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Spectroscopic measurements with increasingly higher time resolution are 

generally thought to require increasingly shorter laser pulses, as illustrated by the 

recent monitoring of the decay of core-excited krypton
1
 using attosecond photon 

pulses
2,3

. However, an alternative approach to probing ultrafast dynamic processes 

might be provided by entanglement, which has improved the precision
4,5

 of 

quantum optical measurements. Here we use this approach to observe motion of a 

D2
+
 vibrational wave packet formed during the multiphoton ionization of D2 over 

several femtoseconds with a precision of about 200 attoseconds and 0.05 Angstroms, 

by exploiting the correlation between the electronic and nuclear wave packets 

formed during the ionization event. An intense infrared laser field drives the 

electron wave packet, and electron recollision
6-11

 probes the nuclear motion. Our 

results show that laser pulse duration needn’t limit the time resolution of a 

spectroscopic measurement, provided the process studied involves the formation of 

correlated wave packets, one of which can be controlled; spatial resolution is 

likewise not limited to the focal spot size or laser wavelength.  

Our experiment is analogous to conventional pump-probe measurements12, but the 
pump and probe occur within one optical cycle, a process that we call “sub-laser-cycle 
molecular dynamics” (Fig.1a).  Ionization, which forms correlated wave packets around 
each peak of the laser field, is the pump. By removing one electron (creating an electron 
wave packet in the continuum), we weaken the force binding the protons and therefore 
launch a correlated vibrational wave packet (Fig 1b).  Because of its small mass, only the 
electron wave packet is influenced by the laser field.  In linear polarization, the electron 
wave packet is first moved away from the parent ion but is pulled back by the laser field.  
The probability of electron re-collision with the parent ion reaches a maximum at a well-
defined laser phase, ~ 2/3 of an optical period after the electron’s transition to the 
continuum (Fig. 1a). Re-collision probes the vibrational wave packet (Fig 1b).  Changing 
the laser wavelength delays re-collision just as changing the position of a translation 
stage changes an optical pump-probe delay.  (Neither re-collision nor the pump-probe 
analogy is essential:  fast measurements are possible in their absence if both correlated 
partners are controlled, as discussed below.)   

Re-collision between an electron and its parent ion has long been known as a 
source of high-harmonics emission7-8,13-14 and generation of high-energy electrons7,9.  It is 
also responsible for correlated multi-electron ionization in strong laser fields7,10,13, 
fragmentation in small molecules11 and attosecond pulse generation2,3,15. For molecules, 
re-collision will also imprint the spatial structure of the ion on the harmonic emission 
spectrum16 or on the photoelectron spectrum6 in analogy with conventional electron 
diffraction17.   
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We use 40 fs laser pulses with an intensity of 1.5x1014 W/cm2 tunable from 800 
nm to 1850 nm. Ionization induces vertical population transfer from the D2 (X 1Σg

+) 
potential energy surface to the D2

+
 (X 2Σg

+) surface, with less than 10-6 transferred to any 
other levels of D2

+ (ref. 18).  Since the equilibrium internuclear separation is greater for 
D2

+ (1.06 Å) than for D2 (0.74 Å), ionization initiates a vibrational wave packet motion 
(Fig. 1b). For all wavelengths that we use, the instantaneous ionization rate19 is sharply 
peaked near the instantaneous maxima of the oscillating field.  The ionization bursts last 
190-300 attoseconds (800 nm - 1.85 µm).  The nuclei are essentially frozen by their 
inertia on that time scale, ensuring that the pump stage is the same for all wavelengths 

 

We use electron-ion re-collision to observe motion on the D2
+ (X 2Σg

+) surface. 
Although the electron returns to the parent ion several times after ionization, the first 
return of the electron wave packet dominates6 and can thus be used as a probe pulse with 
a duration of ~ 1 fs at 800 nm (ref. 6).  The time delay between the creation of the 
correlated wave packets and their re-collision (pump-probe delay) is controlled by 
varying the laser wavelength.  Our delay times range from 1.7 fs to 4.2 fs (~2/3 period for 
λ=800 –1850 nm).   

 

Inelastic scattering of the electron with the parent ion leads to excitation or double 
ionization, giving rise to the dissociative fragments of D+. The kinetic energy of the 
fragments is determined by the internuclear separation at the time of electron re-collision. 
By using a small aperture in the time-of-flight apparatus, we observe only those 
fragments that originate from molecules aligned perpendicular to the laser polarization. 
This configuration eliminates laser-induced coupling between X 2Σg

+ and A 2Σu
+.  Our 

choice of alignment ensures that the wave packet motion is simple, that it can be easily 
modeled and that A 2Σu

+ is a good reference state. The existence of the well-understood 
reference state allows us to unequivocally interpret the kinetic energy spectrum and use it 
to measure the position of the vibrational wave packet.    

 

 Figure 2 shows the kinetic energy spectrum of D+ that is due to re-collision, for all 
wavelengths that we have studied.  Although many dissociation pathways contribute to 
the observed kinetic energy spectra, we can isolate the Σu state as particularly significant. 
This is because, among all inelastic scattering events from the Σg surface, excitation to Σu 
has the highest cross-section over the energy range examined here20.  In addition, the Σu 
leads to fragments with the second-largest kinetic energy. Therefore this channel is easily 
identified in Fig. 2.  We have labeled the data points that we associate with this channel 
with triangles.  In Fig. 2 we see the motion of the wave packet reflected in the shift of this 
peak to lower energy with longer wavelength light.   

 

 To convert the measured kinetic energy spectrum to the vibrational wave packet 
on the Σg surface, we use the reflection principle21.  The transformation includes the 
radial dependence of the collision cross-section, and a self-consistent addition of the 
kinetic energy of the D2

+ Σg
+ wave packet, assuming that the initial average wave packet 

velocity is zero and initial average kinetic energy is given by the zero-point energy of D2.    
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We then fit the wave packet with a Gaussian, and project back to the kinetic energy 
spectrum (solid curves in Fig. 2).  The Gaussian fit on Σg determines the experimentally 
measured wave packet and the position of its peak.  We emphasize that this is a fit to the 
experimental data, not a theoretical curve.   

 

 Figure 3 is a plot of the experimentally determined internuclear separation as a 
function of time.  We represent the position of the vibrational wave packet by the peak 
position of the Gaussian at each laser wavelength.  At each wavelength, the re-collision 
time is defined by the mean time for the electron wave packet's first return.  This 
establishes the experimental points in Fig. 3.  The error bars are determined by the 
deviation of the fit.  We determine the position and the velocity of the wave packet with 
sub-femtosecond, sub-Angstrom resolution.   

 

 Since we are demonstrating a new technique for ultrafast measurement, it is 
important to compare our measurement against a standard.  The solid line in Fig. 3 is the 
result of a simulation of the motion of a vibrational wave packet on the Σg surface by 
solving the time-dependent Schrödinger equation.  The discrepancy is within the error 
bars.   

 

The portion of the kinetic energy distribution that is higher than that assigned to 
the Σu state in Fig.2 corresponds to transitions to the D2

++ state.  For 800 nm the re-
collision kinetic energy is insufficient to ionize D2

+, but at other wavelengths contribution 
can be seen.  The peak at lower kinetic energy is not clearly identified. It contains 
contributions of other excited states and of the electron’s multiple returns6. These are also 
seen to move to lower kinetic energies as the re-collision time is delayed.   

 

 Our current measurement accuracy is limited by noise, but noise in our data is not 
a fundamental limit. Using 3-D imaging detectors instead of observing through a small 
pinhole would increase our signal strength by about 2 orders of magnitude. A high-
density jet source and a laser with higher repetition rate could further increase our signal 
by orders-of-magnitude. 

 

 Our method is based on the principle of creating two correlated wavepackets that 
could be formed on any crest of the laser field.  We assert that these wavepackets are 
actually entangled.  A field crest occurs once during each half-period throughout the 40 fs 
pulse.  Unless the electron and vibrational wave packet are entangled, the kinetic energy 
spectrum for D+ must have a 3 eV modulation (for 800 nm light, 1.5 eV per deuteron).  
Such modulation is well known in strong-field single-particle processes such as high 
harmonics generated by ionizing atomic media8-9,13-14.  

  

 In fact, there is no 1.5 eV modulation in the kinetic energy spectrum at 800 nm in 
Fig. 2.  We measured the spectrum with higher resolution to seek such modulation; none 
was observed.  These experimental results are consistent with the vibrational and electron 
wave packets being entangled.  Entanglement arises because the departing electron 
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contains information on the nuclear coordinate at the time of ionization and on the 
excited state of the D2

+ formed in the re-collision.  By observing only the deuterium ions, 
we integrate over all final states of other unseen, but entangled, partner particles.  Such 
partial measurement eliminates the interference.   

 

 Regarding future applications, we note that the ultimate time resolution of 
correlated measurements is determined by the energy bandwidth of the electron bunch --- 
many tens of electron volts in the present experiment. To obtain a resolution of 200 asec 
will be a challenge similar to that of producing the shortest optical pulses2.  

 

 Also, as long as both particles can be controlled, re-collision is unnecessary.  For 
example, if two electrons are ejected into a field in a correlated fashion, the time 
difference between their ejection is mapped onto the final energy and angular 
spectra10,15,22.   

 

 Correlated particles produced in a process with important dynamics to probe can 
always be measured as long as at least one of the pair can be controlled. Because of their 
low mass, electrons are easily controlled, while at progressively higher intensities, 
muons, protons, alpha particles and ions are controllable. Applying correlation to nuclear 
dynamics requires a means of stimulating a process such that it will occur with high 
probability during the duration of the intense ultrashort pulse initiating it. Nuclear 
processes can be stimulated in an analogous manner to inelastic scattering in our 
experiment --- by using a precursor molecule (such as HCl) and forcing ‘re-collision’ 
between a proton and the heavy nucleus with an intense few-cycle optical pulse. To 
follow the subsequent dynamics, the relative trajectories of the correlated, charged 
nuclear fragments, as influenced by the field, can be measured. 

 

 Regarding the ‘probe’, we note that any method of observing the relative 
evolution of the correlated particles can be used for measurement. In molecular science, 
harmonic generation is one possible method16 where phase matching eliminates the 
contribution from all but the first electron wave packet return, which occurs ~ 2/3 period 
following ionization.  Elastic scattering is a second possible method6, with diffraction 
determining the nuclear position at the time of re-collision. 

 

Methods 
 

Production and control of the electron wave packet 

An optical parametric amplifier is used to shift the 40 fs output of a Ti:sapphire 
laser system to longer wavelengths.  We use 800 nm, 1.2 µm, 1.53 µm and 1.85 µm 
pulses.  Each ionizes D2 near the field maximum and provide a progressively longer time 
delay between ionization and re-collision.  Taking the peak of the first electron micro-
bunch to be the delay time, this corresponds to delay times of 1.7, 2.7, 3.4 and 4.2 fs.  
Changing the wavelength has other implications.  The intensity and wavelength 
determine the maximum re-collision energy 3.17q2E2/(4mω2) of the electron [7] (q and m 
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are the electron mass and charge, ω and E are the laser pulse's angular frequency and 
electric field amplitude at the time of ionization).  We use a light intensity of 1.5 x 1014 
W/cm2, calibrated against the ionization of xenon.  While at 800 nm the peak kinetic 
energy of the re-colliding electron is 30 eV, the ω-2 scaling of the kinetic energy means 
that at 1.85 microns the peak re-colliding electron is ~160 eV. 

 

Kinetic energy analysis 

 The kinetic energy spectrum of D+ was measured with a time-of-flight (TOF) 
mass spectrometer filled with 10-6 Torr of D2.  The time-of-flight axis was perpendicular 
to the direction of propagation of the laser beam.  A 1-mm diameter hole in the electrode 
placed 1.5 cm from the laser focus, selects only those D+ ions resulting from dissociation 
of D2

+ molecules that are aligned along the TOF axis.  For the high-resolution results 
taken with 800 nm light (not shown), the extraction field was 133 V/cm and the 
acceptance angle of the TOF was 6 degrees at 8 eV.  For the lower resolution results, the 
extraction field was 400 V/cm giving an acceptance angle of 9 degrees at 8 eV. 

 

Selection of the re-collision channel 

 Deuterium ions are produced by a number of processes during strong field 
ionization of D2.  We distinguish fragments resulting from inelastic scattering caused by 
the returning electron (Fig. 2) from those produced by any other process (such as 
sequential double ionization [23], bond softening [24] and enhanced ionization [25-28]) 
using the strong sensitivity of recollision phenomena to the ellipticity of the light 
polarization [6-7,13].  It only takes a small ellipticity to displace the electron laterally 
with respect to the parent ion so recollision is impossible [7].  In strong fields, the 
difference between the spectrum obtained with linear and elliptically polarized light is 
due to recollision.    
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Figures Caption 

Figure 1.  Processes probed and exploited with the sub-laser-cycle dynamics method 
using correlated wave packet pairs. (a) Ionization forms correlated electronic and 
vibrational wave packets near each peak of the laser field.  The vibrational wave packet 
(b) moves on the D2

+ (X 2Σg
+) surface while the laser field causes the electron wave 

packet to re-collide, represented by a thick arrow in (a & b). Inelastic scattering during 
re-collision probes the vibrational wave packet’s position.  We measure the kinetic 
energy of the D+ fragments (b).  

 
Figure 2. Kinetic energy distribution of D+ at different pump-probe delay times. Shown 
is the experimental kinetic energy distribution of D+ obtained using four different laser 
wavelengths, corresponding to different pump-probe delay times. Experimental error is 
estimated for each point by taking the square root of the signal counts.  We identify the 
largest high-energy peak by the open data points with dissociation from D2

+ (A 2Σu
+). The 

curve is obtained by a fit to the data as described in the text.  
 
Figure 3.  The measured wave packet position as a function of time. To associate the 
laser wavelength with the time of re-collision, we use the mean time of recollision for the 
first electron micro-bunch at each laser wavelength.  The position is determined from the 
peak of the fit in Fig. 2.  The experimental error bars are determined by the error of the 
fit.  The solid line is the calculated nuclear position as a function of time for a wave 
packet evolving on the D2

+ (X 2Σg
+) state. Because the time window that we measure is 

only about one-quarter of the full vibrational period of D2
+ (X 2Σg

+), the motion is almost 
linear.  
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