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ABSTRACT
An adaptive closed-loop system employing coincidence time-of-flight feedback is used to determine the optimal pulse shapes for manipulating
the branching ratio of NO dications following double ionization by an intense laser pulse. Selection between the long-lived NO2+ and the
dissociative N+ + O+ final states requires control of the vibrational population distribution in the transient NO2+. The ability to both suppress
and enhance NO2+ relative to N+ + O+ is observed, with the effectiveness of shaped pulses surpassing near Fourier transform-limited pulses
by about an order of magnitude in each direction, depending on the pulse energy. The control is subsequently investigated using velocity map
imaging, identifying plausible dissociation pathways leading to N+ + O+. Combining the information about the N+ + O+ dissociation with a
well-defined control objective supports the conclusion that the primary control mechanism involves selectively populating long-lived NO2+

vibrational states.
https://doi.org/10.1063/1.5115504., s

I. INTRODUCTION

In adaptive femtosecond control experiments,1–3 measurement-
based feedback is used in conjunction with a learning algorithm
to tailor an ultrafast laser pulse to optimize a particular process.
While adaptive femtosecond control has been widely applied,4–19

controlling the photofragmentation and rearrangement of molecules
in the gas phase has been an area that has received particular atten-
tion.3,20–33 Nearly all of these experiments describe an ability to
influence the fragmentation patterns of the target molecules, but
only a smaller subset report progress toward understanding the
mechanisms underlying the control.34–47 Given the complexity of
the intense laser-molecule interaction and the nearly infinite vari-
ety of laser pulses that can be produced by modern pulse shaping
devices,48–50 it is not surprising that unraveling the physical process
behind the control is often difficult.

In many of these molecular fragmentation experiments, the
feedback signal is derived from fragment ion yields acquired via

time-of-flight (TOF) mass spectrometry. The advantages of this
method are clear; the data acquisition is relatively straightforward,
and when a current mode is employed (as opposed to counting indi-
vidual ions), the yields may be obtained quickly, which is generally a
requirement for effective feedback in adaptive control experiments.
These single fragment yields, however, are uncorrelated, and so it
becomes difficult to separate various final products. A somewhat
simplistic example of this problem is illustrated by a hypothetical
molecule AB, for which the A+ + B+ channel cannot generally be
separated from the A+ + B channel since both contribute to the A+

yield.
In addition, a large intensity range is present in the focal vol-

ume. The range of contributing intensities can be reduced by oper-
ating near the appearance intensity of a process, but this is often
incompatible with the experimental desire for timely feedback in
closed-loop control. Subsequent interpretation of the results can
then become convoluted due to the ambiguities in the intensity and
photofragment channel. More specific control objectives can focus
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FIG. 1. (a) The lowest lying dou-
blet potential energy curves for NO2+,
adapted from Ref. 53. The energies at
the separate atom limit are −128.65 a.u.
for the X 2Σ+ and A 2Π states and
−128.52 a.u. for the B 2Σ+ state. The
shaded box marks the region of verti-
cal Franck-Condon (FC) transitions from
neutral NO. (b) Franck-Condon popula-
tions for the X 2Σ+ state of NO2+ assum-
ing field-free NO→ NO2+ vertical ioniza-
tion.

the search process on a more limited set of pathways and inten-
sity range and therefore inform efforts to understand the resulting
solution produced by the learning algorithm.

We have developed a coincidence time-of-flight feedback
(CTOF) technique51 to provide more specific feedback for closed
loop control. In our initial experiment with this CTOF feedback,
we enhanced or suppressed the ratio of CO2+ to C+ + O+ following
strong-field double ionization of CO molecules. This was particu-
larly interesting in CO2+, since only the v = 0 and v = 1 states of the
3Π ground state and the v = 0 state of the lowest 1Σ+ state live long
enough to be detected as CO2+ in our experimental setup, while all
the higher vibrational states rapidly decay to C+ + O+. Thus, the abil-
ity to unambiguously select between CO2+ and C+ + O+ represented
control of vibrational population.

As shown in Fig. 1, NO2+ is somewhat similar to CO2+ in that
higher vibrational levels (v > 12) of the X 2Σ+ ground electronic state
dissociate within 18 ns due to spin-orbit coupling with the A 2Π
state. The v ≥ 8 vibrational states of the A 2Π excited electronic state
decay by tunneling with a lifetime less than or equal to ∼45 ns.52 In
addition, these two states are easily coupled by one-photon transi-
tions, leading to dissociation, while the B 2Σ+ state is well separated
from the X 2Σ+ and A 2Π states. Experimentally, the N+ + O+ and
NO2+ channels offer similar feedback as the initial CO experiment,51

but the increased complexity of the relevant potential energy curves
provides an additional interpretation challenge.

With this increased complexity in mind, we have employed
velocity map imaging54–58 (VMI) to examine the differences in the
three-dimensional momentum images produced by unshaped and
optimized laser pulses. In diatomic molecules, the angle-resolved
kinetic energy release (Ek) data can be used in conjunction with a
Floquet approach59–61 to understand which dissociation pathways
are enhanced by the optimized pulses. Our first efforts using this
combination of VMI measurements and Floquet analysis resulted

in an improved understanding of control experiments with CO
molecules.62

In this article, we discuss the results from adaptive fem-
tosecond control experiments using CTOF feedback to control
the vibrational population of the transient NO2+ molecular ion.
We are able to either increase or decrease the NO2+/(N+ + O+)
ratio by approximately an order of magnitude, primarily through
suppression or enhancement of the NO2+ yield. The results are
then analyzed with the aid of VMI measurements of the dis-
sociating N+ and O+ photofragments, as well as kinetic energy
release distributions evaluated from coincidence time-of-flight
measurements.

II. EXPERIMENTAL METHOD
Our experimental setup consists of an ultrafast laser sys-

tem equipped with an acousto-optic programmable dispersive fil-
ter (AOPDF)49 pulse shaping device and a high resolution time-
of-flight mass spectrometer, linked by a control computer running
the genetic algorithm (GA) that uses the feedback signals to deter-
mine the optimal pulse shapes. This is illustrated in Fig. 2(a). The
laser pulses are provided by a Ti:sapphire laser system with a cen-
ter wavelength of 788 nm, a pulse energy of approximately 1 mJ,
and a repetition rate of 2.0 kHz. The near-Fourier transform-limited
(FTL) pulse duration is approximately 40 fs (FWHM in intensity)
following passage through the AOPDF, multipass amplifier, and
transport optics to the vacuum chamber. In these measurements,
the AOPDF was only used to control the spectral phase, and there-
fore, the pulse energy remains constant as the pulse characteris-
tics are changed (note that the pulse intensity changes as pulse
duration is modified). Laser pulse characteristics were measured
using second harmonic generation frequency-resolved optical gating
(SHG FROG).50,63
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FIG. 2. (a) A schematic of the CTOF
closed-loop control scheme. The NO2+

ions were measured along with coin-
cident N+ + O+ events using a high-
resolution TOF spectrometer.51 The
boxes on the TOF spectra conceptually
represent the gates on the ions of inter-
est. (b) Once the optimal pulses were
identified, the interaction between the
pulses and NO was probed with veloc-
ity map imaging in a different spec-
trometer.58,62,64 The laser pulses were
focused into the CTOF and VMI spec-
trometers by identical f = 75 mm spher-
ical mirrors. By matching the incoming
laser beam diameters, the focal con-
ditions were similar in both measure-
ments. (c) Momentum distributions of
N+ (left) and O+ (right) photofragments
obtained via velocity map imaging. The
laser polarization direction is in the y-
direction in both panels. The data pre-
sented are for measurements using FTL
laser pulses at 0.04 mJ/pulse or approx-
imately 5 × 1014 W/cm2. While VMI pro-
vides angular information, it lacks the
coincidence condition that identifies the
N+ + O+ channel.

The laser beam was focused by an f = 75 mm spherical mirror
to a point in the extraction region of a two-stage Wiley-McLaren65

time-of-flight (TOF) spectrometer. In most of these experiments, the
pulse energy was attenuated to between 0.02 and 0.06 mJ, although
some data were recorded at higher pulse energy. This translates to
a peak intensity of about 3–8 × 1014 W/cm2 for a FTL pulse and a
beam waist of ∼10 μm. The TOF spectrometer is located in an ultra-
high vacuum chamber that had a base pressure of about 5 × 10−10

Torr. Typical target pressures for the experiment were in the low
10−8 Torr range and were adjusted using a precision leak valve to
control the counting rate. The laser beam was linearly polarized with
the polarization parallel to the TOF spectrometer axis. Ions were
detected by a microchannel plate (MCP) detector.66 Importantly,
the spectrometer did not use a small aperture along the polariza-
tion (TOF) axis as is often the case in laser-initiated TOF measure-
ments (for example, in one of our previous experiments67), therefore
avoiding discrimination in the angular distribution of the resulting
ions.

As described more fully in a previous publication,51 the signals
from the MCP are processed on-the-fly to determine the NO2+ and
coincident N+ + O+ rates that are used to determine the fitness value
for the control objective. A photodiode monitors the laser pulses and
that timing signal is converted to a NIM-standard pulse via a con-
stant fraction discriminator and delayed until shortly before the N+

arrival time on the MCP. This delayed photodiode signal starts three
time-to-amplitude converters (TAC). The MCP signals are ampli-
fied, processed by a constant fraction discriminator, and used as the

stop signals on each of the TACs. Each TAC is used in single-channel
analyzer mode, producing an output only in cases in which the ion
signal falls within a specified time window appropriate for N+, NO2+

and O+ events. The O+ TAC is gated by the condition that the N+

TAC has produced an output signal, thus producing a signal for N+

+ O+ coincidence events. The rates from the NO2+ and the gated O+

TAC outputs are converted to an analog signal, averaged over some
time constant (typically about 5–10 s), and sent to the control com-
puter. These rates are used to evaluate the “fitness” of the GA control
objective: NO2+/(N+ + O+) or (N+ + O+)/NO2+.

Our GA implements tournament selection, two-point crossover,
elitism, and a moderate 1% mutation rate per gene.43,51,58 Typically,
40–50 individuals populate each generation, and the algorithm ran
for 20–40 generations, depending on the convergence rate and the
laser stability. A constant, approximately equal to 10% of the denom-
inator channel of the control objective obtained with a FTL pulse, is
used to prevent high fitness values when no denominator signal is
present.

Once the closed-loop adaptive control measurement has opti-
mized the pulse shape corresponding to a particular control objec-
tive, the result is examined using two other techniques. First, the
TOF spectrum is recorded using a time-to-digital converter in full
multihit mode, thus correlating all the “stop” signals associated with
a single “start” signal from the photodiode that monitors the laser
pulse. This allows more precise measurements of the true coinci-
dence rate since random coincidences (N+ and O+ pairs that do not
arise from the same molecule) and lost fragments (ion-pairs in which
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FIG. 3. One- and two-dimensional rep-
resentations of coincidence-time-of-flight
data of NO2+ dissociation. Panel (a)
shows the coincidence yield (log scale)
as a function of the TOF of the first
and second fragments. The magenta box
identifies N+ + O+ coincidences. Panels
(b) and (c) show the yield vs TOF of
the first and second fragments, respec-
tively, integrated over the yield of the
other fragment. Panel (d) shows the yield
vs time-of-flight for all fragments. The
shaded area in (d) indicates the region
from which the NO2+ yield is determined.
Panels (a)–(c) have their time resolu-
tion compressed by a factor of ten to
control the size of the two-dimensional
spectrum, while panel (d) shows higher
1 ns/channel time resolution. The data
presented were obtained with FTL laser
pulses at 0.04 mJ/pulse or approximately
5 × 1014 W/cm2. The lack of events in
the center of the coincidence stripe indi-
cates a strong preference for the ions to
be ejected along the polarization (TOF)
direction. By rotating and projecting the
events within the diagonal box shown
in panel (a), the P(Ek ) distribution for
the coincidence events may be evalu-
ated from the time-difference between
the ion-pairs.68,69

one ion is lost due to detection efficiencies less than one) can be sub-
tracted.68 A typical coincidence time-of-flight (CTOF) plot is shown
in Fig. 3. The corrected N+ + O+ yield and the NO2+ yield from the
same measurement, shown in Fig. 3, were used to derive the value
of the control objective reported in Sec. III. As described later, the
CTOF data can also be used to deduce the fragment dissociation
energy.

Figure 3 shows a moderate number of purely random coinci-
dences, such as N+ + NO2+. Experimentally, controlling these ran-
dom coincidence rates is the most difficult part of the measurement,
since the adaptive control loop requires a relatively high rate for
feedback. Too high of a target gas pressure, however, can increase the
random coincidence rate to a level that will produce spurious feed-
back. Balancing the overall ion production rate is important and in
some cases can limit the effective dynamic range of the experiment.
This can be partially avoided by starting the experiment at a higher

gas pressure until the fitness values begin to “take off” and then
stopping the experiment and reducing the gas pressure. The GA is
then restarted from the preceding generation.

The second part of the postoptimization analysis is to obtain
the momentum distribution, and therefore the Ek and angular dis-
tribution, of the dissociating fragments using VMI. Specifically, the
N+ and O+ fragments produced by the optimally shaped and FTL
laser pulses were measured using a VMI spectrometer.58,62,64 While
the VMI spectrometer is different from the Wiley-McLaren TOF
spectrometer, the laser focusing optic is identical (f = 75 mm), and
care is taken to reproduce the laser beam profile as closely as pos-
sible to the conditions of the CTOF measurement. To verify that
this was achieved, we checked that the details of the TOF spectrum
obtained using the VMI spectrometer, such as the ratio of the various
ions, were the same as expected from earlier measurements with the
TOF spectrometer. The TOF spectra could not be exactly matched,
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however, due to the differences in the TOF resolution between
the two spectrometers and the different laser polarization direction
relative to the TOF axis used in the two setups.

The raw two-dimensional VMI data are inverted to recover a
slice through the center of the three-dimensional momentum dis-
tribution using a modified “onion-peeling” or “back-projection”
algorithm as described by Rallis et al.58 Several other methods70–72

of performing the inverse-Abel transformation were also tested to
ensure that any relevant features were not due to numerical artifacts
associated with the inversion process.

The probability of dissociation as a function of kinetic energy
release, P(Ek), can also be evaluated from CTOF data68,69 by using
the difference in arrival times of the coincident N+ and O+ frag-
ments, although the angular distribution cannot be measured as
directly as with VMI. The two methods are complimentary, since the
CTOF-generated P(Ek) distribution can be correlated with N+ + O+

coincidences, while the VMI-derived P(Ek) distribution measures all
N+ or, separately, all O+ ions, including those from different charge
states of the intermediate NOq+ ions.

For our two-stage Wiley-McLaren65 time-of-flight (TOF) spec-
trometer, the kinetic energy release from dissociative ioniza-
tion is

Ek =
(V2 − V1)

2

8md2 q2Δt2, (1)

where V2 and V1 are the voltages on the extraction and acceleration
meshes, respectively, d is the distance between the meshes, m and q
are the mass and charge of the ion, and Δt is the time between the
forward and backward traveling ions.68 The associated probability of
dissociation as a function of Ek is

FIG. 4. The probability of dissociation, P(Ek ), as a function of Ek for FTL pulses
(black) and pulses that minimize the NO2+/(N+ + O+) ratio (blue) at 0.04 mJ/pulse.
The probabilities are obtained using two different methods. The symbols are a
result of analysis of the CTOF data shown in Fig. 3 (as described in the text),
while the solid lines represent the VMI data. Specifically, the solid lines are pro-
jections of the density plots shown in Figs. 7(a) and 7(b). The CTOF-derived
probability unambiguously identifies the N+ + O+ coincidence channel, while the
VMI-derived data have higher KER resolution but are recorded for all N+ ions, i.e.,
including channels such as N+ + O. Since the CTOF-data in Fig. 3 fall almost exclu-
sively along the polarization direction, the VMI-derived data are restricted to |cos θ|
> 0.95 for comparison.

P(Ek) = [t21(Ek, 0○) − t21(Ek, 180○)]
dt21

dEk
dY
dt21

, (2)

where t21(Ek, 0○) and t21(Ek, 180○) (i.e., θ = 0○ and 180○) associ-
ated with the short-TOF fragment having initial velocity toward and
away-from the recoil detector, respectively, are the maximum and
minimum time differences, respectively. dY/dt21 is the numerical
time derivative of the large time-difference side of the spectrum. The
P(Ek) distributions obtained with both VMI and CTOF methods are
shown in Fig. 4, which reveals that the KER of the N+ + O+ channel
falls within the 5–9 eV range.

In summary, the experimental procedure consists of two steps:
(1) The optimization step in which the learning algorithm searches
for a pulse shape guided by CTOF feedback and (2) the subsequent
analysis step, in which multihit TOF spectra, VMI data, and SHG-
FROG pulse measurements are recorded using the optimized laser
pulses that are obtained in the first step.

III. RESULTS AND DISCUSSION
The NO2+/(N+ + O+) ratio changes with the pulse intensity,

as shown in Fig. 5, for FTL pulses of about 40 fs FWHM in dura-
tion. As the intensity increases, the ratio of nondissociative to disso-
ciative double ionization decreases, dropping from 4.0 at 2 × 1014

W/cm2 to 0.23 at 7 × 1015 W/cm2. The fact that the NO2+/(N+

+ O+) ratio decreases as the intensity increases can be attributed to
the fact that highly excited vibrational states of NO2+ (v ≥ 12 for the
electronic ground state) rapidly dissociate, and these states, includ-
ing excited electronic states, are more readily populated at higher
intensities. For this reason, the main control experiments were con-
ducted at intensities between 5 and 8 × 1014 W/cm2 for which the
NO2+/(N+ + O+) ratio was near unity and simple intensity changes
(i.e., “trivial control”3) might not have a dramatic impact on this
ratio.

We did, however, examine the effectiveness of the control at
higher pulse energies, in light of several suggestions in the literature
that the behavior of NO might evolve as the intensity increases.53,73

In these higher energy experiments, the NO2+/(N+ + O+) ratio
could be enhanced by a factor of 3.9 over the result with a FTL
pulse. Attempts to minimize the same ratio were quantitatively

FIG. 5. The NO2+/(N+ + O+) ratio for 40 fs FWHM near-Fourier transform limited
(FTL) pulses as a function of pulse energy. The corresponding intensity is shown
on the upper axis. The error bars represent the statistical uncertainty including “lost
fragment” and random coincidence corrections.
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TABLE I. The measured NO2+/(N+ + O+) ratio acquired with different pulse energies.
The different columns represent the values obtained with FTL pulses as well as pulses
optimized to maximize or minimize this ratio.

Pulse energy (mJ) FTL ratio Maximize ratio Minimize ratio

0.015 4.0 ± 0.2
0.03 2.0 ± 0.1
0.04 1.50 ± 0.04 2.8 ± 0.9 0.80 ± 0.05
0.06 1.10 ± 0.05 13.8 ± 2.1 0.90 ± 0.03
0.06 6.0 ± 0.9 0.77 ± 0.04
0.12 1.0 ± 0.1
0.52 0.23 ± 0.05 0.9 ± 0.2 0.0001 ± 0.0002
0.51 0.23 ± 0.10 0.7 ± 0.2 0.0005 ± 0.0004

more successful, with essentially all the NO2+ yield eliminated. The
control results for all measured pulse energies are summarized in
Table I.

The ability to decrease the NO2+/(N+ + O+) ratio with higher
energy pulses is unsurprising, since all that is required is that the
NO2+ yield be reduced. As the pulse energy increases, the laser-
molecule interaction becomes more nonperturbative in character.
As a result, there are many ways21,74,75 the lower-lying NO2+ X 2Σ+

vibrational population can be excited to dissociative levels, including
nonresonant dynamic Stark shifts.76,77 A signature that strong-field
dynamics, such as the nonresonant dynamic Stark shifts, are dom-
inant is the depletion of the ground state,78 which we observe as a
NO2+ yield that is consistent with zero.

On the surface, it would seem more surprising that the
NO2+/(N+ + O+) ratio could be enhanced at these higher intensities.
Some of this enhancement, however, can be explained by the range
of intensities in the focal volume. While the N+ + O+ coincidence
condition selects a certain intensity range from within the focal vol-
ume, the NO2+ yield need not arise from the same focal volume as
the N+ + O+ ion-pairs. Thus, at peak intensities where the dissocia-
tive double ionization dominates, the NO2+ can still be produced by
slightly lower intensity portions of the focal volume.

Another feature of the higher pulse energy experiments is the
significant complexity of the optimized pulses, for both maximiz-
ing and minimizing NO2+/(N+ + O+). While it may be possible to
unravel the mechanisms that occur in these complex pulse shapes at
higher intensities,26,27,37,44,79,80 attempting to understand the control
mechanisms at lower pulse energies seems a more promising starting
point. At pulse energies around 0.04–0.06 mJ, the NO2+/(N+ + O+)
value is around one for the FTL pulses and neither the NO2+ nor N+

+ O+ channels are near an appearance intensity threshold. This min-
imizes the possibility of control due to simple intensity changes. As
shown in Table I, using pulse energies of 0.04 and 0.06 mJ to max-
imize the NO2+/(N+ + O+) ratio results in an increase by as much
as 12.5 times the values obtained with a FTL pulse. Minimizing the
same ratio results in a decrease of approximately 1.9 times the FTL
value.

Figures 6(a) and 6(b) show the time-of-flight spectra for two
specific trials we examine in detail. Optimizing the pulse shape to
minimize the NO2+/(N+ + O+) ratio, as shown in Fig. 6(b), results
in a TOF spectrum that appears very similar to the TOF spectrum

FIG. 6. Time-of-flight spectra of all ions in the relevant time window measured in
association with (a) 0.06 mJ/pulse and (b) 0.04 mJ/pulse laser pulses. The narrow
peak around 8150 ns is associated with NO2+ and is highlighted in each inset. The
N+ and O+ fragments appear as “forward” (short TOF) and “backward” (long TOF)
peaks. The highest energy N+ (backward) and O+ (forward) fragments overlap
the NO2+ peak but should have little effect on our conclusions. In panel (a), the
yield from pulses optimized to maximize the NO2+/(N+ + O+) ratio (red line) are
compared to those measured with FTL pulses of the same energy (black line).
Panel (b) is similar, but for the pulses optimized to minimize the same ratio (blue
line). The number of counts are normalized to the number of laser shots in both
panels.

obtained with an FTL pulse at the same energy, save for a reduc-
tion in the NO2+ yield shown in the inset. Closed-loop optimiza-
tion with the aim of maximizing the NO2+/(N+ + O+) ratio, on the
other hand, seems to enhance the amount of NO2+ and also slightly
decrease the amount of dissociative double ionization, i.e., N+ + O+.
We note that the data shown in Fig. 6 include all ions, similar to
the time-of-flight data shown in Fig. 3(d), and thus, the value of
the NO2+/(N+ + O+) ratio cannot be directly evaluated from this
plot.

Before examining the changes that occur when the optimized
pulses are used, it is worthwhile to examine the results acquired with
the FTL pulses. Figure 7 shows the N+ and O+ VMI data, corre-
sponding to the FTL-TOF spectra shown in Fig. 6(b), as a func-
tion of Ek and the cosine of the angle between the N+ fragment
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FIG. 7. The yield of N+ (a) and O+

(b) photofragments as a function of
Ek and cos θ, where θ is the angle
between the N+ fragment velocity and
the laser polarization direction. These
plots are obtained by transforming the
VMI data shown in Fig. 2(c). Panel (a)
shows N+ fragments produced using FTL
pulses at 0.04 mJ/pulse or approximately
5 × 1014 W/cm2, while panel (b) shows
O+ fragments at the same pulse con-
ditions. The dotted lines at 6.8 eV in
each panel represent the peak Ek value,
and the angular distributions along those
lines are shown in Fig. 9.

velocity and the laser polarization axis, cos θ. The same data are pre-
sented in Fig. 2(c) as a momentum plot, but the representation in
Fig. 7 is often more useful for interpretation. Figure 4 shows P(Ek) of
the N+ + O+ ion-pair events unambiguously identified by the CTOF
method. This P(Ek) spectrum has two maxima, at 6.3 eV and at
8.7 eV. The VMI data (Fig. 7) have higher Ek resolution, but are not
restricted to N+ + O+ ion-pair events. Since the CTOF data shown
in Fig. 3(a) indicate that the N+ + O+ ion-pairs are strongly aligned
with the laser polarization direction, we can select the aligned por-
tion of the Ek − cos θ plots (Fig. 7) in order to compare the CTOF-
and VMI-based measurements of P(Ek). Slices from Figs. 7(a) and
7(b) with |cos θ| > 0.98 show the yield in a 5–9 eV region, as illus-
trated in Fig. 8, which is similar to the region of large P(Ek) in Fig. 4.
The most likely Ek value from these VMI-derived measurements is
at about 6.8 eV. The P(Ek) distributions derived from the aligned

FIG. 8. The yield of N+ (violet) and O+ (orange) as a function of Ek for |cos θ|
≥ 0.98. The peaks around 13 eV are due to NO3+ (or higher charge state) disso-
ciation. CTOF measurements identify the 5–9 eV region as the location of the N+

+ O+ ion-pairs. The approximate peak of the VMI data at 6.8 eV is indicated by an
arrow, while the vertical lines label the locations of the 6.3 eV and 8.7 eV peaks in
the P(Ek ) distribution shown in Fig. 4.

N+ and O+ fragments (shown in Fig. 8) have different features. Fur-
thermore, these details also differ from the P(Ek) distribution deter-
mined from the N+ + O+ ion-pair distribution shown in Fig. 4. The
different P(Ek) distributions indicate that the VMI measurement is
probably dominated by dissociative single ionization leading to N+

+ O or N + O+, since N+ + O+ ion-pairs produced from the dissoci-
ation of NO2+ would have the same momentum for the N+ and O+

fragments.
The angular distribution of the features in the P(Ek) distribu-

tions, illustrated in Fig. 9, confirms that the N+ + O+ ion-pairs are
not the dominant contributor to the VMI Ek − cos θ data shown
in Fig. 7. When excited with a linearly polarized laser pulse, elec-
tric dipole transitions between the initial and final states with the
same angular momentum, ΔΛ = 0, are expected to have a cos2n θ
angular distribution (where n is the number of photons), while for a
ΔΛ = 1 transition, the angular distribution should follow a sin2n θ
distribution.60,61,81 A transition accessing an intermediate state so
as to make a parallel transition (ΔΛ = 0) followed by a perpendic-
ular transition (ΔΛ = 1) or vice versa should be fit by a function
of the form cos2n θ sin2m θ. The angular distributions for both the
N+ and O+ fragments with Ek between 6.75 and 6.85 eV, shown in
Figs. 9(c) and 9(d), seem to contain multiple components. Exam-
ining the angular distributions for Ek between 6.25 and 6.35 eV
and between 8.65 and 8.75 eV, corresponding to the peaks in the
CTOF-Ek data obtained with the FTL pulse (see Fig. 4) and shown in
Figs. 9(a) and 9(b) and Figs. 9(e) and 9(f), yields the same conclusion.
For all three Ek regions, the main parallel component of the angular
distribution is much broader in the N+ case, fitting to cos6 θ, while
the narrower O+ distribution is best fit with cos16 θ at Ek between
6.75 and 6.85 eV and cos18 θ in the other two cases. Thus, even for
fragments ejected nearly along the laser polarization, the angular dis-
tributions associated with the N+, O+, and N+ + O+ ion-pairs (see
Fig. 3) are quite different.

Since the VMI-derived data contain a significant amount of
N+ + O and N + O+ fragments in addition to the N+ + O+ chan-
nel of interest, can we use the CTOF-derived data to better under-
stand the multiple ionization process that leads to NO2+? Mul-
tiple ionization of diatomic molecules has been studied in many
experiments, and there are several possible routes for the transition
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FIG. 9. The normalized yield of N+ (left
column) and O+ (right column) as a func-
tion of cos θ. The slices through the data
shown in Fig. 7 are made at three loca-
tions: (6.25 ≤ Ek ≤ 6.35), the first peak in
the P(Ek ) distribution from Fig. 4 [panels
(a) and (b)], (6.75 ≤ Ek ≤ 6.85), the peak
of the VMI yield as indicated by the line
in Fig. 7 [panels (c) and (d)], and (8.65
≤ Ek ≤ 8.75), the second peak in the
P(Ek ) distribution from Fig. 4 [panels (e)
and (f)]. The fits shown are of the form
A cos2n θ + B sin2m θ + C cos2k θ sin2 l θ
for the N+ fragments and A cos2n θ
+ C cos2k θ sin2 l θ for the O+ fragments.

from neutral NO to NO+ and ultimately NO2+: Both direct ion-
ization82,83 and electron rescattering83–87 (also called nonsequential
or recollision ionization) occur near the equilibrium internuclear
distance, Re, since the nuclei do not have much time to respond
to the laser field in either case. The recolliding electron can carry
considerable energy, up to 3.17Up, where Up is the pondermotive
energy,84 potentially leading to electronic excitation of the parent
ion as well as multiple ionization.88 Various Coulomb explosion89–96

and enhanced ionization mechanisms96–109 provide a link between
Ek and the internuclear distance at which ionization occurs (often
called the critical internuclear distance, Rc). These models, however,
work best for molecules that have dissociative states with purely
repulsive potential energy curves and are not easily applied to the
metastable potential energy curves of NO2+, which are illustrated in
Fig. 1.

A simple application of the Coulomb explosion model,
Ek = 1/Re, gives an Ek value that is larger than the measured, while
applications of the enhanced ionization models109 lead to lower than

the observed Ek values at very large Rc. While it is not surprising
that these models do not work well for NO, the upper and lower
limits they supply for Ek suggest some sort of intermediate behavior
with the ionization occurring between Re and Rc. One such possibil-
ity would be a stairstep ionization process110 in which the molecule
stretches before each sequential ionization step.

Previous experimental studies of laser-induced ionization and
dissociation of neutral NO leading to N+ + O+ fragments73,111–116

have generally not employed coincidence measurements. Most of
these studies suggest that the N+ and O+ fragments are produced
indirectly, either by first dissociating NO and ionizing one or more
fragments111 or by population of another intermediate state of NO+

or NO2+. Furthermore, the measured P(Ek) of the N+ + O and
N + O+ dissociation channels of NO+ (see Fig. 8) is consistent with
ionization at Re < R < Rc.

The angular distributions of the ionization process can
also help clarify the underlying dynamics. Given the duration
of the pulses used in these experiments, both geometrical and
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dynamic molecular alignment must be considered.117–122 Molecular
Ammosov-Delone-Krainov (MO-ADK) theory,123 which employs
the principle of geometrical alignment, predicts that the angu-
lar distribution should reflect the symmetry of the most loosely
bound electron of the molecule. For neutral NO, the HOMO has
πg symmetry, and thus, MO-ADK would suggest that the maxi-
mum ionization rate occurs at about 40○ away from the polariza-
tion axis. As Voss and co-workers have shown, at higher inten-
sities (near 1 × 1015 W/cm2), this effect becomes smaller due to
dynamic alignment,124 including postpulse alignment.121 While the
intensity here is not as high, the ionization potential of NO is low
(9.264 eV), and therefore, the initial ionization leading to NO2+ may
be more peaked along the polarization direction than the MO-ADK
prediction.

Intense laser interactions with beams of NO cations110 and
dications53 produce angular distributions of fragments that can help
clarify the current results from neutral NO targets. In the ion-beam
experiments, the distributions of NO+ and NO2+ ions in the laser
focus are known to be isotropic.53,110 In the NO2+ beam measure-
ment, the subsequent laser-induced dissociation leads to perpendic-
ular transitions at intensities comparable to the current experiment.
Thus, we can conclude that the laser-induced NO → NO2+ process
does not produce an isotropic distribution of NO2+ ions, since these
perpendicular transitions are not dominant in the current experi-
ment, as shown in Figs. 3(a), 7, and 9. Stated another way, we know
that NO2+ tends to dissociate more easily when it is perpendicular
to the laser pulse,53 but we do not observe that angular behavior
in our data. Instead, we see more ion-pairs emitted along the laser
polarization. Thus, we infer that the initial NO → NO2+ ioniza-
tion is not isotropic and is more probable for molecules that have
cos θ = ±1.

In general, the angular distribution we observe in Fig. 7 resem-
bles the observations of Gaire et al.110 for single ionization of a
NO+ beam leading to N+ + O+ ion-pairs. In both that work110

and in the current experiment, the angular distribution is pre-
dominantly aligned along the laser polarization but is wider than
expected for a purely parallel transition. The presence of both per-
pendicular and parallel ionization routes suggests at least some
contribution from stepwise processes in which the transition from
NO → NO+ and the subsequent NO+

→ NO2+ step can both influ-
ence the angular distributions even before the final NO2+

→N+ + O+

dissociation.
Since the minimum of the X 2Σ+ electronic state of NO2+ is

1.6 eV lower in energy than the minimum of the A 2Π state, we
can assume that the initial ionization preferentially populates the
X 2Σ+ electronic state, even though the Franck-Condon overlap
between the neutral NO ground state and the NO2+ X 2Σ+ state
is similar to the Franck-Condon overlap between the neutral NO
and the NO2+ A 2Π state (see Fig. 1). This assumption does not
mean that we can exclude population of other states through more
complex mechanisms, for example, stepping through the mono-
cation states and stretching before ionization of the second elec-
tron. Under the assumption that the X 2Σ+ is preferentially pop-
ulated, we can exclude a number of possible routes to dissociative
double-ionization based on the observed angular distribution of the
N+ + O+ ion-pairs shown in Fig. 3. While the observed P(Ek)
is consistent with what is expected for several one-photon
NO2+ X 2Σ+

→ A 2Π transitions, such as

X 2Σ+
(v = 4)→ A 2Π(v = 7) (Ek ≈ 6.5 eV),

X 2Σ+
(v = 6)→ A 2Π(vcont) (Ek ≈ 6.9 eV),

X 2Σ+
(v = 7)→ A 2Π(vcont) (Ek ≈ 7.3 eV).

X 2Σ+
→ A 2Π transitions have ΔΛ = 1, and therefore, the breakup

should be perpendicular to the laser polarization,60,61,81 or at least
show a cos2n θ sin2m θ distribution if the initial NO → NO2+ X 2Σ+

ionization step is aligned along the laser polarization. The X 2Σ+

→ B 2Σ+ are ΔΛ = 0 transitions that can result in similar Ek val-
ues, which are consistent with the current measurements, but this
requires either two or three more photons than the one-photon
X 2Σ+

→ A 2Π transitions and, in some cases, needs to start in a
higher vibrational level of the X 2Σ+ state.

Energetically, the lower 6.3 or 6.8 eV peak in the measured Ek
distribution would be consistent with a near-vertical transition from
the neutral ground state to the NO2+ ground state followed by three-
photon X 2Σ+ (v = vi)→X 2Σ+ (v = vf ) vibrational excitation leading
to dissociation, where vi and vf are the initial and final vibrational
states, respectively. In other words, the leading portion of the pulse
removes the electrons, without stretching the molecule much, and
the role of any additional photons is to shift the vibrational popula-
tion from a bound state to a dissociative state via a permanent dipole
transition. Calculations of the field-free Franck-Condon overlap fac-
tors, displayed in Fig. 1(b), show that direct vertical transitions to
NO2+ X 2Σ+ from the neutral NO ground state predominantly pop-
ulate the v = 0 through v = 5 levels of NO2+ (peaked at v = 1),
consistent with the observed Ek and X 2Σ+

→ X 2Σ+ transitions.
Jochim et al.53 have shown that X 2Σ+

→ X 2Σ+ permanent dipole
transitions leading to vibrational excitation and dissociation into
N+ + O+ are more likely than competing channels over the range
of Ek values discussed here.

The secondary peak at Ek = 8.7 eV in the P(Ek) distribution
(shown in Fig. 4) supports the interpretation presented in the pre-
vious paragraph, since permanent dipole transitions dominate over
X 2Σ+

→ B 2Σ+ transitions leading to N+ + O+ fragments with Ek
> 8 eV.53 Besides the calculations53 showing the dominance of the
X 2Σ+

→ X 2Σ+ over the X 2Σ+
→ B 2Σ+ transitions due to the

smaller number of required photons and the relative magnitudes of
the couplings between these states, resonance-enhanced multipho-
ton ionization may further bolster this pathway relative to direct
nonresonant multiphoton ionization.103,105

Thus, given the prevalence of the X 2Σ+
→ X 2Σ+ transi-

tions over the X 2Σ+
→ B 2Σ+ transitions and a photofragment

angular distribution that seems to make one-photon NO2+ X 2Σ+

→ A 2Π transitions unlikely, we believe that the FTL-driven dis-
sociative double ionization process likely involves ionization to a
low-lying vibrational state of NO2+ followed by X 2Σ+

→ X 2Σ+

vibrational excitation leading to dissociation aligned with the laser
polarization with the observed Ek values.

What role, then, does the optimized pulse shape play in enhanc-
ing or suppressing the NO2+/(N+ + O+) ratio? Examining the sup-
pression case first, we note that the optimized TOF spectrum, shown
by the blue line of Fig. 6(b), is nearly identical to the TOF spectrum
obtained with the FTL pulse (black line), except for the region of the
NO2+ events. The optimized pulse seems to keep the TOF yield of
the photofragment distributions largely unchanged while reducing
the yield of the nondissociative NO2+ ions. This is supported by the
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FIG. 10. The yield of N+ (a) and O+ (b)
as a function of Ek and cos θ. (a) shows
N+ fragments produced using pulses that
minimize the NO2+/(N+ + O+) ratio at
0.04 mJ/pulse (∼5 × 1014 W/cm2). (b)
shows O+ fragments produced by the
same optimized pulse. Both distributions
are nearly identical to those shown in
Fig. 7.

Ek − cos θ distributions of the N+ and O+ ions produced with opti-
mized pulses shown in Fig. 10, which also appear nearly identical to
the FTL-generated Ek − cos θ distributions shown in Fig. 7.

The measured SHG FROG traces of the optimized pulse that
minimized the NO2+/(N+ + O+) ratio are shown in Fig. 11. This pulse
has a FWHM of 65 fs, or about 60% wider than the FTL pulse. While
the spectral intensity shows some modulation, neither the spectral
nor temporal phases show much variation over the main intensity of
the pulse. Thus, the optimized pulse seems to be somewhat longer in
duration than a FTL pulse but does not appear to have many other
significant features.

Since there are no significant changes to the photofragment
distributions between the optimized and FTL pulse, the control by
the optimized pulse can be interpreted as moving NO2+ population
to higher vibrational states by allowing the molecule more time to
stretch in the field before the last transition occurs. As shown by the
Franck-Condon region in Fig. 1, when R increases, the probability of
accessing higher vibrational levels of the X 2Σ+ state increases. Sup-
port for this interpretation is provided in Fig. 4, which shows that
the optimized pulses increase the number of N+ + O+ coincidence
events at around Ek = 7 eV. If the penultimate step in the process
drives the population to a higher X 2Σ+ vibrational level than the

FIG. 11. Measured SHG FROG63 trace
(a) of the laser pulse optimized to min-
imize the NO2+/(N+ + O+) ratio at 0.04
mJ/pulse. The linear color scale is nor-
malized, so the peak signal is 1.0. (b)
The associated temporal intensity (thick
purple) and phase (thin cyan) of the laser
pulse. The FWHM of the pulse in inten-
sity is 65 fs. (c) The spectral intensity
(thick purple) and phase (thin cyan) of
the laser pulse. The measured phase
values are not meaningful at low inten-
sities.
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FTL pulse, then the final step could land the same population in
the dissociative region, with Ek consistent with the values that are
enhanced in Fig. 4. In this explanation, the dissociation into N+ + O+

channels moves through the same pathways as when the FTL pulse
is present, thereby explaining why the data in Figs. 7 and 10 are
nearly identical, but the small shift in vibrational population depletes
the bound NO2+ population, reducing the overall NO2+/(N+ + O+)
ratio.

While this explanation seems fairly simple, lengthening the
pulse to minimize the NO2+/(N+ + O+) ratio is the opposite of the
“trivial” control behavior that would be predicted from the results
shown in Fig. 5. Roughly extrapolating from Fig. 5, lengthening the
pulse by 60% reduces the intensity of the 0.04 mJ/pulse to 3 × 1014

W/cm2, which approximately doubles the NO2+/(N+ + O+) ratio.
The longer pulse duration, then, is able to reduce the population
of long-lived NO2+ even though the lower intensity should increase
that same population. This indicates that the pulse duration effect
on the vibrational population might be quite significant. On the
other hand, the search algorithm had freedom to modulate the phase
and extend the pulse duration further but did not choose this path,
which may indicate that limiting the intensity eventually starts to
increase the NO2+/(N+ + O+) ratio again. All three optimization tri-
als in this pulse energy range (0.04 mJ/pulse and 0.06 mJ/pulse, see
Table I) resulted in pulse characteristics similar to the pulse shown in
Fig. 11.

As Table I details, the NO2+/(N+ + O+) ratio has also been
increased by as much as a factor of 12.5 times over the value acquired
with the FTL pulse using CTOF-based feedback. The comparison of
the TOF spectra obtained with the 0.06 mJ/pulse FTL (∼8 × 1014

W/cm2) and optimized laser pulses is shown in Fig. 6(a). As noted

previously, the two distinguishing features of this TOF measurement
are the enhancement of the NO2+ yield and the smaller, but still
notable, suppression of the N+ and O+ fragments, especially those
with lower Ek.

The FROG trace of the optimized pulse that maximizes the
NO2+/(N+ + O+) ratio is shown in Fig. 12. Unlike the pulse that min-
imizes the NO2+/(N+ + O+) ratio, the present pulse has an interesting
structure in both the temporal and spectral domains. The main fea-
ture seems to be the two-pulse structure in the time domain. These
two pulses are separated by about 151 fs. The FWHM of the indi-
vidual peaks (88 and 69 fs) is similar to the width of the pulse that
manipulated the vibrational population in the trials that minimized
the NO2+/(N+ + O+) ratio. Thus, looking for a similar shift in vibra-
tional population here seems reasonable, although we are now seek-
ing to enhance, rather than suppress, the population of long-lived
NO2+ states.

Some further information may be provided by the P(Ek) distri-
bution evaluated from the CTOF data, shown in Fig. 13 for the pulse
that maximizes the NO2+/(N+ + O+) ratio and the FTL pulse at the
same energy. The P(Ek) values for the optimized pulse are lower than
the FTL pulse up until Ek ≈ 6.5 eV, which is consistent with the dif-
ferences in the fragment yield observed in Fig. 6(a). This reduction
of lower-Ek N+ + O+ fragments may indicate that the population has
shifted to bound NO2+ vibrational levels.

The Ek − cos θ distributions obtained by VMI measurements
of N+ or O+ fragments for the laser pulses that maximized the
NO2+/(N+ + O+) ratio are shown in Fig. 14. These photofrag-
ments are strongly peaked along the laser polarization, as shown in
Fig. 15. While the bulk of the O+ photofragment Ek − cos θ distri-
butions [Figs. 14(b) and 14(d)] are unchanged by the switch from

FIG. 12. Measured SHG FROG63 trace
(a) of the laser pulse optimized to max-
imize the NO2+/(N+ + O+) ratio at 0.06
mJ/pulse. The linear color scale is nor-
malized, so the peak signal is 1.0. (b)
The associated temporal intensity (thick
purple) and phase (thin cyan) of the laser
pulse. The centers of the two pulses are
separated by 151 fs, with the earlier (left)
pulse having 88 fs FWHM and the later
(right) pulse having 69 fs FWHM. (c)
The spectral intensity (thick purple) and
phase (thin cyan) of the laser pulse.
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FIG. 13. The probability of dissociation, P(Ek ), as a function of Ek for FTL pulses
(black) and for pulses that maximize the NO2+/(N+ + O+) ratio (red) at 0.06
mJ/pulse. The P(Ek ) distribution is derived from the CTOF data similar to that
shown in Fig. 3 as described in the text. At lower Ek , the optimized pulse seems
less likely to produce N+ + O+ ion pairs, in agreement with the TOF data shown in
Fig. 6(a).

the FTL to the optimized pulses and have almost identical angu-
lar distributions in Fig. 15(b), there are some differences between
the N+ photofragment Ek − cos θ distributions shown in Figs. 14(a)
and 14(c). The optimized pulse tends to produce N+ fragments

with slightly lower Ek values than the FTL pulse. This is the opposite
of the observation made from the CTOF-derived Ek data in Fig. 13,
which showed that the FTL pulses were more likely to produce N+

+ O+ ion pairs for Ek ≤ 6.5 eV. Thus, the population of aligned N+

photofragments near Ek = 6 eV evaluated from the VMI data must
not originate from NO2+, but instead come from a different parent
ion, such as NO+ dissociating into N+ + O. The possibility of NO3+

dissociating into (N+ + O2+) with Ek ∼ 6 eV is less likely since triple
ionization requires increased laser intensity, and the resulting disso-
ciation is expected to lead to larger Ek. For NO3+

→ (N+ + O2+),
Ek = 2/Re ≫ 6 eV within the approximation of the Coulomb
explosion model.

For the trials minimizing the NO2+/(N+ + O+) ratio, we devel-
oped the hypothesis that the increase in pulse duration (shown in
Fig. 11) compared to the FTL pulse allowed higher vibrational states
of NO2+ to be populated. Consistency would mean that the similar-
in-duration first pulse in the sequence shown in the FROG trace of
Fig. 12 must have much the same effect as the longer duration pulse
that minimizes the NO2+/(N+ + O+) ratio even though the aim of
this trial is to maximize the NO2+/(N+ + O+) ratio. One difference
between the pulses optimized for minimization and maximization of
the ratio, however, is that the maximizing pulse should have lower
intensity than the minimization pulse measured in Fig. 11 since the
pulse energy in Fig. 12 is split between two subpulses. An explana-
tion for the utility of pulse characteristics of the maximization trial is
that the first pulse populates higher vibrational states of NO+ than a

FIG. 14. Yields of N+ and O+ fragments
as a function of Ek and cos θ. (a) N+ frag-
ments produced by the laser pulses opti-
mized to maximize the NO2+/(N+ + O+)
ratio at 0.06 mJ/pulse shown in Fig. 12.
(b) O+ fragments produced by the same
laser pulse. (c) N+ fragments produced
by the FTL laser pulses at 0.06 mJ/pulse,
equivalent to ∼8 × 1014 W/cm2. (d) O+

fragments produced by the same FTL
laser pulses. The dotted lines in each
panel at Ek = 6.7 eV represent cuts
used to produce the angular distributions
shown in Fig. 15.
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FIG. 15. (a) Angular distributions of N+ photofragments, integrated over (6.65 eV ≤ Ek ≤ 6.75 eV), produced by pulses optimized to maximize the NO2+/(N+ + O+) ratio at
0.06 mJ/pulse (violet) and by FTL pulses of the same energy (olive), equivalent to ∼8 × 1014 W/cm2. (b) Angular distributions of O+ photofragments, also integrated over
(6.65 eV ≤ Ek ≤ 6.75 eV), produced by pulses optimized to maximize the NO2+/(N+ + O+) ratio at 0.06 mJ/pulse (orange) and by the FTL pulses of the same energy (blue).
The slice around Ek = 6.7 eV chosen to examine the angular distributions matches the peak of the measured P(Ek ) distribution shown in Fig. 13. As in Fig. 9, the O+ angular
distributions are more strongly peaked than the N+ fragments.

corresponding FTL pulse, leading to dissociation of the NO+ cation
by the secondary pulse rather than a second sequential ionization
step. These dissociation channels, however, would be quite differ-
ent than the Ek ∼ 1–2 eV NO+

→ N+ + O dissociations observed
by Gaire et al.110 for shorter pulses. The Ek − cos θ distribution
in Fig. 14(a) indicates the presence of N+ + O fragments [absent
from the CTOF-derived P(Ek) distribution shown in Fig. 13], which
are fairly strongly peaked along the laser polarization direction [see
Fig. 15(a)].

To fit this single-ionization followed by dissociation under-
standing of the double-pulse structure of Fig. 12, we should be able
to identify parallel transitions between a bound vibrational state
of NO+ and a dissociative state of NO+ leading to N+ fragments
with Ek ∼ 6 eV. Two potential transitions that match these crite-
ria are displayed in Fig. 16, which shows (at least in the field-free
picture) that eight photon, ΔΛ = 0 transitions from the v = 8 state
of the NO+ X 1Σ+ ground electronic state would lead to the B 1Σ+

state and dissociate with Ek ∼ 6 eV. A similar seven photon tran-
sition from v = 13 also leads to the B 1Σ+ state and has nearly the
same Ek.

These transitions leading to dissociation of NO+ could explain
some of the “missing” N+ + O+ ion pairs in Fig. 13. With a more
intense pulse, the pathway leading to bound vibrational states of
the NO2+ ground electronic state and subsequent dissociation via
X 2Σ+

→ X 2Σ+ permanent dipole transitions would be open. In
lowering the overall pulse intensity by forming a double-pulse struc-
ture, the maximization pulse avoids production of N+ + O+ ion
pairs by enhancing a competing transition to NO+

→ N+ + O.
Since the adaptive search uses coincidence-based feedback, the
NO+

→ N+ + O dissociation does not contribute to the fitness cal-
culation, while the avoided N+ + O+ coincidence events would oth-
erwise diminish the NO2+/(N+ + O+) ratio. This outcome would
also explain why the N+ Ek − cos θ distributions are different for
the optimized and FTL pulses in Figs. 14(a) and 14(c), while the O+

fragment distributions shown in Figs. 14(b) and 14(d) are more sim-
ilar to each other, since the N + O+ states are not involved in this
scheme.

An additional attribute of the delayed second pulse shown in
Fig. 12 is that the 150 fs delay between the first and second pulses
gives the NO+ vibrational wave packets time to evolve toward their
equilibrium distance. Ionization near the NO+ equilibrium would
tend to populate lower vibrational levels of NO2+, accounting for
the increase in the nondissociative double ionization observed in the
TOF spectra for this trial, shown in the inset of Fig. 6(a). The mul-
tiple pulse structure shown in Fig. 12 is one of the common features
of the pulses that maximize the NO2+/(N+ + O+) ratio. As shown
in Fig. 17, the other NO2+/(N+ + O+) optimization trials at simi-
lar pulse energies had multiple pulses and a similar overall trend to
the phase, although the details of both differ from each other and
from Fig. 12. Still, the explanation developed for the most effective

FIG. 16. Potential energy curves125 for the NO+ X 1Σ+ (black line) and B 1Σ+

(purple line) states. The v = 8 and v = 13 vibrational levels126 of the X 1Σ+ state
are shown. The energies at the separate atom limits126 are −128.79 a.u. for the
NO+ X 1Σ+ state and−128.76 a.u. for the B 1Σ+ state. The dissociative B 1Σ+ state
can be reached via eight 790 nm photons from the v = 8 state or seven photons
from the v = 13 state of X 1Σ+, both resulting in an Ek of 6 eV.

J. Chem. Phys. 151, 124310 (2019); doi: 10.1063/1.5115504 151, 124310-13

 25 Septem
ber 2023 21:20:00

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 17. The temporal intensity (thick purple) and phase (thin cyan) of the addi-
tional laser pulses that optimized NO2+/(N+ + O+) at pulse energies below 0.5 mJ.
The temporal separation between the peaks of the different pulses is indicated in
the figure. (a) The pulse that yielded NO2+/(N+ + O+) = 2.8 ± 0.9 at 0.04 mJ. (b)
The pulse that resulted in NO2+/(N+ + O+) = 6.0 ± 0.9 at 0.06 mJ.

0.06 mJ pulse can reasonably be applied to the other optimized
0.06 mJ and 0.04 mJ pulses that are reported in Table I.

The efforts to use closed-loop coincidence feedback to both
maximize and minimize the NO2+/(N+ + O+) ratio at intensities
around 1014 W/cm2 were successful, with all trials resulting in some
enhancement or suppression of the ratio with the best exceeding
a factor of 10. The VMI-based analysis yields additional informa-
tion. First, the difference in the uncorrelated VMI measurements of
the N+ and O+ fragments indicate that simply trying to use one of
these fragments as a proxy for the N+ + O+ coincidence yield in the
optimization feedback would not lead to the desired outcome, since
there are clearly other channels, such as N+ + O, present in the VMI
data. This is true even in the same range of Ek where the N+ + O+

coincidences appear, so separation based on fragment energy would
be difficult. The angular information derived from the VMI data
assists in separating the various dissociation channels. Second, most
of the control seems to be associated with an increase or decrease
in the NO2+ yield, rather than significant changes in the number
of N+ + O+ dissociative double-ionization events. From an analy-
sis perspective, this is unfortunate, since VMI measurements on the
nondissociative NO2+ just reveal a thermal distribution of ions. Still,
the fragment VMI information, along with the CTOF-based P(Ek)
distributions, provides enough clues about the fragment behavior to
allow us to indirectly surmise some plausible routes to the observed
control. This analysis is helped by the nature of the pulse shapes,
which are not extremely complex.

IV. SUMMARY AND OUTLOOK
Adaptive strong field control that uses coincidence-time-of-

flight feedback has been successfully employed to control the ratio of
nondissociative to dissociative double ionization NO2+/(N+ + O+) of
NO molecules. The use of the CTOF feedback allowed the separation

of the N+ + O+ ion pairs from the N+ + O or N + O+ dissociative sin-
gle ionization products. The NO2+/(N+ + O+) ratio was increased or
decreased by about an order of magnitude at pulse energies between
0.04 and 0.06 mJ or around 1014 W/cm2 for FTL pulses at our focus-
ing conditions. Without the use of the CTOF feedback, it is unlikely
that the optimization would have been possible due to the large mag-
nitude of the dissociative single ionization channels and the range of
intensities present in the laser focal volume.

The work by Rabitz and co-workers demonstrating the robust-
ness of feedback-based optimization,127–130 even in the face of exper-
imental constraints, coupled with the experimental efforts that
demonstrate how laser-induced Stark shifts can activate many uni-
molecular reaction pathways,21,74–78 has led to an understanding that
strong-field closed-loop control results cannot easily be “reverse-
engineered” to gain knowledge of the control mechanism.27,40 In this
article, we show that when the laser intensity is not too high and
the feedback is well-defined, CTOF and VMI analysis of the result-
ing photofragments identifies a plausible control mechanism that
links the optimized pulse to the measured ion characteristics. More
detailed theoretical efforts are required to confirm the mechanistic
analysis presented here.

At higher energy (∼0.5 mJ), the pulse complexity increases
significantly, and determining the underlying molecular dynamics
clearly becomes more difficult, although the control is at least as
successful as at lower intensities.

In both intensity regimes, the role of focal volume averaging is
limited by the CTOF technique, since the N+ + O+ coincidences are
required to originate from the same charge state as the nondisso-
ciative NO2+ ions. The focal volume effect is not completely elim-
inated, however, since the dissociative and nondissociative NO2+

states have different energies, resulting in some ambiguities in the
interpretation. That said, this work does not employ the sort of
highly sophisticated, correlated, multihit electron-ion momentum
imaging methods such as COLTRIMS/reaction microscopes131 or
advanced VMI methods.132–135 Those techniques could potentially
provide more differential information that might illuminate impor-
tant dynamics and further restrict uncertainty due to focal volume
averaging. This would be particularity interesting if highly differen-
tial experimental signals could be incorporated into the closed-loop
control as feedback.
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