounced for the light D5
compared to the heavy Na,. For example, j;(R, t) for D5 at
t = 95.07 fs exhibits not just two but four changes of sign.
Comparison with the previous and next snapshots at 94.86
and 95.23 fs show that between formation and annihilation,
the nodes of jx(R, f) move by distances of the order of
10 pm within 200 asec.

Quantitatively, the quantum effects QE1-QE4 depend on
the quality of the densities 5(R, t), which in turn depend on
the quality of the underlying pump-probe spectra and
the method of extracting g(R, t) [9,10]. Qualitatively, how-
ever, the effects are robust with respect to small experimen-
tal uncertainties AS(R, t). The corresponding uncertainty
in j(Rt) is Aj(R,1)= —(3/0t) [RAR'AB(R',1). The
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FIG. 4 (color online). (a) Snapshots of the experimental nu-
clear probability density 5(R, t) (adapted from Ref. [10]) and
(b) the deduced experimental flux density jg(R, f) for vibrating

DI (*3)).

normalization of the density implies [§’ Ap(R, 1)dR = 0.
In general, Ap would have a random distribution of signs;
hence, the mean relative deviations of the flux density
(|Aj/jl) are much smaller than those of the density
(|Ap/pl) due to the cancellation along the integration
range. In conclusion, the flux densities are robust with
respect to small changes of the densities.

In summary, this Letter presents the first experimentally
determined nuclear flux densities in molecules, revealing
fascinating quantum effects. These are important for several
fields of physics, including attosecond and strong field
physics [26-28], and neighboring fields such as femtosec-
ond chemistry [18]. Unraveling these effects by the present
approach profits from the fact that flux densities are much
more sensitive to time-dependent quantum effects than
probability densities. A similar conjecture has been made
in the recent quantum dynamical investigations of symme-
try breaking in tunneling in cyclic versus noncyclic double
wells: the densities are practically indistinguishable,
whereas the flux densities are entirely different [29].

The present approach may be applied to high resolution
pump-probe results for densities (R, t) of arbitrary homo-
nuclear diatomic molecules or ions. The results for
D3 (?37) provide the highest spatiotemporal resolution
(5 pm, 220 asec) of any flux density that has ever been
measured in physics. This is the first step into this uncharted
territory. It should stimulate high-resolution pump-probe
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measurements of vibrating diatomic molecules, beyond the
present systems Na, (2'TI ) [9] and D3 (*Z]) [10] (see also
Refs. [30,31]). The present approach can also be applied to
competing processes in diatomic molecules or molecular
ions, such as dissociations and electronically nonadiabatic
transitions. Extensions to nonspherically integrated signals
(these have also been documented in Ref. [10]) or to poly-
atomic molecules are more demanding, in that they require
use of the three-dimensional version of the continuity
equation (1) with modified boundary conditions (3).
Recent concepts for monitoring molecular motions by
means of high-harmonic generation [32] and x-ray phase
contrast imaging [33] hold promise for direct access to
intramolecular fluxes.
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