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Abstract

This paper is a progress report for verifying the degree of non-adiabatic orientation of gaseous

CO molecules when pumped with intense, femtosecond, two-color pulses. No evidence has been

produced to show that the molecules have been oriented. Even-order harmonics has been generated

from CO molecules pumped with intense, femtosecond, two-pulses, which is a necessary but not

sufficient condition of molecular orientation. With a pump pulse optimized for even-order harmonic

generation, a comparison of Coulomb exploded ion images taken with the pump and probe pulses

polarized parallel and perpendicular to each other will be made in the near future. This process

will reveal how well gaseous CO molecules are oriented when pumped with intense, femtosecond,

two-color pulses.
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I. INTRODUCTION

Molecular alignment and orientation through lasers and electromagnetic fields is a tech-

nique with wide applications ranging from high order harmonic generation and molecular

imaging to chemical stereodynamics and the control of chemical reactions [1]. Founding on

the theoretical proposal by Friedrich and Herschbach [2, 3], much progress has been made on

molecular orientation in recent years. The Sakai lab alone has been responsible for propos-

ing and demonstrating laser field-free orientation with combined electrostatic and rapidly

turned-off laser fields [4, 5], proposing and demonstrating all-optical molecular orientation

[6, 7], among other achievements. The current experiment aims to further investigate the

relationship between molecular orientation and the generation of even order high harmonics

from polar CO molecules pumped with intense, femtosecond, two-color pulses.

High harmonic generation is well-described by a three-step model, illustrated in Fig. 1

[8]. First, an electron of the molecule in question tunnels out of the Coulomb potential

modified by an intense laser field. As the laser electric field reverses its direction, the

electron accelerates back towards the parent ion from which it was detached. If the collision

between the electron and its parent ion results in recombination, then a high energy photon is

emitted. A quantum mechanical model of this process using the strong-field approximation

was presented by Lewenstein et al [9].

The generation of even high harmonics is an even-order, highly nonlinear optical process

that requires a medium without inversion symmetry. If the tunnel ionization takes place

asymmetrically, even-order harmonics can be generated. Such asymmetry is realized if

the nonlinear medium is itself asymmetrical. Therefore, a sample of aligned molecules

that has inversion symmetry, such as N2, does not permit even harmonics. When the CO

molecules are oriented, however, they form an anisotropic quantum system that does permit

even harmonic emission. The observation of even-order harmonics is therefore considered a

necessary condition for molecular orientation.

Although the observation of even harmonics from CO would suggest that the molecules

were oriented, since the mechanism by which even harmonics are generated is still controver-

sial in the field, even-order harmonics alone do not provide a sufficient condition. Therefore,

the current experiment intends to reveal how well gaseous CO molecules are oriented when

pumped with intense, femtosecond, two-color pulses [10].
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FIG. 1. A schematic illustrating the three-step model for describing high harmonic generation.

In a), an electron tunnels through the Coulomb potential modified by the laser electric field. In

b), the electron is accelerated away then back towards the parent ion by the laser field. Finally,

in c) and d), the electron collides and recombines with the parent ion and a high energy photon is

emitted. Image credit: Siobhan Tobin.

The following “Experimental Design” section will present the experimental setup used

in this experiment. The “Current Results” section will present the data that has been

collected thus far. The report will then conclude with a brief summary of the experimental

achievements to date and a discussion of future directions of the experiment.

II. EXPERIMENTAL DESIGN

A schematic diagram of the optical setup used in this experiment is presented in Fig. 2.

The output from a Ti:sapphire-based chirped pulse amplification system (Spectra-Physics,

Spitfire Ace 35F) with a center wavelength of 800 nm and a pulse width of 35 fs is used

both as the pump and the probe pulses. One beam of the femtosecond output from the
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FIG. 2. A schematic of the experimental apparatus used to optimize even high harmonics. Image

credit: Siobhan Tobin.

beam splitter is used as a pump pulse and passes through an optical system that includes a

translation stage to adjust the delay between the pump and probe pulses. The pump pulse

also passes through a β-BaB2O4 (BBO) crystal that generates the second harmonic to create

an asymmetric field, and a calcite crystal that is used to adjust the relative phase between

the pump fundamental and second harmonic to change the asymmetry of the field.

The pump and the probe pulses are then directed into a vacuum chamber, where they

are made to focus and cross each other at the location where the CO molecules are supplied

in the chamber. The crossing of the pump and probe beams allows a spatial separation

of the two after high-order harmonics are generated, and enables the high-order harmonics

generated by the pump pulse to be blocked.
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III. CURRENT RESULTS

Fig. 3, 4, and 5 show the harmonic intensity spectra taken under the optimized experi-

mental conditions. The red curves show the harmonic intensities at the CO rotational period

of 8.85 ps, and the black curves show the harmonic intensities just before the rotational pe-

riod. Even-order harmonics are clearly visible on the red curves but not on the black curves,

suggesting that the necessary condition for molecular orientation was fulfilled.

FIG. 3. A graph showing the harmonic intensity around the 13th and 15th harmonics with

the optimized experimental conditions. The red curve shows the harmonic intensity at the CO

rotational period of 8.85 ps, while the black curve shows the harmonic intensity just before the

rotational period. The two peaks around the 13th harmonic are second order effects, as can be

seen from the fact that the red and black curves trace out identical shapes. We can clearly see the

14th harmonic shown in the red curve but not in the black curve.

Fig. 6 shows the intensity of the 16th harmonic as a function of the relative phase between

the fundamental and second harmonic of the pump pulse. Since the relative phase adjusts
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FIG. 4. A graph showing the harmonic intensity around 17th and 19th harmonics. The red curve

shows the harmonic intensity at the CO rotational period of 8.85 ps, while the black curve shows

the harmonic intensity just before the rotational period. The even harmonics can again be seen in

the red curve but not in the black curve.

the asymmetry of the pump pulse, a sinusoidal relationship can be expected between the

relative phase and the harmonic intensity. A clear modulation of the harmonic intensity

could be seen as the relative phase was varied, and the data fits well to a sine curve. As a

consistency check, the harmonic intensity returns to roughly where it began after a relative

phase change of approximately 2π, as one would expect.

Fig. 7 shows the temporal evolutions of the 14th harmonic intensity in red and the 15th

harmonic intensity in black. The 14th harmonic remains close to zero until around the full

rotational period of CO at 8.85 ps, suggesting that the orientation was revived at the full

rotational period.
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FIG. 5. A graph showing the harmonic intensity around the 21st to 27th harmonics. The red

curve shows the harmonic intensity at the CO rotational period of 8.85 ps, while the black curve

shows the harmonic intensity just before the rotational period. The even harmonics are much less

pronounced than lower even-order harmonics, but are still visible.

IV. CONCLUSION AND FUTURE DIRECTIONS

So far, even-order high harmonics have been observed from a sample of CO molecules

when pumped by intense, femtosecond, two-color pulses. It was confirmed that the even-

order harmonics exhibit a sinusoidal relationship to the relative phase between the funda-

mental and the second harmonic of the pump pulse, as expected. It was also observed that

even-order harmonic intensity is highest at the full rotational period of CO molecules, lend-

ing credence to the postulate that the molecules were oriented by the two-color pump and

therefore generate the even harmonics.

As the UTRIP program drew to an end, we were preparing an additional experimental

apparatus for taking ion images with the Coulomb explosion technique. We have observed

a number of ion images with a one-color pump pulse, and we have just begun to record ion
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FIG. 6. A plot showing the dependence of the 16th harmonic intensity on the relative phase

between the fundamental and the second harmonic of the pump pulse.

images with our two-color pump pulse. There appeared to be residual gas molecules in the

vacuum chamber, most likely hydrocarbons and water molecules, leading to significant noise

in our spectra. The lab will therefore attempt to remove the residual gas and proceed to

directly observe orientation in CO molecules through Coulomb Explosion Imaging.

Using an optimized pump pulse for the generation of even-order harmonics, the lab will

make a direct comparison of Coulomb exploded ion images taken with the pump and probe

pulses polarized parallel and perpendicular to each other. This will reveal how well gaseous

CO molecules are oriented when pumped with intense, femtosecond, two-color pulses. Since

the ionization potential of CO molecules should be modified by the detailed characteristics of

the pump pulse, the lab hopes to gain deeper insight into the mechanism behind even-order

high harmonic generation through this experiment.
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FIG. 7. A plot of the temporal evolution of high harmonic intensity. The black curve shows the

15th harmonic, while the red curve shows the 14th harmonic. We can see that the 14th harmonic

is much more intense at the full rotational period of CO of 8.85 ps.
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