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Coherent control of molecular modulation
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We demonstrate coherent control of a molecular modulation process using an incident set of seven
optical sidebands spanning two octaves of bandwidth. We utilize a genetic algorithm to optimize the
relative phases of the incident sidebands to generate additional UV sidebands with nearly 1%
efficiency, change the ratio of energy between sidebands by more than a factor of 50, and efficiently
alter individual sideband energies by millijoules. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2821382]

A common method for achieving molecular modulation
or the adiabatic excitation of a molecular transition is to use
two lasers whose frequency difference is slightly detuned
from Raman resonance."” The driven molecular motion
modulates the two driving lasers causing the generation of a
set of coherent sidebands of Bessel function spectral ampli-
tudes with near unity overall efficiency. With sufficiently in-
tense laser beams, the molecular coherence can be large
enough that the generation length and phase-slip length be-
come nearly equal resulting in all sidebands being collinear
as well. The use of molecular modulation for ultrashort pulse
generation has been studied for nearly a decade.” Initially,
the fundamental vibrational transition in deuterium (D,) gas
was used to generate four octaves of bandwidth.? Variations
evolved including using the rotational transition in H, (Ref.
4), multiplicative and additive techniques allowing the gen-
eration of hundreds of sidebands,z’5 modulation of ~100 fs
pulses as a first step toward generating single, energetic ul-
trashort pulses,6 as well as generation within a hollow fiber
allowing the use of less energetic source lasers.”

In this letter, we report experiments toward prescribed
multioctave spectrum generation using coherent control of
molecular modulation. We use a set of seven sidebands to-
taling ~10 mJ of energy, originally generated through mo-
lecular modulation in D, gas, to drive molecular modulation
in a second D, chamber. Each consecutive pair within the
seven frequencies is naturally tuned close to the Raman reso-
nance allowing the magnitude of the molecular coherence
and efficiency of the mixing process to be controlled by ad-
justing the relative phases of the seven sidebands. An evolu-
tionary algorithm optimizes these phases to generate addi-
tional UV sidebands with nearly 1% efficiency, change the
ratio of energy between sidebands by more than a factor of
50, and efficiently alter individual sideband energies by mil-
lijoules.

Of particular relevance to this letter, a first experiment
using three sidebands to explore the effect of relative side-
band phasing on molecular coherence excitation has been
performed.8 In addition, there is a body of prior work in the
shaping of femtosecond scale pulses by evolutionary algo-
rithms to control nonlinear-optical processes. Control has
been shown over high-order harmonic spectra generation,9
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Raman mode excitation in a Inolecule,10 and spatial location
of laser-induced breakdown."!

Figure 1 depicts the experimental setup. The experimen-
tal details for the generation of the initial seven sidebands are
the same as previous work'? and are described here only
briefly. We use two Q-switched lasers tuned 300 MHz below
Raman resonance to adiabatically excite the fundamental vi-
brational transition in 50 torr of D, gas cooled to 77 K. A
discrete set of frequency components separated by
2994 cm™! and spanning nearly four octaves of bandwidth is
generated under an envelope of 12 ns. A seven sideband sub-
set is dispersed, passed through a Jenoptik liquid-crystal spa-
tial light modulator, recombined, and recollimated. The sub-
set has wavelengths of 1563, 1064, 807, 650, 544, 468, and
410 nm. These seven components are focused with a 40 cm
achromatic lens into a 30 cm long target chamber filled with
200 torr of D, gas cooled with liquid nitrogen to 77 K. The
confocal parameters within the chamber range from
2 cm to 5 cm and the Raman detuning in the second cell is
500 MHz below resonance. The choice of 40 cm focal length
for the lens and 200 torr pressure for the target chamber are
both experimentally determined to maximize generation of
new sidebands. Numerical simulations (based upon eigen-
vector solutions from previous theoryl) predict a maximum
coherence of p=~(0.25 in the target chamber under these con-
ditions. Although the simulations qualitatively showed abil-
ity to control sideband energies and ratios through phase
control of the incident seven sidebands, quantitatively they
predicted more efficient generation of new UV sidebands
than observed.

After the target cell, three additional generated ultravio-
let sidebands (with wavelengths 365, 330, and 300 nm) ex-
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FIG. 1. (Color online) Experimental setup. Seven Raman sidebands are
generated in a D, cell. They are dispersed, passed through a spatial light
modulator, recombined, recollimated, and focused into a target D, chamber.
The resultant sideband spectrum generated through four-wave Raman mix-
ing is measured by an array of photodiodes.
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FIG. 2. (Color online) Maximizing and minimizing the ratio of sideband
energies. Each subfigure depicts the energies of seven sidebands after an
optimization, with the two wavelengths being optimized shown in solid. In
part (a), the energy ratio of the 807 nm sideband to the 650 nm sideband is
maximized to 3.6. Part (b) shows minimization of the same ratio to 0.68. In
part (c), the energy ratio of the 544 nm sideband to the 410 nm sideband is
maximized to 48. Part (d) shows minimization of the same ratio to 0.67.

tend the original frequency comb from seven to ten side-
bands. We collimate all sidebands with a 30 cm achromatic
lens and split them into two beams with a UV beamsplitter.
The original seven sidebands are dispersed with an SF10
prism while the three UV sidebands are dispersed with a
fused-silica prism. An array of laboratory-built photodiodes
with sufficient bandwidth to resolve the 12 ns Q-switched
structure of each sideband measures the intensity profile of
all ten sidebands simultaneously. These photodiode signals
are sent to boxcar integrators (SRS SR250) that in turn pass
the integrated photodiode signals to a computer through a
data acquisition board (NI PCI-1200). Since we possess only
two boxcar integrators, the photodiode signals are sent
through a laboratory-built analog multiplexer which passes
any two signals at one time to the integrators. A computer
program selects which photodiode signals are passed by the
multiplexers and, by cycling the selection, serially passes all
photodiode signals to the boxcar integrators. Absolute ener-
gies are measured by calibrating the integrated photodiode
signals with energy measurements from a calibrated pyro-
electric sensor (Coherent Molectron J4-09).

For the experiments described below, we use a genetic
algorithm (GA) to adjust the relative phases of the original
seven sidebands or, equivalently, the incident pulse shape by
controlling the voltages applied to the liquid crystal spatial
light modulator. The GA begins by randomly picking sets of
phases and measuring a prescribed fitness function (repre-
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FIG. 3. (Color online) Convergence of the GA during an optimization of the
ratio of 544 nm energy to 410 nm energy. Each point represents the average
energy ratio over the ten different pulse shapes of one generation of the GA.
Values for the minimization of the energy ratio are depicted by circles con-
nected by a solid line and values for maximization of the ratio are depicted
by squares connected by a dotted line.

The GA uses an evolutionary strategy to create the next gen-
eration of pulse shapes by breeding the best performing pulse
shapes from the previous generation and sometimes intro-
ducing random mutations. After a number of generations, the
GA should converge to a set of phases which optimizes the
fitness function."

In order to maximize generation of extra UV sidebands,
we choose as our fitness function the integrated photodiode
signal from the first UV sideband since it is the most ener-
getic. The GA uses ten pulse shapes per generation and ex-
ecutes for five generations for an optimization. Using a sum
incident energy of 10.6 mJ (£10% from pulse to pulse), we
were able to achieve a total UV conversion efficiency of
1.3% with efficiencies of 0.8%, 0.4%, and 0.08% for wave-
lengths of 365, 330, and 300 nm, respectively. This effi-
ciency of conversion into the UV closely matches previously
reported results.® However, this work utilizes an order of
magnitude less incident energy. With each measurement of
energies averaged over 10 pulses, each optimization run re-
quires ~5 min. The limiting factor in execution speed is the
10 Hz repetition rate of the lasers. We were not able to ex-
perimentally determine the pulse shape (or equivalently, the
relative phases of the seven incident sidebands) associated
with any of the optimizations described in this paper.

In order to maximize or minimize the energy ratio of one
sideband to another, we choose as our fitness function the
ratio of integrated photodiode signals of the two sidebands in
question. Figure 2 depicts four separate optimizations. Each
optimization requires ~15 min to complete and utilizes av-
eraged values over 10 measurements, 10 pulse shapes per
generation, and 15 generations. A total of 8.9 mJ of incident
energy (£10% from pulse to pulse) is used with average
energies of 0.74, 2.9, 1.7, 2.0, 0.96, 0.45, and 0.17 mJ for
sidebands of wavelengths 1563, 1064, 807, 650, 544, 468,
and 410 nm, respectively. Figures 2(a) and 2(b) show opti-
mizations in which the energy of the 807 nm sideband
changes by over 2 mJ and the energy of the 650 nm sideband

changes by over 1 mJ between maximization and minimiza-
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FIG. 4. (Color online) Control of sideband energy. The maximum (triangle)
and minimum (circle) energies that can be generated for each sideband are
depicted. The sidebands are labelled consecutively from =2 (1.56 wm) to 7
(300 nm) with the initial pump beams being —1 (1064 nm) and 0 (807 nm).

tion. The energy ratio of the 807 nm sideband to the 650 nm
sideband changes by a factor of 5. In contrast, Figs. 2(c) and
2(d) depict optimizations in which the energy ratio of
the 544 nm sideband to the 410 nm sideband changes
dramatically by a factor of 72 between minimization and
maximization.

Figure 3 depicts the performance of the GA for the op-
timization of the ratio of 544 nm energy to 410 nm energy
with each point being the average performance of a single
generation of the GA. This graph represents typical GA con-
vergence performance for the data presented in this paper. At
the first generation, both maximization and minimization
procedures begin with a similar average energy ratio as ex-
pected from random initial pulse shapes, but after a few gen-
erations they converge to sharply different average ratios.

Figure 4 is a representation of the maximum and mini-
mum overall energies we can produce for each sideband. The
data was generated by picking out the maximum and mini-
mum energies for each sideband from the aggregate data
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produced from the 1000 pulse shapes required to optimize
energy ratios, as depicted in Fig. 2. The ratio of the maxi-
mum to minimum achievable energy at a wavelength is rep-
resentative of our level of control over the energy of that
wavelength. This energy ratio is 1.9, 2.1, 4,5, 7, 10, 11, 49,
100, and 150 for wavelengths of 1563, 1064, 807, 650, 544,
468, 410, 365, 329, and 300 nm, respectively.

In conclusion, we have shown limited control over mul-
tioctave spectra using coherent control of molecular modula-
tion. We have shown alteration of individual sideband ener-
gies by up to a factor of 150 as well as the efficient transfer
of millijoules of energy from one color to another. It is likely
that an extension of this work with an increase in the number
of sidebands would result in greater control than presented
here.
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