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FINAL PROGRESS REPORT TEXT 
 
Period covered by report: August 1, 2010 to 8/18/2012   
 
Proposal Title: Bright Coherent Optical Waveforms from the Infrared to the Vacuum Ultraviolet 
for Manipulation and Detection of Molecules 
 
Contract/Grant number: W911NF-08-1-0391  
 
ARO Program Manager: DOD Army ARO, Richard.Hammond@us.army.mil 
 
Author(s) of report: Margaret Murnane, David Jonas and Henry Kapteyn 
 
Performing Organization Name(s) and Address(es): JILA, Department of Physics, Department of 
Chemistry, University of Colorado at Boulder, Boulder, CO 80309 
 
ARO proposal number: 54364-PH 
 
People supported:   
 
(2) Student/Supported Personnel Metrics for this Reporting Period (name, % supported, %Full 
Time Equivalent (FTE) support provided by this agreement, and total for each category):  
 
(a) Graduate Students:   
Courtney Trevor (100% August 2010), Craig Hogle (100% August 2010-August 2012), Dan 
Hickstein (working on project from start, supported by NSF Fellowship), William Peters (100% 
May 2011-August 2012), Chengyuan Ding ( 50% Jan 2010-May 2011) 
 
(b) Post Doctorates: none 
 
(c) Faculty: Margaret Murnane, David Jonas and Henry Kapteyn, no support 
 
(d) Undergraduate Students: Leigh Martin did his undergraduate honors thesis on this project 
(unpaid). 
 
(e) Graduating Undergraduate Metrics (funded by this agreement and graduating during this 
reporting period):  
i.  Number who graduated during this period : 1 
ii.  Number who graduated during this period with a degree in science, mathematics,  
engineering, or technology fields : 1 
iii.  Number who graduated during this period and will continue to pursue a graduate or Ph.D.  
degree in science, mathematics, engineering, or technology fields: 1 
iv.  Number who achieved a 3.5 GPA to 4.0 (4.0 max scale); 1 
v.  Number funded by a DoD funded Center of Excellence grant for Education, Research and 
Engineering: 0 
vi.  Number who intend to work for the Department of Defense:  
vii.  Number who will receive scholarships or fellowships for further studies in science, 
mathematics, engineering or technology fields  
 
(f) Masters Degrees Awarded (Name of each, Total #): None 
 
(g) Ph.D.s Awarded (Name of each, Total #): None 
 
(h) Other Research staff (Name of each, FTE % Supported for each, Total % Supported):   



None 
 
 
Scientific Progress and Accomplishments (description should include significant theoretical or 
experimental advances)  

 
Four exciting advances resulted from this award –  
 
1. Higher energy ultrafast pulses in the vacuum to extreme ultraviolet (5 – 60 eV) 
We recently demonstrated experimentally and theoretically how to substantially increase the 
conversion efficiency of high harmonic generation (HHG) in the vacuum and extreme ultraviolet 
(VUV and EUV) regions of the spectrum. Prior to our work, scientists had assumed that to 
generate the brightest harmonics in the VUV region of the spectrum, a two-color driving laser 
field was required. We showed, however, that the two most important factors for achieving the 
highest HHG conversion efficiency in a traditional high harmonic generation experiment are:  
1) The driving laser wavelength should be as short as possible, while still being able to generate 
the desired harmonics. The shorter wavelength also corresponds to a shorter laser period, which 
means that the electron spends less time away from the ion. This reduces quantum diffusion, and 
therefore enhances HHG emission from each individual atom.  
2) The HHG frequency upconversion process must be phase matched, to ensure that the emission 
from many atoms in the medium adds together coherently.  
This new understanding allowed us to achieve record conversion efficiencies for HHG ( >10-3) in 
the VUV/EUV regions around 20 – 60 eV, when driven by 400 nm and 267 nm femtosecond 
pulses from an optical parametric amplifier (OPA). Through these experiments, we were able to 
validate a complete theoretical understanding of HHG in the VUV region of the spectrum for the 
first time. However, these initial experiments used a 10 Hz repetition rate Ti:sapphire laser with 
poor beam quality to pump the OPA. Prior to publication, we want to repeat these experiments 
using a new 20mJ kHz laser system that has excellent beam quality. This will allow us to further 
increase the energy per harmonic that we can obtain (to > 1 µJ).  
 
At longer wavelengths in the UV region, we used four-wave mixing in a waveguide to obtain 
high energy (> 35 µJ) pulses at wavelengths around 267 nm, which compressed to a 12 fs pulse 
duration. This represents a significant x4 increase in energy compared with what has been 
demonstrated to date. Although shorter pulses with durations around ≈3-5 fs had been generated 
by others, their low pulse energy of ≈ 1 µJ limits their use to molecules with very large 
absorption cross-sections 
 
2. Electromagnetically Induced Transparency in the VUV 
In exciting recent work published in Physical Review Letters (and highlighted as an Editor’s 
Choice), we showed for the first time that it is possible to induce electromagnetic transparency in 
an atom (He) subject to intense vacuum VUV radiation with photon energy h~17 - 20 eV. 
Normally, when atoms are irradiated with intense femtosecond laser and VUV fields, they will 
ionize through multiphoton processes - even if the energy of the VUV photon is below the 
ionization potential of the atom (the ionization potential of He is 24.6 eV). However, in the 
presence of two VUV photons of different energies and an intense infrared laser field, the laser 
field can modify the electronic structure of the atom, while the presence of two different VUV 
photons can lead to two distinct ionization pathways that can interfere destructively (see Fig. 1). 
As a result, multiphoton ionization of an atom can be turned on or off by manipulating these two 
interfering pathways.  
 
This work demonstrates a new approach for coherent control in a regime of highly excited states 
and strong optical fields, extending ideas from the field of quantum control to a new VUV region 
of the electromagnetic spectrum using novel control schemes. In the two-photon absorption 
schemes widely used for coherent control using visible laser fields, the phase of a weak, non-



perturbative, IR pulse can control absorption through interfering two-photon transitions. Our 
multicolor, multiphoton VUV+IR multiphoton ionization scheme is similar in some respects, 
except that in our case, the final state is in the continuum i.e. the final state is an ion and free 
electron.  

 
This result was unanticipated because previous work had analyzed multicolor, multiphoton, 
ionization in combined VUV and IR fields purely in the time domain - not in the frequency 
domain, where the presence of two interfering channels can be more easily understood. 
Therefore, past work missed the possibility of manipulating the electronic states in an atom using 
light in order to control the amplitude and phase of two multiphoton ionization channels.  
 
This approach opens up new possibilities for coherent control of highly excited states, and 
emphasizes the important and complex role the IR laser field plays in strong field ionization. We 
believe that this concept can be applied to induce and control the outcome of chemical reactions, 
as well as in condensed matter physics where the concept of the resonance dressing, shifting and 
broadening can be applied to the electronic band structure. 

 
3.Capturing multi-electron density in a molecule as a bond breaks 

       
Figure 1: Multiphoton ionization of He in the presence of two interfering quantum pathways: 
11+5 and 13+3. (a) The 11th and 13th harmonics are tuned to the laser‐dressed 2p double‐slit 
state by varying the phase matching conditions in a Xe‐filled waveguide. The dashed vertical lines show 
the calculated sidebands of the dressed 2p state of He. (b) Calculated He excitation cross section, with 
and without the presence of an IR field of intensity 4×1012 W/cm2. By manipulating the absorption 
cross section of He using the IR laser field, the amplitudes of the two interfering quantum pathways are 
controlled. (c) Calculated modulation of the He ionization probability for different ratios of the 
11th:13th harmonic fields. The red curve demonstrates that for an optimized ratio of 256:1 for the 11th 
vs. the 13th harmonic amplitudes, nearly complete cancellation of VUV multiphoton ionization can 
occur. (d) Experimental and theoretical modulation of the He ionization yield for non‐optimum 
intensity ratio of 4:1. 



In exciting work published 
in PNAS in late 2010, we 
used a COLTRIMS (Cold 
Target Recoil Ion 
Momentum Spectroscopy) 
reaction microscope to 
visualize both in space and 
time the dynamic evolution 
of the entire valence shell 
electron density as a 
molecular bond ruptures – a 
feat that was never before 
achieved. In this 
experiment, an ultrashort 
UV laser pulse was used to 
initiate dissociation of a 
Bromine molecule by 
promoting it into a neutral 
dissociating state. The 
electron density of all 10 
bonding electrons was then 
visualized using an intense 
IR laser field to ionize the 
molecule as it fell apart, 
allowing us to probe 
electron rearrangement in 
the entire multi-electron 
valence shells for the first 
time. 
 
We made a surprising finding illustrated in Fig. 2 – that the system remains molecular-like for a 
much longer time than had previously been realized, for up to 140 fs after the molecule started to 
break apart into its components atoms. This means that the electrons do not localize onto the 
individual atoms until the fragments are quite far apart (> 5 Å), in a region where the potential 
energy curves for the dissociation are essentially flat, and where there is negligible electron wave 
function overlap for the two atoms.  
 
In contrast, other approaches that use either photoelectron spectroscopy or high harmonic 
generation as probes can only capture the dynamics of a single electron as the molecule falls 
apart into its component atoms. Moreover, these probes appear to be not as sensitive to the 
electron dynamics in the dissociating molecular system, at least in the experiments performed to 
date. This situation led to an incorrect estimate of when the electronic density in a molecule 
becomes atomic-like, that was too short by approximately a factor of two (or ≈ 85 fs). This work 
highlights the central role of electronic dynamics in a reaction, independent of the nuclear 
potential energy curves. This work resulted from a collaboration with theorists Agnieszka Jaroń-
Becker and Andreas Becker. 
 
4. Spatiotemporal quasi-phase matching 
Since its inception by Bloembergen in the early 1960’s, quasi phase matching (QPM) was 
always regarded as a spatial method to overcome momentum imbalance between photons 
participating in a nonlinear optical conversion process. In this work, we theoretically developed a 
new and generalized realization of quasi phase matching - called spatiotemporal quasi-phase 
matching - that generalizes traditional spatial QPM using layered media to space-time QPM.7 In 
this theoretical work, illustrated schematically in Fig. 3, we showed that instead of simply being 

    
Figure 2: (Top) Calculated molecular orbitals as a function of Br2 
internuclear separation and time after a 400 nm pulse causes the bond 
to rupture through a dissociating neutral state. All 10 electrons in the 
valence shell of the molecule are theoretically modeled. (Bottom) 
Experimentally measured angular‐dependence of the Br+ ion yield from 
strong field ionization of the Br2 molecule, as a function of time after the 
dissociating pulse. Both experiment and theory show that the electron 
density remains molecular‐like for long times, 140fs after the 
dissociating pulse. 



described by a momentum mismatch, in general a nonlinear optical process may possess an 
energy mismatch, a momentum mismatch, or both an energy and momentum mismatch. In the 
latter case, any QPM scheme must involve a temporal component.  
 
This new concept of spatio-temporal QPM is quite general and touches on fundamental aspects 
of all nonlinear frequency conversion processes. Spatio-temporal QPM can be applied to many 
low- and high-order nonlinear optical processes. In low-order nonlinear optics, spatio-temporal 
QPM could be used to tune the position of VUV harmonics so that particular molecular spectral 
features can be accessed. In high order harmonic generation, an accelerating modulation can lead 
to exquisite control of the high harmonic generation process – leading to the enhancement of a 
super-wide continuum of harmonics at a predetermined sub-optical cycle of the driving field. 
This work was published in Nature Photonics in 2010. 
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Figure 3.  Extending the concept of spatial mismatch to spatio‐temporal mismatch. On the left is the 
traditional graphics used to illustrate the concept of spatial phase mismatch. There, dipole moment 
radiation of the generated harmonic would be completely out of phase compared to the same radiation 
emitted a coherence length lc away. The extension to spatio‐temporal mismatch on the right is natural 
considering that dipole moments radiate in space time, which leads to the possibility that the radiation 
would be completely out of phase after some distance (the coherence length lc) and some temporal delay 
(the coherence time tc). 
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Phenomena XVII, ed. (Oxford University Press, New York, 2011), pp. 71-73. 
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