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of Molecular Dynamics: Controlling
Strong-Field Dissociative-Ionization
Pathways
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Abstract In this chapter we will describe a genetic-algorithm search method
employing velocity map imaging, 2D fitness functions and multiple search crite-
ria that allow different parts of the control landscape to be examined. We will show
how this approach can be exploited for both probing and controlling a rich array of
dynamics in polyatomic molecules in a clear and transparent way. As an example
of its power and versatility, we will control the bending vibration of CO2 during
dissociative ionization while searching two distinct parts of the control landscape.
In so doing, we have tested the theoretical prediction that all solutions are optimal
when the constraints are not too severe. Finally, we will show that multiple solutions
render the dynamics more transparent, enabling important steps toward deciphering
the solution to be made.
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1.1 Introduction

Phase and spectrally-shaped laser pulses obtained via a combination of closed-loop
feedback and learning algorithms (e.g., genetic or evolutionary algorithms, collec-
tively referred to as GA in this chapter) can be used to produce a so-called optimal
control pulse (OCP). These OCPs can be remarkably, if not surprisingly, effective at
controlling a quantum system, where it is difficult, if not impossible, to articulate the
problem analytically a priori. Given a suitable fitness function, however, the system
essentially learns what pulse is required to achieve the desired result. In contrast
to traditional searches that tend to follow local gradients, GA searches can avoid
getting trapped at local maxima. Theoretically, all solutions are optimal solutions
if the constraints on the search space are not too severe; there are no suboptimal
solutions [1]. Experimentally, obtaining the optimal solution depends strongly on
the fitness function. To maximize product yield or any well-defined endpoint that
can be measured directly, such as isolating a single harmonic during high-harmonic
generation, a scalar usually servers quite well as the fitness function. There are cases
of interest, however, where a scalar may not be most appropriate. In experiments
employing velocity map images, for example, the most appropriate fitness function
will be associated with regions of the image that could be both noncontiguous and
two-dimensional (2D). In this chapter we will describe a GA-search method employ-
ing velocity map imaging and 2D fitness functions, and use them to study the “no
suboptimal solutions” prediction. We will also show that this approach enables a rich
array of dynamics to be studied and controlled, some of which are more transparent
and less ambiguous than possible by other means.

Our target system, CO2, has been the subject of strong-field dissociative ionization
since the early 1990s, yet it continues to attract attention making it an ideal candidate
for adaptive control studies. When exposed to intense near infrared radiation, CO2
undergoes structural changes, which are partially responsible for the molecule acquir-
ing a relatively large bending amplitude during strong-field dissociative ionization
into singly and doubly charged atomic ions [2–6]. The bond length for enhanced ion-
ization has been measured to be about 0.215 nm (4.06 a.u.) [5, 7] while the angular
distribution for dissociative ionization is observed to be strongly peaked about the
polarization axis obeying ∼| cos39 θ | [8] for both linear and bent explosions, which
corresponds to an alignment parameter of 〈cos2 θ〉 � 0.95. More recent experiments
have focused on controlling the strong-field dissociative ionization. For example,
Bocharova et al. [7] adjusted the width of an isolated pulse to control ionization and
the bond length onset for explosion while Lozovoy et al. [9] and Chen et al. [10]
employed adaptive control to find an OCP to enhance the bending vibration. The
latter, to our knowledge, was the first image-based closed-loop molecular control
demonstration and is the focus in this chapter. A similar approach has recently been
used to study larger systems [11].

It is well known that OCPs are generally not unique; typically, more than one
solution can be found with nearly the same effectiveness that might be explained by
the theoretical prediction mentioned above that the search space can permit multiple
solutions in different regions of the search space with none being suboptimal. While
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experimental results are consistent with this prediction, to our knowledge this has
never been explored systematically experimentally. Such an exploration requires that
the same dynamics be controlled via different GA approaches. In [10] we found the
OCP with a search-space constraint on what possible OCPs could be created. To
test the theoretical prediction, we will present results where we have searched for the
OCP using two very different constraints involving different regions of the landscape.

This paper is organized as follows. The experimental setup and approach, includ-
ing the 2D fitness function, will be described in Sect. 1.2. The experiments performed
and their results will be outlined in Sect. 1.3 while their interpretation will be dis-
cussed in Sect. 1.4. Finally, we will add a few concluding remarks in Sect. 1.5.

1.2 Experimental Setup and Tools

Figure 1.1 sketches the experimental arrangement used for pulse shaping, strong-
field dissociative ionization, GA-mediated landscape searching, and image capture.
The experiments were driven by nearly transform limited, linearly polarized pulses
produce by a Ti:sapphire laser system (not shown), which was adjusted to yield a
kilohertz train of 1 mJ pulses with ∼15 nm bandwidth. The pulses were shaped
with a 128-elements liquid crystal spatial light modulator (CRI SLM-128) capable
of phase and amplitude modulation. The spectral bandwidth of the pulse shaper was
∼25 nm, when centered at 800 nm. After shaping, the beam was divided with a 80/20
beam splitter; the bulk of the energy was used for the experiment while the pulse
was characterized with the remainder. The intensity in each arm was controlled
independently with an (identical) attenuator composed of a half-wave plate and a
polarizer. Pulses sent to the chamber, housing our 4π -image spectrometer [12], were
focused with a spherical mirror (f.l. ∼75 mm) to about a 7.2 µm radius, which was
sufficient to create dissociative-ionization of CO2 leading to doubly-charged atomic
ions.

Nominally, the pulses were 50 fs in duration (corresponding to a bandwidth of
∼15 nm) and centered at ∼800 nm. In the single-pulse control scheme that we
employed, the optimal pulse both controlled and assessed the dynamics, the latter
via direct Coulomb-explosion imaging [12]. Consequently, we only shaped the phase
(and not the amplitude) of the pulse to ensure there was sufficient intensity after
shaping to ionize the parent molecular system multiple times, typically requiring
an intensity >1014 W/cm2. Our experiments were performed with an ambient CO2
pressure of ∼5 × 10−8 Torr at laser intensities in the 0.5 to 2.7 × 1015 W/cm2 range,
which was sufficient intensity to remove five or six electrons prior to an energetic
dissociation into Ol+ +Cm+ + On+ where l, m, n = 1, 2 subject to l +m +n = 5, 6.
We imaged exclusively doubly charged O and C ions by gating the MCP voltage. An
MCP gate resolution of 100 ns was sufficient to separate the first three charge states
and to exclude protons, OH and N ions. Figure 1.2a is a typical image obtained after
about 1 million laser shots. These composite images can be obtained with either the
analog or digital camera.
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Fig. 1.1 Experimental arrangement for pulse shaping, image capture with our 4π -image spectrom-
eter that uses a micro channel plate (MCP) to detect the ions [12], genetic algorithm feedback loop
and pulse characterization using FROG [13]: PS spatial light modulator: based pulse shaper; HW
half-wave plate; P polarizer; W window; A analog CCD camera used for the GA analysis; D high
frame-rate digital CCD camera used for single-shot image capture and coincidence imaging; and M
movable mirror to switch between cameras. Also shown are example images (clockwise from top
left) a composite image, a FROG image of an OCP pulse, regions of the explosion image used as
2D fitness functions and a single frame image corresponding to a single laser shot generating four
to six explosion events

1.2.1 Pulse Characterization

Pulses were characterized by transient-grating FROG (frequency-resolved optical
gating [13]) running in polarization gating (PG) mode, where the nonlinear medium
was a microscope cover slide of thickness ∼0.2 mm. This characterization included
retrieving the intensity and phase versus time and wavelength using standard FROG
analysis software [16]. To ensure FROG characterization of the pulse was represen-
tative of the beam sent to the experimental chamber, we placed the same optical
elements (viewport, beam attenuator, mirrors, etc.) in both arms. The only difference
between the beams was that the FROG beam was transmitted through the 80/20 beam
splitter while the experimental-chamber beam was reflected. Our tests showed that
this did not cause any serious issues with determining the spectral phase.
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Fig. 1.2 Images of charge distributions of doubly charged ions, O2+ (outer lobes) and C2+ (central
lobe), generated via explosions of COn+

2 (n = 5, 6) obtained with the digital camera in Fig. 1.1
with the laser polarization axis horizontal on the page, which is parallel the plane of the MCP: a
composite image charge distribution containing all doubly-charged trajectories (singly-charged ions
not included) and channels (see text) after about 2.5 ×106 laser shots; b ions with their trajectories
parallel to the MCP corresponding to a symmetric bent explosion of CO6+

2 with a specific bond angle
extracted from (a) using the selective average techniques described in [14]; c triple-coincidence
image of the angular distribution about the polarization axis in a plane parallel to the MCP for
symmetric linear explosions CO6+

2 extracted from (a) using coincidence-imaging techniques (see
text), which are described in [15] and references therein; d triple-coincidence image of the angular
distribution about the polarization axis in a plane parallel to the MCP for symmetric bent explosions
at a specific bond angle extracted from (a)

1.2.2 Image Spectrometer

The 4π -image spectrometer, which was inspired by the fast-ion imaging by Kanter et
al. [17] and the photoelectron imaging detector of Helm et al. [18], has been described
in detail elsewhere [12, 19]. Briefly, it consists of a uniform static electric extraction
field (∼250 V/cm) with an image-quality microchannel plate (MCP) to capture/image
the ions created at the focal point. The focal point is located a perpendicular distance
from the center of 40 mm dia. MCP circle. In operation, the polarization axis of
the light is oriented perpendicularly with respect to the flight path to the MCP and
parallel to the surface of the MCP. Atomic ions resulting from the explosions are
swept towards the MCP by an extraction electric field. The spectrometer was run
in two distinct modes: (i) summed acquisition, which we employed for GA closed-
loop searches and (ii) single-shot acquisition, which we employed to analyze the
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dynamics. In the summed mode an analog CCD camera was used to capture images
of the phosphor screen 640 × 480 pixel array. The camera frames were streamed
to disk at 15 fps where they were summed in real time. The laser was ran at 1 kHz
repetition rate so each camera frame contained a sum of ∼67 laser shots, each of
which inducing about 50 explosion events. Suitable images for GA analysis were
typically captured within 1–2 min, corresponding to a composite image with a few
tens of thousands of explosion events. In the single-shot mode, a fast-frame digital
camera (730 fps) was used to capture images of the phosphor screen in 128×128 pixel
array, each frame of which corresponding to a single laser shot. These camera frames
were synchronized to the repetition rate of the laser, 700 Hz in this case, streamed to
disk at 700 fps and stored individually. Figure 1.2a shows a composite image after
∼2.5 × 106 laser shots obtained either from the analog camera or summed images
from the digital camera. When the digital camera is used it is possible to extract
images in Fig. 1.2b–d as described below. In particular, Fig. 1.2b is associated with
explosions that occur in a plane parallel to the detector face at a specific bond angle.
Figure 1.2c, d show the angular distribution about the polarization axis for linear and
bent explosions taken from [8]. In the bent case it is important to recognize that the
bond angle is fixed.

The image in Fig. 1.2a is a 2D representation of a three-dimensional explosion;
not all ion trajectories are parallel to the MCP. Consequently, the image is not a
representation of the ions’ momenta directly because of distortion by out-of-plane
trajectories (see [19] for a more complete discussion). An extraction of the momen-
tum distribution, which is necessary to determine the pre-explosion structure and
any collateral dynamics (e.g., angular distributions), requires the various trajecto-
ries associated with different angles to be deconvolved via one of several possible
techniques (see, for example [19–24]).

We used an alternative approach to extract this information from images taken
with the digital camera. Each digital frame is associated with one-and-only-one laser
shot, which enables correlation analysis—image labeling [14, 15], triple coincidence
[8, 15] and joint variance [15]—to be used to select trajectories that were initially
ejected in a plane parallel to the surface of the MCP. The images shown in Fig. 1.2
c and d, for example, were obtained from triple coincidence. The (x, y) positions of
the ions relative to the center of the image are the true 2D momenta.

Genetic-Algorithm searches require images to be obtained as quickly as possible.
One does not want to use any of the deconvolution or post-selection algorithms
just mentioned in conjunction with a GA search because they are too slow to be
incorporated into a feedback loop. It turns out that GA searches can be performed on
raw images. This is possible if (1) specific areas on the image that are concomitant
with the dynamics can be identified and (2) these areas can be used as the fitness
function. Such areas become the fingerprints of the dynamics we wish to control,
as detailed in Sect. 1.2.4. One example is the length of the C2+ central lobe in
Fig. 1.2a. More acute bending necessarily involves a longer lobe so a fitness function
could involve maximizing the lobe length. Once a solution is found, digital images
are captured and triple-coincidence is used to quantify the bending.
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We end this section by noting that the 4π -image spectrometer is similar to the
family of image spectrometers based on recoil ion imaging, COLTRIMS (Cold Target
Recoil Ion Molecular Spectroscopy) [25–27], which was developed independently at
about the same time as ours is perhaps the most familiar.1 The fundamental difference
between the two approaches is in the way the electrons after the MCP are captured.
We employ a phosphor screen and a CCD camera to determine the location of elec-
trons ejected by the MCP rather than the position sensitive delay-line array used by
COLTRIMS. This seemly small difference has significant consequences. Whereas as
the spatial (i.e., energy) resolution in the plane of the MCP is nominally the same
for the two approaches, COLTRIMS has higher energy (i.e., temporal) resolution in
the time-of-flight (TOF) direction, which obviates the need for a deconvolution to
determine momentum distributions. Higher resolution in this third dimension, how-
ever, comes at the expense of limiting the maximum number of simultaneous hits on
the MCP per laser shot. For the standard delay-line detector with four axes (read-
outs), COLTRIMS is most effective for diatomic systems and about one molecular
explosion per shot. The 4π spectrometer, by contrast, is able to handle many tens of
simultaneous hits per laser shot and large molecules. Recently, a six-axis delay-line
detector was introduced that increases the number of simultaneous hits significantly,
enabling COLTRIMS to be employed with polyatomic systems as well [28]. The
poorer temporal resolution in the TOF direction places limitations on the 4π spec-
trometer associated with overlapping trajectories (within tens of nanoseconds) and
channel saturation (charges from certain channels appearing with each laser shot).
The 4π spectrometer, however, has the advantage when it comes to GA searches and
closed-loop feedback control. Many thousands of laser shots are required for GA
searches because a discernible image of the explosion must be analyzed in realtime
during the GA steps, described below, in order to reach convergence. Image capture
with COLTRIMS is slower, by about an order of magnitude because generally only
one molecular explosion per laser shot possible rather than many tens. This makes
imaging with cameras more desirable (and cheaper) for GA searches. The 4π and
COLTRIMS spectrometers are, thus, complementary.

1.2.3 GA Search Approach

Optimal fields obtained via GA searches depend critically on the fitness function, a
measurable outcome strongly correlated with the desired dynamics (or final state)
that the optimal field is to control. As already mentioned, in experimental searches,
maximizing the fitness function must be done repeatedly, in real time, and as fast
as possible so that the parameter space can be searched quickly. This is extremely

1While our current application does not include a cold molecular beam it could easily be added.
The comparison we make between the two approaches is limited to the detection of the electrons
ejected from the MCP, which is used to amplify the ion signal. Thus, we will refer to this family of
spectrometers as COLTRIMS in this section.
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important because depending on the number of genes—independent parameters—the
search space can be extremely large. For example, there are about 2.5×10462 possible
setting in our pulse shaper spanning 4π—128 elements each with 12-bit resolution;
in this case there would be 128 genes. Things are not quite this bad because the SLM
steps are nonlinear. However, even if we only scan over a 2π range, at 800 nm there
are still about 1.5×10364 possible settings corresponding to about 700 steps between
0 and 2π . Depending on the dynamics, it is sometimes possible to reduce the space
further by constraining the search as we discuss in Sect. 1.3. These constraints must be
added carefully so as not to exclude the optimal solutions. Consequently knowledge
of the dynamics and the systems is essential to run a GA successfully. As mentioned
above, we use an area on the images as the fitness function, which falls into the class
of 2D fitness functions. Two-dimensional fitness functions provide more detailed
control of a specific channel while also allowing multiples channels to be controlled
simultaneously. To control specific channels and dynamics, we must have an image
fingerprint that identifies the desired process. We will discuss fingerprinting in the
next section.

Our GA searches followed the traditional approach outlined in [29], with each
of our generations consisting of 40 individuals. The population of each successive
generation was obtained via fitness-proportional selection, recombination (one-point
crossover), mutation, elitism and replacement. In fitness-proportional selection, the
probability of an individual to have offsprings is proportional to its fitness. In one-
point crossover, the genes of a chosen pair of individuals selected randomly are
swapped. In mutation, every gene is given a chance, typically small but can be varied
during the search, for its value to be altered by an amount chosen randomly. By
piling up several mutations, a gene can migrate far away from initial value. The elitism
operation passes a certain number of copies of fittest individual to the next generation
to ensure that it will not be lost. Finally, individuals not satisfying a minimum intensity
requirement to produce ionization are eliminated from the gene pool; the eliminated
genes are replaced by others randomly generated and commensurate with the specific
GA operation stage.

1.2.4 Channel Fingerprinting

Channel fingerprinting involves associating explosion channels with unique areas on
the image. To that end, we simulated the three-body explosion by solving the coupled
equations of motion,

mi r̈i = − e2

4πε0

∂

∂ri

N∑

j �=i

qi q j

Ri j
, (1.1)
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Fig. 1.3 Molecular geometry at the time of the explosion (left) and explosion geometry relative
to the detector. Left qi and mi are the number of elemental charges, e (qi e is the charge of mass
mi ), and the masses respectively, ri and pi are the distances from the center of mass and the initial
momenta respectively, R are the charge separations (i.e., Ri j = |ri − r j | and θb is the bond angle.
Right ε and k are the polarization axis (parallel to z) and the propagation vector (parallel to x)
respectively, θ is the angle between the dipole moment of the molecule and ε, Φ the azimuthal
angle the dipole moment of the molecule makes with ε and Ψ is the rotation of the molecule around
its dipole moment (clearly only important when the molecule is bent

subject to the classical hamiltonian,

H =
N∑

i=1

1

2
mi ṙi + e2

4πε0

N∑

i> j

qi q j

Ri j
, (1.2)

for a pure Coulomb explosion. In (1.1) and (1.2), Ri j are the critical radii (Rcs)
for enhanced ionization [30, 31], ε0 is the vacuum permittivity and the rest of the
parameters are defined in Fig. 1.3. For the three-atom (CO2) explosion of interest,
N = 3. In principle, one could partially account for residual bonding in a mean field
way by including a charge defect (σ ), where q → qef f = q − σ [5]. The Coulomb
approximation near Rc is pretty good when five or six electrons are removed, however,
so we did not use an effective charge in our simulations.

We modeled the dissociative ionization for the three channels that populate our
images—(222), (221/122) and (212). The simulations were run in four steps, consis-
tent with the recent experimental observation of Bocharova et al. [7]. Step one was
the removal of three electrons from the parent CO2. Step two was an expansion of the
system to Rc.2 Step three was the removal of two or three additional electrons (via
enhanced ionization) creating CO5+

2 or CO6+
2 . Step four was the Coulomb explosion

from Rc into the atomic ions. One generally observes a range of bond lengths cen-
tered about Rc in experiments, which could be due to a combination of issues such
as molecules in the most intense part of the beam being ionized before Rc, motion

2Bocharova et al. [7] found that CO3+
2 is the intermediate state enabling the system to reach Rc and

supporting the ensuing dynamics, not CO2+
2 suggested by theory [6, 32].
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during ionization and potential curves not being purely Coulombic. Bocharova et al.
[7] found CO2 takes about 100 fs to reach Rc, which they report to be about 0.21 nm.
Zhao et al. using 100 fs pulses found an Rc of about 0.24 nm. Thus, to accommodate
these variations, we allowed the CO bond lengths to be distributed with a bi-Gaussian
distribution about the measured Rc of [5]. Specifically, for lengths shorter than Rc

the width of the Gaussian was chosen to be 0.2(Rc − Re), where Re is the equilib-
rium CO bond length for neutral ground state CO2. For lengths longer than Rc, the
width was set to 0.5(Rc − Re). These choices were commensurate with the spreads
observed by Chen et al. [10]. In the simulation, the two bond lengths were selected
randomly and weighted by the half Gaussians independently, allowing for the pos-
sibility of one bond being longer than the other. We assumed that the probability for
ionization was governed by the angle of the time-averaged dipole moment of CO2.
For linear CO2 the angular distribution for linear and bent explosions was measured
to be ∝ cosn θ , with n being ∼39 [8], where θ is the angle between the dipole
moment of the molecule and the polarization axis of the laser. (The absolute value of
a normalized distribution produces an alignment parameter, 〈cos2 θ〉, for dissociative
ionization of ∼0.95.)

A simulated image of the explosion was prepared by summing a large num-
ber of simulated explosion events with COl+m+n+

2 randomly oriented (i.e., random
values for θ , Ψ and Φ) consistent with the above constraints. Image generation
had two components—Coulomb repulsion and field extraction. The atomic ions
(Ol+ + Cm+ + On+) were allowed to expand under their mutual Coulomb force
for about 5 ps at which time the Coulomb force was turned off because beyond this
time it had negligible affect on the final momenta of the ions. At the same time,
the ions were subjected to a static electric field pushing them toward the detector.
Knowing the strength of the field and the distance to the detector, it was possible
to determine where each ion will land on the MCP. This Monte Carlo simulation
granted us the ability to relate the molecular dynamics to the contours of the image,
thus identifying areas to be used as fitness functions for GA control—channel fin-
gerprints, if you will. For symmetric bending of the (222) channel, the length of
the central C2+ lobe corresponding to ions that have no momentum along the polar-
ization axis is ideally suited as the fingerprint. This fingerprint shown in Fig. 1.4d;
the associated fitness function for enhancing the bending amplitude corresponds to
maximizing the length of this area. The response with and without running the GA
search is shown in the two triple-coincidence images in Fig. 1.5. It is evident that
both the C2+ lobe and the O2+ arc lengths are longer for the GA pulse. We point
out that areas on the image where C2+ have momentum along the polarization axis
identify an asymmetric explosion channel where either the CO bond lengths or the
O ion charges are unequal. The hyperbolic area in Fig. 1.4a shows an appropriate
fingerprint for such asymmetric explosions. In conjunction with the (222)-channel
fingerprint, depending on the separation of the vertices, this hyperbolic fingerprint
can be used to isolate the (221)/(122) channels from the (222) channel. Maximizing
the relative strengths of one over the other allows the relative strength of these two
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Fig. 1.4 Channel fingerprints, determined by simulations and represented as outlines in panel
b, used as channel masks to enable area fitness functions for the (212), (221) and (222) chan-
nels. Panel e is a composite image of the doubly charged ions, I(i, j), and panel b is an overlay
of the fingerprints on I(i, j). The isolated C2+ distributions associated with the channel masks
shown respectively for simulated spectra (F(221)(i, j) and F(222)(i, j)) and experimental spectra
(C(221)(i, j) and C(222)(i, j)). We do not isolate the (221) and (122) channels so F(221)(i, j) and
C(221)(i, j) represent both channels

TL GA

Fig. 1.5 Two triple-coincidence explosion images induced by TL (left) and GA-solution pulses.
The TL image was obtained at an intensity of about 7 × 1014 W/cm2 and the GA was obtained with
the last peak in the train equivalent to about 6 × 1014 W/cm2

channels to be controlled [33]. Using just one leg of the hyperbola enables isolation
of the (221) from the (122) channel. In the remainder of this chapter we will focus
on the (222) channel. The other channels will be treated in a separate publication.
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1.3 GA Control of CO2 Bending Amplitude

We will now present the results of three sets of experiments associated with enhancing
the bending vibration amplitude of the (222) channel. Two sets of GA searches were
run with two different fitness functions. We also ran control experiments with a
single pulse that was either transform limited or chirped (in the positive or negative
sense). It is commonly believed that the large number of possible settings associated
with pulse shaper, ∼1.5 × 10364 in our case, contains a high degree of redundancy.
Consequently, to expedite finding optimal solutions, investigators have looked for
ways to reduced the size of the search space. This is particularly true for complicated
searches where convergence is an issue. This tends to be less of a concern for simple
searches such as creating a transform limited pulse using the strength of the second
harmonic signal as the fitness function. For our GA search for an OCP, we found
that unless the space was reduced, the search did not converge. Reducing the space,
however, must be done judiciously so as not to exclude the optimal solution from
the space. Here, we present results where the space was reduced in two ways. The
first, which was presented in [10], exploited the dynamics of the problem to reduce
the number of genes from 128 to 4, leading to a search space of about 2.4 × 1011

possibilities. We will refer to this as the restricted search. In the second GA search
we relaxed the restrictions of the first considerably and searched a space with about
4 × 1041 possible settings. We will refer to the second as the unrestricted search as it
is thirty orders of magnitude larger than the first. The second experiment was done
for two reasons: (1) to verify that the restricted OCP was part of the unrestricted
space and (2) to test the no suboptimal solution hypothesis.

In [10] we showed that it is possible to choose a set of genes that reflects the
nature of the dynamics we were trying to control. Specifically, we demanded that
the solutions searched induce periodic kicks to the molecule. This was motivated by
the idea that if we repeatedly hit the molecule at the right frequency with the right
phase we could enhance the bending just like pushing a child on a swing. The basis
set had just four genes that were related to terms in a 5th-order Taylor expansion of
the spectral phase,

ϕ(ω) =
5∑

n=0

ϕn(ω0)
(ω − ω0)

n

n! , (1.3)

where ϕn(ω0) ≡ ∂nϕ(ω)/∂ωn|ω0 . While ϕ0 and ϕ1 determined the envelope phase
and group delay, and thus are ignored in our search, the remaining four produced
a train of pulses that are chirped and composed of peaks with increasing intensity.
The left column of Fig. 1.6 shows two solutions that we will refer to as the restricted
solutions. The traces are FROG reconstructions of the temporal intensities (black
curves) and phases of the pulses.

In the second GA experiment we allowed the pixels to change independently.
However, we did add two restrictions to eliminate some of the possible settings.
First, we locked four adjacent pixels together, reducing the number of independent
spectral units to 32; each pixel in a four-pixel unit was set to the same value during
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Fig. 1.6 Two restricted-GA solutions (FROG reconstructions) obtained with the Taylor-expansion
gene set (left) and two unrestricted-GA solutions obtained with the 32-member gene set and a
Gaussian cost functional. The black curves are the temporal intensities (left axis) and the red curves
are the temporal phases (right)

the search. We also reduced the number of phase steps to 20; a four-pixel unit was
allowed to make changes in increments of ±π/10.3 Even with only 20 steps, the phase
can change drastically from generation to generation so we imposed an impedance
to retard how quickly the phase for a particular unit can evolve. Specifically, we
limited the range over which the phase of a given four-pixel unit could change in one
generation to fall within ±δ by adding a Gaussian (with a FWHM = δ) cost functional
centered at the current value of ϕ as shown graphically in Fig. 1.7; small changes
are more probable than large changes. The GA solutions found were obtained with
δ ∼ π/4. Two solutions are shown in the right column of Fig. 1.6.

As mentioned in Sect. 1.2.2 once an OCP is found, we exploit triple-coincidence
images (similar to those of Fig. 1.5) to determine the bond length distribution. We
extract the far-field angles associated with the bending of the molecule from these
images. The molecular bond angle, θb, defined in the inset of Fig. 1.8, is determined
numerically by solving the equations of motion (1.1) and (1.2) as described by Chen
et al. [10]. The θb values are then plotted as shown in Fig. 1.8. We characterize
the magnitude of the bending by the parameter Δ1/2θb, the HWHM of the bending

3The number of steps was chosen to ensure the searches would converge in a reasonable amount of
time. We did not explore the sensitivity of the OCP to the number of pixels in a unit nor the number
of steps between 0 and 2π .
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Fig. 1.7 The 20-step phase mutation range modified by a Gaussian cost functional. Note The
Gaussian width (FWHM = δ, see text) is not to scale

Fig. 1.8 Bond angle
distributions obtained from
triple-coincidence images as
described in [10]. The red
dots are the bond angle
distribution of the optimal
pulse taken with the OCP
shown in the lower right
panel of Fig. 1.6 and the blue
dots are those of a 50 fs TL
pulse. The solid curves are
Gaussian fits to the data. The
inset defines the angles

distribution in Fig. 1.8. We compare values of Δ1/2θb for the two GA and control
experiments in Fig. 1.9. This figure is consistent with Fig. 3 of [10] where the GA
value for Δ1/2θb is plotted at an effective intensity, which is determined by a TL
pulse with a pulse width and pulse energy equivalent to that of the last peak in the
GA solution. Both the width and effective energy of the GA peak are determine by
FROG reconstruction. We then compare the bending due to the GA pulse to that of a
TL that has a pulse energy equivalent to the total pulse energy of the entire GA pulse.
For these experiments, the total pulse energy of the GA pulses was about 50 µJ.
A 50 µJ TL pulse corresponds to a TL pulse with an intensity of about 9.4 × 1014

W/cm2, which is the second TL pulse from the left in Fig. 1.9. The effective intensities
for the GA pulses are given in Table 1.1. The two restricted solutions from [10] are
also included in this plot.
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Fig. 1.9 Bond angle
distributions for all four
OCPs, 50 fs TL pulses as a
function of intensity, and
chirped pulses as a function
of intensity

Table 1.1 Pulse parameters and bending results for the restricted ([10]) and unrestricted GA solu-
tions

A (upper) A (lower) B (upper) B (lower)

Peak # 1 2 1 2 1 2 1 2

τi 100 47 128 52 54 43 52 NA

Ii 7.5 4.2 5.6 4.3 5.7 3.4 4.8 3.2

Δti j 130 139 144 159

Δ1/2θb 35◦ 38◦ 21◦ 28◦

% Change 46 % 56 % 19 % 57 %

A (B) corresponds to the restricted (unrestricted) solution in the left (right) column of Fig. 1.6;
peak # 1 (2) corresponds to the last (second to last) peak in the solution pulse trains; τi (fs) are the
temporal width of the peaks; Δti j (fs) are the time interval between the last two primary peaks; Ii
are the intensity of the peaks in units of 1014 W/cm2; Δ1/2θb is the bending parameter (see text)
with an uncertainty of ±1◦ to 2◦; and % change is the enhancement given by 100 × (Δ1/2θb−G A −
Δ1/2θb−T L )/Δ1/2θb−T L as described in the text

1.4 Discussion

Before we discuss the effectiveness of the GA solutions (OCPs) achieving their goals,
we will first compare the structure of the GA solutions. We first note that all four
solutions are composed of a set of well-defined peaks. For the restricted GA solution,
the train of pulses was a result of an alternation in even and odd orders of a spectral
phase [34]. The fact that we see a series of peaks for the unrestricted GA search, lends
credence to our initial thought that the OCP should contain periodic kicks by a train
of pulses. However, clearly a long train is not necessary because the solutions are not
identical. Neither the pulse widths nor their separations are the same. The number
of pulses varies drastically from solution to solution and even the phase structure is
distinct for each pulse. What does seem to be critical is that the last peak in the chain
contain considerably more energy resulting in higher intensity. We showed in [10]
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that reversing this trend, by putting the most intense peak first, greatly reduces the
enhancement. Clearly, because we can reach a solution with as few as two peaks, a
train, albeit short, is required.

1.4.1 GA-Solution for Bending Enhancement

We will now look at the degree to which the GA solutions enhanced the bending.
We begin by summarizing the two restricted results. In [10] we determined the
effectiveness by comparing Δ1/2θb produced by GA pulses to that produced by TL
pulses with the same width as the last peak in the chain of the GA solution and
the same total peak energy. For the restricted solutions, the widths of the last peak
varied in duration from 100 to 128 fs (see Table 1.1). Transform-limited pulses of
those widths, not shown in Fig. 1.9, produced Δ1/2θb ∼ 24◦ while the best GA pulse
produced Δ1/2θb ∼ 37.5◦ for a maximum enhancement of ∼56 %.4 The other GA
solution enhanced the bending by about 46 %. Compared with the TL pulse plotted
at an intensity of 9.4 × 1014 W/cm2, the two unrestricted GA solutions enjoyed
enhancements of 19 and 57 %. We note that the uncertainties in Δ1/2θb are in the
±1◦ to 2◦ range.

It is evident that the pulse intensity, pulse width, and the spacing between the
last two pulses tend to play a role in enhancing CO2 bending during dissociative
ionization for the symmetric (222) channel. As discussed in [10] bending is inversely
proportional to pulse intensity (energy) as shown in Fig. 1.9. Long pulses were shown
to lead to more enhancement than shorter. Both of these observations are likely caused
by the molecule spending more time in the di- or tri-cation states, with contours that
are sensitive to the intensity of the laser (see [6, 32]), before enhanced ionization
occurs. The longer pulses give the system more time to respond to the changing
shape of the potential surfaces [7]. Figure 1.9 also shows bending is sensitive to the
pulse chirp. Negative chirp enhances bending for a pulse with the same width and
intensity whereas a positive chirp seems to play a much less critical role. This is due
to the curvature of potential surfaces enabling resonance to be maintained longer for
negative chirps, which has been observed in other systems as well [35].

Focusing more directly on the GA (OCP) solutions (see Table 1.1 and Fig. 1.9), we
notice some of the same trends. Bending is again inversely proportional to intensity.
It scales with the duration of the final peak. This is obvious when comparing the
restricted solution against the unrestricted solution. The width of the restricted, which
is at least twice as large as the unrestricted, are much more effective at enhancing
the bending. A similar case can be made between the two unrestricted solutions.
While the widths are nominally the same, there is a side peak between the last two
major peaks that effectively lengthens the last peak and could contribute to it being

4To generate the longer pulses we placed a positive chirped on the pulse. Figure 1.9 shows that a
positive chirp does not enhance bending.
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a bit more effective. The spacing between the two final peaks is another clue to the
control. In our searches, we found more enhancement when the separation was close
to an integer multiple of 50 fs, the bending vibrational period of the ground state of
CO2; the restricted solutions are both closer to 150 fs than the unrestricted solutions
and the lower unrestricted solution is closer than the upper solution in Fig. 1.7.

It is also important to consider the chirp of the final peaks. In general, when the
phase is flat across a peak it is nominally unchirped (transform limited). When the
phase is parabolic across the peak with the vertex up (down) it will be positively
(negatively) chirped. For the restricted-GA solutions, the upper solution in Fig. 1.7
is more positively chirped than the lower while the lower solution enhances the
bending more. The same is true for the unrestricted-GA solution, but in this case the
difference between the two is more stark. It is important to note that the difference
between their relative effectiveness is also more pronounced than the restricted case.
This is consistent with what we observed with a single, negatively-chirped pulse.

1.4.2 Suboptimal Solutions

As the last topic of this chapter we return to the no suboptimal solution prediction. Is
it consistent with our experimental observations? Upon first glance it would appear
no, because the four GA solutions (OCPs) did not achieve the same degree of bending
as measured by Δ1/2θb, which ranges from 21◦ to 28◦ for the unrestricted search
and 35◦ to 37.5◦ for the restricted search. Taking into account the error bars, the
restricted solutions are consistent with each other but the unrestricted are on the
fringe of agreement at best. There is still the issue, however, the two searches do not
achieve the same level of efficiency. Things do not look any better if the percentage
enhancement is used as a measure—a range of 46 to 56 % for the to restricted
solutions and 19 to 57 % for the unrestricted. The error bars are larger but we end up
with the same conclusion. To drive this point home, we also found solutions, i.e., GA
search converged maximizing the fitness function, but bending was not enhanced.
These observations begs two questions: (1) why does it appear there are suboptimal
solutions, (2) why does the restricted search do better than the unrestricted?

Taking the second question first, we remind the reader that the restricted search
was designed specifically to give the molecule a period kick, which evidently is
close to the right solution. While the fitness function asked the search to maximize
its length, most (but not all) solutions also maximized the bending. The unrestricted
was just that and had to search the landscape for regions to stretch. We suspect
that stretching the C2+ lobe could be done in ways inaccessible to the restricted
search. To backup this conjecture, we created triple-coincidence images selecting
parts of the C2+ lobe where the C2+ had some momentum along the polarization
axis using both the restricted and unrestricted solutions. As mentioned in Sect. 1.2.4,
these images will pick out asymmetric explosions. While these images only contain
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doubly charged ions, the atomic ions can come from both CO6+
2 and CO5+

2 explosions
will. Hence, the C2+ and O2+ resulting from a GA search can be due to (122),
(212), (221) or (222) channels. We discovered that the image associated with the
restricted-GA searches had considerably less contamination from CO5+

2 explosions
than did the images associated with the unrestricted-GA searches. Whereas the C2+
arc length resulting from restricted-GA searches was due mostly to the (222) channel
those from unrestricted-GA searches had a high degree of contamination from the
asymmetric channels, especially (221) and (122). Even though the (222) channel
populated both searches, the relationship between the length of the C2+ central lobe
and the O2+ arc length was less isomorphic. That is, the C2+ could be extended
because of the asymmetric channels without the (222) channel bending more. This
is because of the extended focal volume allowing explosions occurring at the edge
of the focal volume to produce ions that end up along the central C2+ lobe within
the fingerprint. These ions will have some momentum along the polarization axis
and thus represent asymmetric explosions. These ions come primarily from CO5+

2
explosions. The details will be discussed in more detail in a future publication. Suffice
it to say, the net result is that the unrestricted searches can maximize the central lobe
in ways that do not require the (222) channel to be involved giving solutions the
appear to be suboptimal. This seems to occur much less frequently on the restricted
landscape.

Returning to the first question, our evidence is consistent with the no suboptimal
prediction. We asked the GA to maximize the length of the C2+ lobe. When the search
converged on a solution it tends to be rather consistent. While this prediction needs
to be studied more systematically, we do not disagree with it. What our observations
do point out is that for complicated GA searches, more sophisticated fingerprints and
fitness functions are required. The 2D approach suggested in this chapter are ideally
suited for that purpose.

1.5 Conclusion

In this chapter we have presented a closed-loop GA search approach based on 2D fit-
ness functions. This approach provides much more access to complicated dynamics
associated with polyatomic systems than is possible with scalar fitness functions. We
showed that careful fingerprinting of channels associated with the dynamics under
study is required both to reveal the underlying physics and to control the dynamics
upon which it is based. For bending during strong-field dissociative ionization of
CO2, we were able to link the effectiveness of its control to four distinct parameters
that are summarized in Table 1.2. When the GA search converged, it maximized the
fitness function, however, the fitness function was only a necessary condition for
maximizing bending. As a result, other dynamics contributed to maximizing the fit-
ness function making the suboptimal prediction appear to be violated. To circumvent
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Table 1.2 Summary of CO2
bending responses to pulse
parameters during
dissociative ionization

Parameters Bending response

Intensity Inversely proportional but nonlinear

Width Directly proportional over the range tested,
50–150 fs

Separation Larger response near an integer multiple of
50 fs

Chirp Larger response for negative chirp

this problem, one needs to design more complete fitness function, which is possible
with the addition of secondary and tertiary search conditions—areas on the image.
To go to the next level, a fingerprint leading to a fitness function that is both necessary
and sufficient must be incorporated in the GA search, where the fitness function and
the dynamics under study are isomorphic.
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