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Final Report from the University of British Columbia (Investigators: Milner, Shapiro)
ii) Objectives:

Experimental demonstration of the ability to control Raman excitation of simple molecular
systems in the strong field regime. Assessing the feasibility of applying the strong-field control
techniques to more complex molecular systems. Experimental and theoretical development of
alternative approaches to molecular identification with ultrashort laser pulses.

iii) Status of effort:

The work on studying the prospects of strong-field coherent control in simple molecules
(molecular lodine) has been completed, both on the side of experimental demonstration and
theoretical analysis. In addition, five new alternative approaches to remote molecular detection
with ultrafast coherent optical processes have been successfully developed and investigated: (1)
interferometric coherent anti-Stokes Raman scattering with noisy laser pulses; (2) coherent
nonlinear spectroscopy in scattering materials; (3) time-resolved ro-vibrational spectroscopy; (4)
polarization modulation spectroscopy with coherent anti-Stokes scattering; and (5)
spectroscopic detection with electromagnetically induced transparency.

iv) Accomplishments/New Findings:

Strong-field control of CARS: Strong-field effects have been detected as saturation of coherent
anti-Stokes Raman scattering signal with increasing pulse energies (exceeding 10" W/cm?). We
have implemented a number of schemes to avoid the detrimental effect of ro-vibrational
“ladder climbing” — i.e. the re-distribution of molecules among multiple ro-vibrational levels,
which effectively bleaches the sample and results in the saturation of the CARS signal. The
effects of two pulse shaping techniques, namely (a) frequency chirping and (b) breaking a single
excitation pulse into a train of pulses, have been investigated both theoretically and
experimentally. From the comparison of these two control mechanisms, we have found that
applying a frequency chirp is more effective in suppressing the undesired ladder climbing (and
therefore heating the molecules), whereas pulse trains are useful in enhancing the overall CARS
signal in the strong-field limit.

Interferometric CARS with noisy fields: We proposed and implemented a new technique for
comparing two Raman active samples. The method employs optical interference of the signals
generated via coherent anti-Stokes Raman scattering (CARS) of broadband laser pulses with
noisy spectra. It does not require spectrally resolved detection, and no prior knowledge about
either the Raman spectrum of the samples or the spectrum of the incident light is needed. We



have studied the proposed method theoretically and also demonstrated it in a proof-of-principle
experiment on toluene and ortho-xylene samples.

Coherent nonlinear spectroscopy in scattering materials: We studied the prospects of
controlling transmission of broadband laser pulses through turbid samples for the purpose of
chemical detection with nonlinear optical methods. The ability to focus transmitted broadband
light is limited via both the scattering properties of the medium, and the technical
characteristics of the experimental set-up. We have identified two time scales, given by pulse
stretching in the near- and far-field regions, which define the maximum bandwidth of a pulse
amenable to focusing. Experimental work is underway to verify our theoretical findings and
demonstrate the method with real scattering materials.

Time-resolved ro-vibrational spectroscopy: We performed an experimental and theoretical
study of the evolution of vibrational coherence in a thermal ensemble of nitrogen molecules.
Rotational dephasing and rephrasing, commonly faced as a major source of vibrational de-
coherence, was detected by coherent anti-Stokes Raman scattering. The existence of ro-
vibrational coupling, which stems from the centrifugal distortion of molecular bonds, and the
discrete energy spectrum of the rotational bath lead to a whole new class of full and fractional
ro-vibrational revivals — a complex dephasing/rephasing temporal profile of the observed CARS
signal. This oscillatory temporal profile is as unique to a particular molecule as its vibrational or
rotational spectrum alone, and as such can be used for molecular identification. Following the
rich ro-vibrational dynamics on a nanosecond time scale with sub-picosecond time resolution,
we were able to determine the second-order ro-vibrational constant and assess new possibilities
of controlling decoherence.

Polarization modulation spectroscopy with coherent anti-Stokes Raman scattering: We
proposed and developed a new technique of coherent anti-Stokes Raman spectroscopy (CARS)
with a single femtosecond laser beam. Our approach combines, for the first time, the
advantages of the method of spectral pulse shaping with the technique of fast polarization
modulation. The former offers good spectral resolution and flexibility to match the spectral
profile of the excitation pulses to the particular vibrational dynamics of the molecules of
interest, whereas the latter enables one to improve the detection sensitivity, as well as to probe
the Raman depolarization factor of the molecular vibration in addition to the traditionally
measured vibration frequency.

Spectroscopic detection with electromagnetically induced transparency: We studied
theoretically the absorption characteristics of atoms and molecules under the condition of
Electromagnetically Induced Transparency (EIT). We refer to this research question in two ways
which complete the overall understanding of the EIT phenomenon. The first approach is the
dynamical approach, which means that we describe the decay process as an interaction with a
continuum set of quantum states, and we solve the Time Dependent Schrodinger Equation
(TDSE), in order to follow the transient behavior of the decay process. The results of this
approach were published in [5], and they reveal few important characteristics of EIT absorption.



We predict how the absorption spectrum will look during the pulse time and at the asymptotic
time t=00. Moreover, we predict that pulses will always experience absorption, although the
latter is reduced in comparison with the regular absorption (without EIT). We also predict the
absorption spectrum during the propagation of the field in molecular medium, and in dynamical
pulse sequencing such as stored light process. The knowledge that we obtained from this work
can be exploited in fast spectroscopic measurement, using pulses within EIT.

The second approach is stationary, and it deals with the ability to decipher complicated spectra.
In this work we used the theoretical formalism of scattering resonances to analyze the necessary
conditions for observation of overlapping transition lines in obtained spectrum. We considered
two scenarios in which the problem of overlapping transition lines is found. The two scenarios
are inter- and intra-molecular overlaps between spectroscopic transition lines. The first scenario
points to the problem of a spectrum of small minority of absorbers being hidden by large
majority of other absorbers. The second scenario points to the case when the spectrum of a
single absorber has overlapping transition lines which make it difficult to decipher the obtained
spectrum.

Our proposed method to unravel these problems is to employ the EIT phenomenon in the
spectroscopic measurements. The logic behind it is given as follows. First, we recognize the
suspected ling, i.e. lines that are not predicted in theory, or that suffer from some unpredictable
broadening and distortion. Second, we employ EIT by subjecting it to the suspicious transition
line, and try to eliminate it. As a result, the other transition line (the one that was hidden) can be
seen. Third, we decipher the emerged transition line. We subject it to the right transition of the
same or other molecule.

In our published paper [4], we derived the specific conditions that this method can be
employed. Furthermore, we presented in this paper a few examples of the proposed method on
real data. The data, given in the table below, consists of the overlapping transition frequencies
of Cl, isotopomers.

Isotopomers 335, v,.4 band 337C1, v,.9 band 335Cl, vy band
Rotational branch Ry-ss, 1.312x10* Pis, , 1.312x10° P15, 1.312x10"
W eg (cm™)

Rotational branch Rj-32, 1.3122x10* Ri-7, 1.3122x10*
W eg (cm™)

Rotational branch P-ss, 1.311x10* Rj-33, 1.3119x10*

W e (cm™)




In summary, we analysed the conditions in which EIT phenomenon can increase tremendously

the resolution of measuring (distinguishing) overlapping transition lines. This new model can

also help in increasing the penetration depth of a probe beam due to the EIT, and can be

exploited in the measurement of small minority of absorbers in mixtures of molecules.
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Final Report from JILA/University of Colorado - Boulder (Investigator: Ye)
ii) Objectives:

Development of frequency combs in spectral regions extending from mid infrared to extreme
ultraviolet for direct frequency comb spectroscopy of complex molecular samples

iii) Status of effort:

We have achieved the following milestones: (1) Performed the first ultrasensitive molecular
spectroscopy in mid-infrared with frequency combs, combining FTIR with comb spectroscopy;
(2) Developed a new technique that provides massively parallel comb spectroscopy sensitive
specifically to ions through the combination of cavity-enhanced direct frequency comb
spectroscopy with velocity-modulation spectroscopy; (3) Demonstrated a quantum-noise-
limited absorption sensitivity with cavity-enhanced frequency comb spectroscopy, achieving the
highest demonstrated sensitivity for a comb-based technique; (4) A groundbreaking work
achieved during the funding period is the experimental demonstration of the existence of a
frequency comb in the extreme ultraviolet (XUV) spectral region and performing the first
spectroscopy work in the XUV spectral region.

iv) Accomplishments/New Findings:

A groundbreaking work for the JILA group is the experimental demonstration of the existence of
a frequency comb in the extreme ultraviolet region. A novel application of frequency comb
technology that leverages both the ultrashort duration of each laser pulse and the exquisite
phase coherence of a train of pulses is the generation of frequency combs in the extreme
ultraviolet (XUV) via high harmonic generation (HHG) in a femtosecond enhancement cavity.
Until now, this method has lacked sufficient average power for applications, which has also
hampered efforts to observe phase coherence of the high-repetition rate pulse train produced
in the extremely nonlinear HHG process. Hence, the existence of a frequency comb in the XUV
has not been confirmed. The group has overcome both challenges and has achieved generation
of >200 uW per harmonic reaching 50 nm (20 uW after harmonic separation). In a true ground-
breaking fashion, the group made the observation of single-photon spectroscopy signals for
both an argon transition at 82 nm and a neon transition at 63 nm. The absolute frequency of the
argon transition has been determined via direct frequency comb spectroscopy. The resolved 10-
MHz linewidth of the transition, limited by the transverse temperature of the argon atomes, is
unprecedented in this spectral region and places a stringent upper limit on the linewidth of
individual comb teeth. Due to the lack of continuous wave lasers, these frequency combs are
currently the only promising avenue towards extending ultrahigh precision spectroscopy to
below the 100-nm spectral region with a wide range of applications that include spectroscopy of



electronic transitions in molecules, experimental tests of bound state and many body quantum
electrodynamics in He" and He, development of next-generation “nuclear” clocks, and searches
for spatial and temporal variation of fundamental constants using the enhanced sensitivity of
highly charged ions.

The JILA group has also successfully implemented the first high-resolution frequency comb
spectroscopy in the mid infrared region. Optical frequency comb-based high-resolution
spectrometers offer enormous potential for spectroscopic applications. Although a variety of
implementations have been demonstrated, the lack of suitable mid-infrared comb sources has
impeded explorations of molecular fingerprinting. The group for the first time implemented a
frequency-comb Fourier transform spectrometer operating in the 2100-to-3700 cm™ spectral
region that allows fast and simultaneous acquisitions of broadband absorption spectra with up
to 0.0056 cm™ resolution. They demonstrated part-per-billion detection limits in 30 seconds of
integration time for various important molecules including methane, ethane, isoprene, and
nitrous oxide. The system enables precise concentration measurements even in gas mixtures
that exhibit continuous absorption bands, and it allows detection of molecules at levels below
the noise floor via simultaneous analysis of multiple spectral features. This system represents a
near real-time, high-resolution and high-bandwidth mid-infrared spectrometer which is ready to
replace the traditional Fourier transform spectrometers for many applications in trace gas
detection, atmospheric science, and medical diagnostics. Recently the JILA group has also
demonstrated a quantum-noise-limited absorption sensitivity with cavity-enhanced frequency
comb spectroscopy, achieving the highest demonstrated sensitivity for a comb-based technique.
The system comprises a frequency comb locked to a high-finesse cavity and a fast-scanning
Fourier transform spectrometer with an ultra-low-noise autobalancing detector. Spectra with a
signal-to-noise ratio above 1000 and a resolution of 380 MHz are acquired within a few seconds.
The measured absorption lineshapes are in excellent agreement with theoretical predictions.
Finally, in collaboration with Eric Cornell’s group, they have demonstrated a new technique that
provides massively parallel comb spectroscopy sensitive specifically to ions through the
combination of cavity-enhanced direct frequency comb spectroscopy with velocity-modulation
spectroscopy..
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We investigated the effect of quantum accumulation of
laser-induced coherence in gaseous media for the
purpose of selective excitation and detection of
quantum ro-vibrational molecular wavepackets with
frequency comb sources, and with trains of ultrashort
laser pulses.

Challenges addressed:

* enhance the sensitivity to the level suitable for standoff
detection, despite low molecular concentration;

« prevent undesired heating of gas samples despite the
required high laser power.

* withstand de-coherence

Manipulation of molecular quantum wavepackets with ultrashort

laser pulses for non-destructive detection of volatile explosives.
Moshe Shapiro’, Valery Milner' and Jun Ye?

"University of British Columbia, Vancouver, Canada
2JILA / University of Colorado at Boulder, Boulder, USA

HDTRA1-09-1-0021

Coherent
vibrations Detection

o)) —

Ignition

IR
EX X TR

Train of ultra-short pulses

Long-lived
wavepacket

Status of effort: completed theoretical and experimental
work on six methods of molecular detection with shaped
femtosecond pulses; performed ultrasensitive molecular
spectroscopy with mid-infrared frequency combs, the
existence of a frequency comb in the extreme ultraviolet
(XUV) spectral region demonstrated.

Personnel supported: At UBC: 3 post-doctoral fellow, 2
graduate students; at JILA/UC-Boulder: 2 post-doctoral
fellow, 1 graduate student.

Publication & Meetings: 19 papers published, 29 invited
and contributed talks at conferences and symposia.

* Year 1: development of a theoretical model; design
and implementation of two experimental setups;

* Year 2. experiments in room-temperature and cold
simple molecular systems; theoretical analysis;

* Year 3: experiments with complex molecules related
to volatile explosives; analysis of de-coherence.

Year 1 Year 2 Year 3
(Jan 09 — Dec 09) (Jan 10 - Dec 10) (Jan 11 -Dec11)
$ 407,401 $358,974 $359,652

Valery Milner, vmilner@phas.ubc.ca, 604-822-3399
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