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ABSTRACT
Using the CD3OH isotopologue of methanol, the ratio of D2H+ to D+

3 formation is manipulated by changing the characteristics of the intense
femtosecond laser pulse. Detection of D2H+ indicates a formation process involving two hydrogen atoms from the methyl side of the molecule
and a proton from the hydroxyl side, while detection of D+

3 indicates local formation involving only the methyl group. Both mechanisms
are thought to involve a neutral D2 moiety. An adaptive control strategy that employs image-based feedback to guide the learning algo-
rithm results in an enhancement of the D2H+/D+

3 ratio by a factor of approximately two. The optimized pulses have secondary structures
110–210 fs after the main pulse and result in photofragments that have different kinetic energy release distributions than those produced
from near transform limited pulses. Systematic changes to the linear chirp and higher order dispersion terms of the laser pulse are compared
to the results obtained with the optimized pulse shapes.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5129946., s

I. INTRODUCTION

Controlling chemical reactions with lasers has been a goal of
chemists and physicists since lasers became widely available to the
research community.1,2 Several pioneering control methods work
by producing, guiding, and interfering wavepackets on the poten-
tial energy surface (PES) with laser pulses.3–6 A drawback of these
methods is that they require detailed knowledge of the system to
be controlled, which is not always possible for complex molecules
and intense, broadband, laser pulses. Closed-loop feedback meth-
ods7 using modern techniques for shaping ultrafast lasers pulses8–14

circumvented the necessity of finding an appropriate control pulse

from first principles and have been widely implemented.15–24 Ultra-
fast pulse shaping also allows systematic parameterizations of the
laser pulse shape, thereby providing a method to, for example,
probe the dynamics of laser–molecule interactions,25–29 manipulate
charge oscillations,30 produce pulse sequences for spectroscopy,31 or
unravel quantum pathways.32

Laser-induced unimolecular reactions involving bond cleavage
and formation processes are an active area of study because they
can reveal insights into the ways molecules rearrange to form new
products.33–53 Unimolecular decompositions and reactions have tra-
ditionally been understood using a transition state on the multi-
dimensional potential energy surface (PES) that may affect the rate
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of a process. A standard example is a dissociation process that has
to overcome a potential barrier associated with the transition state,
although this is not the only application of the idea.54 Usually, a
reduced-dimension reaction coordinate links the initial state to the
final state via a minimum energy path that goes through the transi-
tion state. This approximation has the advantage of dispensing with
large portions of phase space, thereby making calculations much
more tractable.

Implementation of closed-loop control in the strong-field
regime55–57 introduces Stark shifting of the PES to the control tool-
box, thereby providing the ability to directly alter the reaction coor-
dinate and the transition state. Despite persistent problems with
developing a general strategy for discerning the underlying control
mechanisms,58 the use of an adaptive search algorithm in combi-
nation with intense laser pulse shaping remains popular because it
allows for a near-arbitrary manipulation of the PES and therefore
many possible routes to control.23 For example, the isomerization
reaction C2H2+

2 → C+ + CH+
2 was enhanced by suppressing the bar-

rier between the acetylene-like initial state and the vinylidene-like
final state at the appropriate time.59

Another way a bond-rearrangement reaction can occur in a
polyatomic molecule is via the roaming mechanism.60–70 In the
roaming process, a transient neutral atomic or molecular fragment
explores the region of the parent molecule before reacting to form
the final product. Roaming typically occurs when molecules are
highly excited and thus are not restricted to minimum energy path-
ways.71 These highly excited states are easily accessed with exposure
of the molecule to an intense laser pulse, and therefore, roaming
is thought to be a common phenomenon that may have a role in
such situations.61,72 In contrast to the numerous studies of roaming
in excited neutral species, observations of roaming in polyatomic
ions have only recently been predicted73 and observed.74–76 From
the coherent control perspective, manipulating the roaming motion
offers a different way to control these reactions. In excited molecu-
lar species, this could be a useful alternative to manipulation of the
minimum energy pathway.

In this article, we examine the application of strong-field con-
trol to the formation of H+

3 from methanol, which is pictured in
Fig. 1. The recent experimental and theoretical work of Ekanayake
et al.74 attributed the formation of H+

3 in methanol to roaming of
the H2 moiety following double ionization. In this process, which
is schematically illustrated in Fig. 1, a neutral hydrogen molecule
from the methyl side of the parent molecule roams around the
methanol dication until it captures an additional proton to form
H+

3 . The proton can come either from the methyl side of the dica-
tion, which we will call “local” roaming, or from the hydroxyl side,
which we will call “extended” roaming. Earlier theoretical work by
Nakai et al.40 supports an interpretation similar to the one presented
by Ekanayake et al.74 The observation of nearly isotropic ejection
of H+

3 fragments33,34 was also taken as evidence that the CH3OH2+

does not dissociate on a time scale much shorter than the rotational
period of the molecule. Ekanayake and co-workers74 used pump–
probe experiments to estimate that the extended roaming process
has a time constant of 244 ± 25 fs or about 2.5 times longer than
the local formation process involving only the methyl side of the
dication.

Yamanouchi and co-workers49,77 performed a different set of
investigations into H+

3 production from methanol, with the aim of

FIG. 1. A schematic illustration of the process explored in our experiment. Fol-
lowing double ionization of the neutral methanol by the ∼40 fs laser pulse (a),
the trihydrogen monocation may form. Panel (b) shows several proposed routes
to trihydrogen monocation formation (see text). The goal of the experiment is to
select between the two final products, shown in panel (c): D+

3 or D2H+. Recent
coincidence COLTRIMS measurements show that these fragments are predom-
inantly associated with the D+

3 + COH+ and D2H+ + COD+ dissociation chan-
nels, respectively.74 Depending on how the intermediate steps are viewed, this
is equivalent to selecting between TSM and TSH or influencing the roaming
dynamics.

using the time-dependent H+
3 yield to probe the vibrational modes of

the methanol monocation. In this pump–probe approach, the pump
pulse drives single ionization and the probe pulse ionizes the mono-
cation to the H+

3 + COH+ channel of the dication just above the H+
3

appearance energy. As in the roaming scheme described in the pre-
vious paragraph, the creation of a neutral H2 moiety leads to the
formation of H+

3 , but in this case, the reaction passes through one
of two possible transition states: the lower transition state TSM leads
to the formation of H+

3 from the methyl side of the dication (local),
while the 0.31 eV higher transition state (TSH) results in the neu-
tral H2 capturing a proton from the hydroxyl side of the dication
(extended).

These two sets of experiments describe different routes to H+
3

formation: through excited states of the dication74 and through
ionization of the monocation to lower-lying transition states in
the dication.49,77 In addition, Wu et al.78 recently demonstrated a
monocation-only route to the formation of H+

3 and neutral COH
fragments, although we do not measure trihydrogen ion fragments
in our experiment with the ∼1 eV kinetic energy release (KER) they
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observed. Regardless of the details of the intermediate step, illus-
trated in Fig. 1(b), we can experimentally distinguish between the
local and extended mechanism by using the CD3OH isotopologue of
methanol, since detection of D+

3 indicates local roaming or passage
through TSM, while detection of D2H+ signifies extended roaming
or passage through TSH. This point is illustrated schematically in
Fig. 1(c).

Using the ratio of D2H+ to D+
3 as our figure of merit, we

explored the effect of the laser pulse shape on the relative amounts
of local and extended H+

3 formation mechanisms. In one set of mea-
surements, we used an adaptive control scheme7,23,59,79 that couples
feedback from velocity map imaging (VMI) to a learning algorithm,
which seeks a pulse shape to enhance or suppress the D2H+ to D+

3
ratio. In a second set of measurements, we systematically explored
the ratio of D2H+ to D+

3 as a function of the linear chirp and higher
order dispersion terms of the laser pulse. Both sets of measure-
ments showed variations in the D2H+ to D+

3 ratio, although the
adaptive control method identified the pulses that were most effec-
tive at manipulating the ratio. These optimized pulses, which have
some similar time-domain structures, produce small changes in the
momentum of the D2H+ and D+

3 fragments. We examine the opti-
mized pulse shapes and the associated photofragments for clues to
how the control is accomplished.

II. EXPERIMENTAL METHOD
This experiment uses shaped laser pulses to ionize gas-phase

methanol and initiate H+
3 formation. Velocity map imaging (VMI) is

used to detect the resulting photofragments. The goal of the exper-
iment is to find a pulse shape that enhances the relative production
of trihydrogen cations via local (D+

3 ) or extended (D2H+) processes
in CD3OH.80 In one approach, the laser pulse shapes are opti-
mized using three-dimensional momentum based feedback derived
from the VMI data to drive an adaptive learning algorithm.59,79 In
a second approach, the laser pulse shape is systematically scanned
through a reduced set of parameters, while the D2H+/D+

3 ratio,
obtained from the VMI data, is monitored.

The shaped ultrafast laser pulses are produced using an ampli-
fied Ti:sapphire laser, where an acousto-optical programmable

dispersive filter (AOPDF9) is placed between the oscillator
and multi-pass amplifier. We only use the AOPDF to control
the spectral phase of the laser. To produce the near-Fourier-
transform-limited (TL) laser pulse, we apply a phase to compen-
sate for higher-order dispersion accumulated during the prop-
agation to our experimental chamber. The typical TL pulses
used in the experiment had a pulse energy of 0.015 mJ fol-
lowing attenuation, a duration of 38–43 fs full-width at half-
maximum (FWHM) in intensity, and a center wavelength of
approximately 765 nm. After focusing by a f = 75 mm spheri-
cal mirror, the peak intensity was approximately 5 × 1014 W/cm2

for the TL pulse with 0.015 mJ. Pulse characteristics were determined
using a second harmonic generation frequency-resolved optical
grating (SHG FROG).81

Methanol is introduced into the vacuum system (base pres-
sure 1× 10−10 Torr) through an effusive jet82 following a few
freeze–pump–thaw cycles. The microchannel plates that detected
the photofragments emerging from the VMI spectrometer79,83,84

were fully powered only for times that corresponded to the mass-
to-charge ratio of the photofragment of interest. For each trial
pulse, separate images of the D2H+ and D+

3 ions are acquired. The
raw VMI data are inverted to recover a slice through the center
of the three-dimensional momentum distribution using a modified
“onion-peeling” algorithm, as described by Rallis et al.79 Background
subtraction and image inversion are done “on-the-fly” as the images
are recorded. Both D2H+ and D+

3 form shells in momentum space
and thus rings on the inverted VMI slice, as shown in Fig. 2. By
defining regions of interest on the inverted momentum slice and
evaluating the yield within those regions, the figure of merit used
for feedback is obtained. Since the D2H+ channel is less likely than
the D+

3 channel (see Fig. 3), the data acquisition time for the D2H+

ions was set to be ten times longer than for the D+
3 ions so that simi-

lar statistics were obtained for both ions before the evaluation of the
D2H+/D+

3 ratio.
As the pulse intensity is increased beyond the region for which

we report data, we see additional features appearing in the ion dis-
tributions. As higher charge states of the parent are involved, both
C2+ and O3+ could overlap the mass-to-charge ratio of D2H+ or D+

3 ,
respectively. The TL intensity is kept low enough to minimize these

FIG. 2. A slice through the momen-
tum distributions of (a) D2H+ and (b) D+

3
obtained with TL pulses at an intensity
of 4 × 1014 W/cm2. The circles indi-
cate the region from which the ion yield,
and thus the D2H+/D+

3 ratio, was evalu-
ated. The laser polarization is in the y-
direction in both figures. These images
were obtained with exposure times of
9 s for D+

3 and 90 s for D2H+, which
mimics the conditions used in the control
measurements. The linear color scale
expresses ion yield in arbitrary units.
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FIG. 3. The measured ratio of D2H+/D+
3 as a function of intensity. For the points

labeled VMI (open circles), the ratio is obtained during the adaptive control exper-
iment. Specifically, after each generation of trial pulses, a TL pulse is loaded and
the D2H+/D+

3 ratio is measured. The error bars represent the standard deviation
of this set of TL measurements. However, for the case of the points labeled time-
of-flight (filled squares), specific single measurements of D2H+/D+

3 were made by
evaluating the ion yield at m/q = 5 and m/q = 6. Here, the error bars represent the
statistical uncertainty in the ion yields.

contributions, and the ability to angularly resolve the fragmentation,
as shown in Fig. 2, further allows us to see when any C2+ and O3+

begin to contribute to the spectra. Specifically, at the lower intensities
used in the measurements, both the D2H+ and D+

3 fragments have no
strong angular dependence, which is consistent with the CD3OH2+

parent being long-lived compared to its rotational period.33,34,85 In
contrast, when higher charge states of other ions appear, such as C2+,
these ions tend to be ejected along the laser polarization direction.

In the closed-loop control scheme, the D2H+/D+
3 ratio is used as

the control objective, and this ratio is evaluated for an initial popu-
lation of random pulse shapes. The pulse shapes are then optimized
using a genetic algorithm, as described in previous publications.59,79

In the present experiment, the pulse was parameterized in the fre-
quency domain and controlled via 16 spectral phase “genes” spread
over the oscillator bandwidth. The number of genes was selected
to keep the search space reasonably sized. Spectral phases between
adjacent “gene” values were filled in using linear interpolation. Gen-
erations consisted of 30–50 trial pulses and the searches usually
lasted from 10 to 20 generations. To penalize situations with large
control objectives but small signal size, an offset was added to the
denominator of the D2H+/D+

3 ratio. The size of the offset was set to
10% of the D+

3 yield measured with TL pulses.
After the closed-loop routine completed, the optimized pulse

was characterized using SHG FROG. Since SHG FROG cannot
determine the time-order of the pulse, we use our knowledge of the
phases applied by the AOPDF to resolve any ambiguity about the
time direction in the retrieved FROG data.81,86

An alternative approach to finding a useful pulse shape is to
conduct a systematic search over the phase space of the pulse charac-
teristics (see, e.g., Lev et al.87 or Nairat et al.88). This is only practical
if the parameter space is reduced. The electric field of the laser can

be characterized in the time domain as12

E(t) = 1
2π ∫

∞

−∞
Ẽ(ω)e−iωtdω, (1)

where Ẽ(ω) = A(ω)e−iφ(ω) is the complex electric field in the spec-
tral domain defined in terms of the spectral amplitude, A(ω), and the
spectral phase, φ(ω). This phase can be expanded as a Taylor series
about ω0, the central frequency of the laser pulse, as

φ(ω) = φ(0) +
φ(1)(ω − ω0)

1!
+
φ(2)(ω − ω0)2

2!

+
φ(3)(ω − ω0)3

3!
+
φ(4)(ω − ω0)4

4!
+ ⋅ ⋅ ⋅. (2)

While φ(0) is an overall constant and φ(1) is a time delay for all
the frequencies in the pulse, the higher order terms are associated
with pulse dispersion. The φ(2) term corresponds to the second-
order dispersion (i.e., linear chirp). Third-order dispersion, φ(3),
causes a pedestal either before or after the main pulse, depend-
ing on the sign, and the fourth-order dispersion, φ(4), results in
a pedestal appearing on both sides of the main pulse.87,88 In this
systematic search, we scanned the linear chirp and third-order dis-
persion for three values of fourth order dispersion, recording the
D2H+/D+

3 ratio for each set of phase parameters. To verify that the
applied pulse shapes match our expectations for particular values of
φ(ω), we measured a few of these pulses with the same SHG FROG
as used to characterize the pulses optimized using the closed-loop
approach.

III. RESULTS AND DISCUSSION
Previous studies determined that H+

3 formation from methanol
predominantly occurs following double ionization,36,40,49,74,89

although the double ionization may be either direct40,74 or sequen-
tial.49 As shown in Fig. 3, our measurements of the D2H+/D+

3 ratio,
taken with ∼40 fs FWHM TL pulses, had a mean value of 0.099
± 0.015 over the range of intensities measured. Note that this ratio,
which is based on a mass-specific yield from our VMI data or ion-
yields taken directly from a current-mode time-of-flight measure-
ment, is not as rigorously defined as can be done in a coincidence
experiment, where a charge-state specific branching ratio may be
obtained. Still, the present result is consistent with the previously
reported coincidence (COLTRIMS90) measurements for pulses with
slightly shorter durations and similar intensity.74 The D2H+/D+

3
ratio shown in Fig. 3 is reasonably close to the theoretical ratio
of D2H+/D+

3 = 0.12 predicted by Nakai et al.40 More importantly,
the D2H+/D+

3 ratio is essentially unchanged with pulse intensity,
and thus any observed changes are not the result of this “trivial”55

parameter.
The results of adaptive control optimization trials are dis-

played in Table I for different pulse energies. We characterize the
effectiveness of the control using the quantity,

α = [D2H+/D+
3 ]opt

[D2H+/D+
3 ]TL

, (3)

where [D2H+/D+
3 ]opt is the maximum value of the control objective

obtained with the adaptive learning algorithm and [D2H+/D+
3 ]TL is
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TABLE I. Results of the adaptive control searches. For each pulse energy, the opti-
mized ratio D2H+/D+

3 is compared to the same ratio obtained with a TL pulse [α in
Eq. (3)]. The third column shows a measure of the significance of the result and is cal-
culated as the difference between the optimized and TL ratios divided by the standard
deviation of the measurement of the TL ratio, as given by Eq. (4) (see text).91

Pulse energy (mJ) α δ

0.015 2.1 ± 0.5 4.5 ± 0.8
0.017 1.9 ± 0.2 9.9 ± 0.8
0.018 2.0 ± 0.1 14.9 ± 0.8
0.020 2.0 ± 0.3 6.3 ± 0.8
0.027 2.4 ± 0.2 14.1 ± 0.8

the average of the control objective obtained with TL pulses mea-
sured between generations of the optimization. On average, the opti-
mized pulses increased the value of the control objective by α = 2.1
± 0.2 times compared to the TL value. In other words, the extended
mechanism for trihydrogen monocation formation was increased
by a factor of about two compared to the local mechanism. The
significance of these results with respect to fluctuations in the con-
trol objective over the course of the experiment is characterized
using

δ = [D2H+/D+
3 ]opt − [D2H+/D+

3 ]TL
σTL

, (4)

where σTL is the standard deviation of the control objective as mea-
sured with TL pulses between each generation of trial pulses. As
shown in Table I, δ is generally smaller for lower pulse energies, a
factor that is linked to the overall signal size and statistical uncer-
tainties. While the statistics of smaller signals can be compensated
for by using longer exposure times for each trial pulse, eventu-
ally this compensation is limited by the long-term stability of the
laser.

We also attempted to optimize the inverse control objective
(i.e., the D+

3 /D2H+ ratio), but the maximum value of β = [D
+
3 /D2H+]opt

[D+
3 /D2H+]TL

we obtained was approximately 1.0 within statistical uncertainties.
In these cases, pulses that optimized β were very similar to TL pulses,
and thus, we conclude that a shorter duration pulse tends to favor D+

3
production over D2H+.

Most of the remainder of this article will focus on efforts to
increase the D2H+/D+

3 ratio. As stated earlier, we determine the value
of the control objective based on the ion yield within the areas iden-
tified on the momentum distributions shown in Fig. 2, and so we
can only comment on the angular- and energy-resolved trihydro-
gen cations and not on any associated molecular fragments. Thus,
multiple dissociation pathways with similar kinetic energy release
(KER) and angular distributions might contribute to the observed
yield. For example, we have no way of distinguishing trihydro-
gen cations produced from different ionization states of the par-
ent methanol molecule or to know if the D+

3 and D2H+ ions result
from two-, three-, or four-body breakup of the parent molecular
ion.

Previous work at a variety of laser parameters,36,40,49,74,89 how-
ever, suggests that the primary channel for the production of H+

3
from CH3OH is CH3OH2+ → H+

3 + COH+. Furthermore, only

two-body breakup of the methanol dication leads to significant for-
mation of the trihydrogen monocation at laser intensities similar
to those used in this work.74 In addition, the data in Fig. 4 do
not contain any fragments with a KER distribution peaked around
1.0 eV, which would match what Wu et al.78 reported for single ion-
ization leading to H+

3 + COH. Our results, shown in Figs. 3 and
4, also agree with the D2H+/D+

3 ratio33,74,85 and the KER for two-
body breakup49,74 from previous measurements of CH3OH2+ → H+

3
+ COH+ at similar laser intensities. Collectively, it seems likely that
we are also mostly observing either the CD3OH + nω → CD3OH2+

→ D+
3 + COH+ or the CD3OH + nω→ CD3OH2+ →D2H+ + COD+

processes, which are distinguished from each other by the detection
of D2H+ or D+

3 ions.

A. Analysis of photofragment dynamics
While we can identify the final states that are associated with

local or extended trihydrogen formation processes, experimentally
distinguishing roaming of D2 in an excited dication from sequential
ionization leading to a minimum energy transition state dissociation
pathway is difficult. For example, in order to confirm that the roam-
ing mechanism was responsible for the anomalous60 dissociation of
formaldehyde92 (H2CO), the energy carried by the products60 had
to be measured following a specific laser-induced excitation. In the
present experiments, we do not have the ability to precisely define
the initial state of the methanol dication.

Furthermore, although the initial ionization step and amount of
dication excitation are different in the previous works,49,74 once the
dication state is reached, the two explanations for the formation of
trihydrogen cations49,74 differ mainly in the details of the dynamics
associated with the neutral D2 moiety. In both previous studies, these
details were explored theoretically. In the transition state view,49

the D2 remains weakly bound to the DCOH2+ through the charge
induced dipole moment of the D2, and the two transitions states
(TSM and TSH) represent different geometrical structures, with TSH
located 0.31 eV above TSM. In the roaming picture,74 the dication
also evolves through a geometry that has two methyl-side hydrogen
atoms close together, forming D2. The D2 then roams around the
remaining DCOH2+, abstracting a proton from one side or the other.
Importantly, in this roaming picture, the final state is determined by
kinematics rather than thermodynamics.74

While we cannot observe the dynamics of the intermediate
D2 moiety directly, if the control occurs due to the strong-field
modification of the transition states, the results might be visible
as changes in the photofragment KER distribution, as observed
in previous control experiments with acetylene.59 On the other
hand, changing the D2H+/D+

3 ratio by altering the trajectory of
the excited D2 during the roaming process need not produce dif-
ferent KER distributions from the TL and optimized pulses. As a
result, the fragment KER distributions may reveal if the observed
control of the D2H+/D+

3 ratio occurs due to the influence of the
roaming process or manipulation of the transition state energies.
The ion yields as a function of KER from our measurements are
shown in Fig. 4. Since we do not measure ions in coincidence, the
KER is calculated assuming two-body fragmentation of the transient
CD3OH ion.

Unfortunately, from an interpretation perspective, the KER
distributions shown in Fig. 4 do not uniformly shift in a manner
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FIG. 4. Comparison of measured proba-
bility of dissociation as a function of KER
for TL (solid) and optimized (dashed)
laser pulses for different pulse ener-
gies as labeled on the panels. The KER
value is calculated from the VMI data
assuming two-body fragmentation. The
left (blue) column shows D2H+ ions, and
the right (red) column shows D+

3 ions,
presumably resulting from CD3OH + nω
→ CD3OH2+ → D2H+ + COD+ and
CD3OH + nω → CD3OH2+ → D+

3
+ COH+, respectively. The solid (TL) and
dashed (optimized) black vertical lines
mark the values of the average KER.

consistent with a simple potential barrier suppression picture. For
the D2H+ KER distributions shown in the left column of Fig. 4,
the average KER from TL pulses is always higher than the average
KER measured from the optimized pulses. The difference becomes
larger at 0.020 mJ and 0.027 mJ than at 0.015 mJ pulse energy,
where the TL and optimized pulses produce nearly the same aver-
age KER. The difference in the observed KER could be a signa-
ture of a time-dependent energetic suppression of the transition
state leading to D2H+, and thus a different KER. In contrast, for
the D+

3 (right column) measurements, the lower two pulse ener-
gies produce smaller average KER values with TL pulses than the
optimized pulses. This can be interpreted as showing the local path-
way must overcome a higher barrier when the optimized pulse
is present. This relationship, however, flips at the highest pulse
energy.

In conclusion, these small differences in the KER distributions
might be hints that the local vs extended control of H+

3 formation
occurs via manipulation of the energy of the transition states, but
the collective results do not present a uniform picture. The effects
are particularly suggestive of transition state manipulation at the
two lower pulse energies, where the optimized pulses raise the aver-
age KER for the D+

3 ions while simultaneously lowering the aver-
age KER for D2H+ ions. At lower pulse energy, it is more likely

that lower-lying states of the dication might be populated, making
manipulation of the transition states more effective than when the
D2 moiety is highly excited. We also note that drawing a direct com-
parison between pulse energy and the amount of possible PES mod-
ification is difficult due to the complexities of the optimized pulses
and the associated field strengths.

B. Analysis of optimized pulse characteristics
In addition to analyzing the photofragment dynamics, we can

also inspect the optimized pulse characteristics for clues about the
observed control. We note that previous pulse shaping results51 have
shown that the presence of a 3π/4 spectral phase step can influence
the H+

3 yield from methanol. Since those studies used the CH3OH
isotopologue of methanol, they were not focused on differentiat-
ing the local and extended mechanisms leading to H+

3 formation.
Figure 5 shows a representative SHG FROG trace of a pulse opti-
mized to enhance the D2H+/D+

3 ratio. The temporal and spec-
tral intensities and associated phases obtained from the measured
SHG FROG trace are shown in Fig. 6. In the frequency domain
[Fig. 6(b)], the optimized pulses had little similarity beyond the gen-
eral envelope of the spectral bandwidth associated with the laser. For
each individual optimized pulse, the measured spectral phases were
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FIG. 5. The retrieved SHG FROG trace for a pulse optimized to increase the
D2H+/D+

3 ratio at a pulse energy of 0.018 mJ.

complex and different in all cases. In contrast, the time-domain
characteristics have some similar features across the pulses, as shown
in Fig. 7.

The two most notable similarities in the optimized pulses are
the extended duration of the main pulse (45–60 fs FWHM in inten-
sity) and the presence of a secondary pulse trailing the main pulse.
The secondary pulse was displaced from the peak of the main pulse
by about 110–210 fs. While some of the pulses [see Figs. 7(b) and
7(c)] have a leading structure as well, all of the observed optimized
pulses have the trailing structure.

How might control due to the secondary pulse structure be
rationalized using either a roaming or a transition state picture

of the trihydrogen formation? When control is exerted by manip-
ulating the transition state, the secondary pulse could be timed
to selectively drive population through one transition state or the
other. To control the roaming mechanism, the pulse would need to
influence the D2 trajectory. We examine each of these possibilities
below.

In the roaming case, the first step of the process is the double
ionization of methanol. The electronic structure calculations done
by Ekanayake et al.76 show that the double ionization leads to a local-
ization of charge near the oxygen atom, which tends to shift the elec-
tron density away from the methyl group, thus lengthening the C–D
bonds. Nakai et al.40 reported a similar elongation in their theoretical
work, which assumes that the electronic ground state of CD3OH2+

was populated via a vertical transition onto an undistorted potential
energy surface. This elongation can lead to the formation of a neutral
D2 moiety. From this point, another deuteron is removed from the
methyl side, forming D+

3 , or a proton is removed from the hydroxyl
side, forming D2H+.

This situation results in complex trajectories, which sometimes
encounter the proton/deuteron needed to form either D2H+ or D+

3 .
Previous work74 has shown that a longer roaming duration is more
likely to be associated with the extended roaming leading to the
formation of D2H+. The difference in roaming times can be inter-
preted as a consequence of the initial configuration of the molecule;
the D2 is simply in closer proximity to the methyl-side deuterium
than the hydroxyl-side hydrogen atom and so local formation of D+

3
occurs on a shorter time scale than extended formation of D2H+.
Similarly, the pulses that maximize the D2H+/D+

3 ratio have a longer
duration than the TL pulses that maximize the D+

3 /D2H+ ratio. As
will be discussed in Sec. III C, the optimized pulses have struc-
ture that appears important to their ability to enhance the D2H+/D+

3
ratio. A rationale relating the roaming process and the pulse struc-
ture is not evident, although we speculate that the presence of the
laser field could allow the recombination of the roaming D2 and

FIG. 6. The temporal intensity and phase
(a) and spectral intensity and spectral
phase (b) extracted from the SHG FROG
measurement shown in Fig. 5.
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FIG. 7. Measured intensity vs time for a selection of the optimized pulses listed
in Table I. As discussed in the text, the spacing of the secondary pulse seems to
be similar to multiples of the C–O stretching period. The FWHM reported on these
figures is for the main pulse.

a free hydrogen atom. Additional study is needed to explore this
question.

As described previously, controlling the extended to local tri-
hydrogen formation ratio through manipulation of transition states
might be related to the population of lower-lying dication states. The
process explored by Ando et al.49 starts when the neutral methanol
is singly ionized with a few-cycle near-IR pulse, launching a vibra-
tional wavepacket on the CH3OH+ surface. A second few-cycle
near-IR pulse then ionizes the monocation further, populating the
CH3OH2+ dication that eventually dissociates to form H+

3 passing
through either TSM or TSH. They found that the H+

3 yield showed
periodic enhancements starting at 58 fs and repeating every 38 fs
thereafter for hundreds of femtoseconds. They note that this can
be related to the vibrational frequency of the C–O stretch in
CH3OH+ of 895 cm−1, which corresponds to a period of 37.2 fs.93

In their explanation,49 when the second ionization occurs near
the inner turning point of the C–O stretch, lower-lying states of
CH3OH2+ are preferentially populated, leading to enhanced H+

3 pro-
duction. The major point of their work was that the time-dependent
H+

3 yield could be used to explore the vibrational modes of the
monocation.

In our experiment, we are interested in how the optimized
pulses might take advantage of these timings to influence the
D2H+/D+

3 ratio. Three of the pulses [Figs. 7(b), 7(d), and 7(e)] have
secondary peaks that would be near the inner turning point of the
C–O stretch (relatively more population of lower-lying channels of
CD3OH2+). While Ando et al.49 showed that this leads to more over-
all formation of trihydrogen monocations, since TSM is lower than
TSH by 0.31 eV, it seems unclear how increased overall population of
these states enhances the D2H+/D+

3 ratio. Conversely, the other two
pulses, shown in Figs. 7(a) and 7(c), have secondary peaks at loca-
tions very near the outer turning point of the C–O stretch, which
should preferentially populate higher-lying channels of CD3OH2+

and decrease the overall amount of trihydrogen monocation pro-
duction. Since TSH is higher than TSM, one could argue that D2H+

might be enhanced relative to D+
3 for the pulses in Figs. 7(a) and

7(c), but this would be inconsistent with the timings in Figs. 7(b),
7(d), and 7(e).

There are other inconsistencies that arise when trying to relate
the timing of the C–O stretch to our optimization results. First,
the C–O stretch in CD3OH is 985 cm−1, which corresponds to a
period of 34 fs.94 This period does not match our results as well
as the longer period of CH3OH, although it is not clear how the
ionic nature of the molecule might alter the C–O stretch frequency.
Second, the few-cycle pulses used by Ando and co-workers pro-
vide better time resolution than our longer pulses in which sev-
eral cycles near the peak will have similar intensity. In light of
this, the close match between the C–O stretch period and the
observed peak structure seems unusual. Finally, in our results, the
secondary pulses are much smaller in amplitude than the main
pulse. This leads one to believe that double ionization seems more
likely to occur during the main pulse rather than an initial ioniza-
tion followed by a second ionization at the time of the secondary
pulse.

In summary, while the appearance of a secondary pulse at
times when the C–O vibration is near a turning point seems to
be a consistent feature of our pulses, it is unclear how this fea-
ture might enhance the D2H+/D+

3 ratio, the timings do not match
the C–O stretch frequency for CD3OH+ exactly, and the differ-
ences in the pulse amplitudes are suggestive of direct double ion-
ization rather than sequential ionization. Despite these points,
the time structure remains intriguing and cannot be entirely dis-
counted as an element of a control process within the transition
state picture. If the secondary pulses are influencing the D2H+/D+

3
ratio through manipulation of transition state(s), it may be that
there is a temporal relationship between the initial double ioniza-
tion step and subsequent transition state alteration(s) related to
the half periods of the C–O stretch. Further exploration of the
role of the secondary pulses may require additional theoretical
work.

C. Analysis of systematic pulse shape changes
Since the FWHM duration of the main portion of the pulses

that optimize the D2H+/D+
3 ratio, shown in Fig. 7, is longer than

the TL pulses, it is possible that this extended duration is the con-
trol parameter rather than just a consequence of the increased pulse
complexity. To examine this possibility, we reduced the bandwidth
of the pulse before the AOPDF, thereby lengthening the TL pulse
(to ∼60 fs FWHM in intensity) and reducing the complexity of any
optimized pulse the algorithm might identify. If the duration of the
roaming mechanism is the main factor influencing D2H+ forma-
tion, then a longer pulse duration might be as effective as the pulses
obtained in the previous optimization with a spectral bandwidth of
∼30 nm.

The results of this reduced bandwidth adaptive search are
shown in Fig. 8. Here, the optimized pulse is essentially TL with
a FWHM of 60 fs and does not contain any notable secondary
peaks. Furthermore, as shown in the inset, the adaptive search can-
not find any pulse shapes that significantly improve on α = 1. This
suggests that the higher values of α obtained via optimization of
the full-bandwidth pulses owe their effectiveness to some combi-
nation of the complicated phase and the associated time-domain
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FIG. 8. The intensity and phase of a pulse optimized to enhance D2H+/D+
3 . In this

optimization trial, the TL bandwidth is reduced to ≈20 nm from the usual ≈30 nm.
The result is an optimized pulse that has essentially the same characteristics as
the TL pulse. The inset shows the progress of the adaptive control algorithm as a
function of the generation of the trial pulses. The blue points are the value of the
D2H+/D+

3 ratio for each trial pulse, and the orange points represent the same ratio
measured with a TL pulse.

structure observed in Figs. 5 and 7, and not simply to the pulse dura-
tion. Stated in traditional coherent-control language, the increased
bandwidth allows for additional pathways to indistinguishable final
states, allowing more possibilities for interference to influence the
outcome.

In adaptive strong field control,23 the search algorithm has a
great deal of freedom to change the pulse characteristics and there-
fore can arrive at high levels of pulse complexity. In our case, this
is accomplished by manipulation of the spectral phase of the pulse.

An alternative approach is to parameterize the spectral phase in
terms of some discrete parameters that might capture some of
the important pulse characteristics and relate them to the control
objective. Following this approach, we systematically scanned the
second-, third-, and fourth-order dispersion [see Eq. (2)] while
recording the D2H+/D+

3 ratio in the same manner described for the
adaptive control study. These results are shown in Fig. 9.

Systematic addition of dispersion to the laser pulse increases
the D2H+/D+

3 control objective from the TL value. The maximum
value of the control objective measured in the scan of the disper-
sion parameters is again approximately a factor of two greater than
the D2H+/D+

3 ratio measured with the full bandwidth TL pulse. This
maximum value occurs at the edges of our scan, where both the
second- and third-order dispersion are either both negative or both
positive. When the fourth-order dispersion is set to zero, we are
able to scan the second- and third-order dispersion further with-
out exceeding the AOPDF capabilities. In this case, the same trend
continues as far as we are able to probe. This symmetric nature
of the dispersion results suggests that the sign of the dispersion is
not as important as the duration of the pulse. Changing the fourth-
order dispersion influences how rapidly the ratio increases as the
second- and third-order dispersion moves away from zero but has
little effect on the overall magnitude of the change of the D2H+/D+

3
ratio.

As indicated by Fig. 9, choosing specific values of the pulse dis-
persion can increase the D2H+/D+

3 control objective as much as the
adaptive search strategy. However, if the overall signal size is consid-
ered, the dispersion scan is less effective than the adaptive control.
Figure 10 displays a comparison between the overall D2H+ and D+

3
yield in the adaptive search and the dispersion scan. This illustrates
that the D2H+/D+

3 ratio increases as both the individual D2H+ and
D+

3 yields decrease, but the D+
3 yield decreases more than the D2H+

yield in some areas, leading to an increase in the D2H+/D+
3 ratio. In

FIG. 9. The D2H+/D+
3 ratio as a func-

tion of second- and third-order dispersion
for three values of fourth-order disper-
sion. The spectral phase parameters are
described using the Taylor series given in
Eq. (2). The (0 fs2, 0 fs3, and 0 fs4) point
on the plot corresponds to the dispersion
parameters that give the shortest pulse
in the experimental chamber.
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FIG. 10. The yield of D2H+ (a) and D+
3

(b) fragments as a function of second-
and third-order dispersion at zero fourth
order dispersion. This contains the yields
used to make the middle distribution of
Fig. 9 but shows a larger range of linear
chirp and third-order dispersion. The hor-
izontal and vertical lines mark the loca-
tion of the TL pulse in this represen-
tation. The peak of the D2H+ yield is
further away from the transform limited
value and drops more slowly than the
D+

3 yield, showing why the maximum of
the D2H+/D+

3 ratio peaks at the edges
of the scan shown in Fig. 9, at loca-
tions marked by the white stars. At these
points, the D2H+ and D+

3 yields have
dropped by about a factor of 20. The
yields of D2H+ (c) and D+

3 (d) as a func-
tion of the trial pulses used in an opti-
mization run. By the eighth generation of
optimization (starting around pulse 225),
these pulses produce yields at or above
10% of the TL pulse for both ions.

contrast, as illustrated in Figs. 10(c) and 10(d), while the initial trial
pulses in an adaptive search result in small signal, after several gen-
erations the signal size has reached 10% of the TL size for D2H+ and
D+

3 where the signals tend to remain for the rest of the search.
Thus, we can conclude that the secondary pulse observed when

the control objective is maximized using an adaptive search (Fig. 7)
is more effective at increasing the control objective while simultane-
ously preserving the overall yield than the results from the dispersion
scan (Fig. 9). Both the dispersion scan and the reduced bandwidth
adaptive search suggest that simply lengthening the pulse duration
does not produce pulses that are as effective as the adaptive search
results. The most consistent feature of the optimized pulses is the
secondary pulses, which cannot be entirely reproduced by the higher
order dispersion terms. A different choice of parameters for the sys-
tematic scan, such as ones that were designed to reproduce multi-
ple pulse structures, might have been more effective. The collective
results described in this article illustrate the experimental choice
that must be made between a systematic search of a small pulse
parameter space vs guided searches of a large pulse parameter space.
Understanding how to better parameterize pulses for different con-
trol objectives would be a useful advance for these sorts of control
problems.

While the optimized pulses all have complex spectral features,
these spectral traits are not consistently expressed and show consid-
erable variation from pulse to pulse. It remains possible that these
spectral features are important for the control. Principal compo-
nent analysis (PCA) is a tool that, when applied to the results of
an adaptive search,95–97 can potentially simplify the description of
the optimized pulse by expressing the pulse parameters in a differ-
ent basis. When PCA is applied to the optimization trials reported
in Table I, seven to nine of the possible 15 eigenvalues are relatively
large, indicating that the pulse characteristics cannot be expressed
in a simple manner using one or two orthogonal control direc-
tions. This suggests a complexity to the optimized pulses beyond the
observed temporal structure.

IV. SUMMARY
Control of site-specific trihydrogen monocation formation

following ionization of the CD3OH isotopologue of methanol is
demonstrated using two different pulse shaping approaches. While
both an adaptive search strategy and a systematic scan of pulse
dispersion parameters can increase the ratio of extended (asso-
ciated with D2H+) to local (associated with D+

3 ) formation of
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trihydrogen cations by a factor of approximately two, the adaptive
search is more efficient at changing the ratio while maintaining the
overall trihydrogen monocation yield. The optimized pulse shapes
have a similar secondary pulse trait in the time domain that is asso-
ciated with the increase in the D2H+/D+

3 control objective. Simply
extending the pulse duration does not replicate the increase in the
D2H+/D+

3 control objective observed from the optimized pulses with
a secondary pulse in the time-domain.

While the optimized pulses have clear advantages over the pulse
shapes arrived at by other means, the question of how these opti-
mized pulses selected between the formation of trihydrogen cations
solely from the methyl side of the methanol parent or trihydro-
gen formation involving both the methyl and hydroxyl sides of the
methanol parent cannot be definitively resolved by this experiment.
It is possible, especially given the role of focal volume averaging, that
more than one control process is at work. Theoretical investigations
or pump–probe experiments with shaped pulses might provide more
insight into the control mechanism.
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