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We show how the time-varying phase or frequency of a chirped strong-field ultrafast laser pulse can be used
to control the ionization yield to different ionic states in a polyatomic molecule. The control is based upon a
competition between multiphoton resonance and internal conversion. The multiphoton resonance is facilitated
by dynamic Stark shifts, while the internal conversion (coupling between electronic states) is due to violation
of the Born-Oppenheimer approximation. Our measurements are compared with and interpreted in terms of
calculations of the strong-field ionization dynamics, which include multiphoton resonance, dynamic Stark shifts,
as well as vibrational dynamics and internal conversion during the ionization process. The measurements and
calculations illustrate how the light matter coupling can compete with the coupled motions of electrons and

nuclei in strong-field laser-molecule interactions.
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I. INTRODUCTION

Nonadiabatic dynamics involving the coupled motion of
electrons and nuclei play an extremely important role in the
photophysics of most molecules [1-8]. They are responsible
for, e.g., the photoprotection of DNA and RNA bases, and
are key to light harvesting, energy conversion, and the pho-
tophysics of vision [9-16]. The coupling of the electronic and
nuclear degrees of freedom arises from terms in the molecular
Hamiltonian that violate the Born-Oppenheimer approxima-
tion and reflect the fact that the electrons cannot adiabatically
follow all nuclear motion.

Similar to the notion of adiabaticity with regard to the
motion of electrons following nuclei, one can consider the
adiabaticity of electrons following the variation of an applied
electric field. If the frequency of an applied electric field is
far from electronic resonance, the electrons in a molecule can
follow the oscillations of the field adiabatically, leading to a
parametric response in which the initial and final states of the
molecule (before and after the application of a pulsed field)
remain the same. However, if the applied field comes into
resonance, then the electrons in the molecule cannot follow
the field adiabatically, and the nonadiabatic dynamics that
ensue lead to a change of electronic state, just as nonadia-
baticity in the coupling between electrons and nuclei can lead
to transitions between electronic states. Here we consider a
competition between these two types of nonadiabatic electron
dynamics in the resonance-enhanced strong-field ionization
of a polyatomic molecule. We drive the molecules with a
chirped ultrafast laser pulse whose frequency varies with time.
The strong field of the laser pulse can drive Stark-shifted
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multiphoton resonance enhancement of the ionization
[17-21], with the chirp of the pulse determining exactly when
the multiphoton resonance occurs in the pulse [22].

The multiphoton resonant enhancement leads to population
transfer to an excited state of the molecule, where nonadia-
batic dynamics arising from electron-nuclear coupling lead to
internal conversion during the ionization. We show that the
chirp of the pulse can control the competition between these
two types of nonadiabatic dynamics, leading to different states
of the molecular cation via resonance-enhanced ionization.

In earlier work we demonstrated coherent control over the
nonadiabatic electron-nuclear dynamics [23]. In this work,
the control is instead focused on the nonadiabatic electron-
field dynamics. Combined, the two experiments demonstrate
control over the coupled field-nuclei-electron dynamics. Our
measurements are interpreted in detail with calculations of
the strong-field laser-molecule interaction, which solve the
time-dependent Schrodinger equation with both the nuclear
dynamics and the ionization included.

II. EXPERIMENT

We use an amplified Ti:sapphire laser system generating
1-m]J transform-limited pulses of 30-fs duration, centered at
a wavelength of 780 nm and operating at a 1 kHz repetition
frequency. Using supercontinuum generation in an argon gas
cell, the pulses are spectrally broadened, producing a slightly
blueshifted spectrum with a central wavelength of 750 nm and
a spectrum extending from 600 to 900 nm [24-26]. Using a
combination of chirped mirrors and an acousto-optic modula-
tor (AOM) based pulse shaper, we compress the pulses to a

©2021 American Physical Society


https://orcid.org/0000-0002-8172-702X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.103.023108&domain=pdf&date_stamp=2021-02-15
https://doi.org/10.1103/PhysRevA.103.023108

BRIAN KAUFMAN et al.

PHYSICAL REVIEW A 103, 023108 (2021)

duration just below 10 fs [27,28]. We characterize the pulses
using collinear, pulse-shaper-assisted, second harmonic gen-
eration frequency-resolved optical gating [29,30].

The shaping is performed in the frequency domain by plac-
ing an AOM in the Fourier plane of a zero dispersion stretcher
[31]. The shaped electric field, €'(w), is a product of the
acoustic mask created by the AOM, M (w), and the unshaped
field, €(w): €/ (w) = M(w)e(w). We used a mask of the form

M(w) = AelP@=or (1)

to generate a chirped pulse with quadratic spectral phase
proportional to 8 (with 8 = ¢” /2, where ¢” is a second order
coefficient for the spectral phase in a Taylor series expansion)
and a controllable overall mask amplitude A. We measured the
momentum-resolved photoelectron yield as a function of §.

The shaped pulses are focused in an effusive molecu-
lar beam inside a vacuum chamber with a base pressure
of 1x107' torr. The CH,IBr molecules raise the working
pressure to about 6x 1076 torr. The molecules are ionized by
the laser, which has a peak intensity of ~10'> W /cm?). The
electrons generated by ionization are velocity map imaged to
a dual-stack microchannel plate (MCP) and phosphor screen
detector using an electrostatic lens. The electrostatic lens
maps the electron velocity to position, and the light emitted
by the phosphor screen at each position is recorded by a
complementary metal oxide semiconductor (CMOS) camera.
A fast algorithm is used to identify the coordinates [x, y] of
each electron hit. At these centroided positions we construct a
Gaussian with a width approximately the same as the size of
each hit (typically 2-3 pixels in each dimension). These Gaus-
sians are summed to construct a synthetic VMI image free
of background and detector nonuniformities. By inverse-Abel
transforming and angularly integrating the two-dimensional
image, we can reconstruct the three-dimensional momentum
distribution of the outgoing electrons and the photoelectron
spectrum.

We measured the photoelectron spectrum (PES) as a func-
tion of frequency chirp or quadratic spectral phase (linear
temporal variation of the instantaneous frequency). A chirp
causes the frequencies that make up the laser spectrum to
arrive at different times, where a positive chirp leads to in-
creasing frequency with time or low frequencies (red) arriving
before high frequencies (blue), and a negative chirp leads to
decreasing frequency or high frequencies arriving before low
ones. In the resulting PES shown in Fig. 1, we see two peaks
(indicated by the diagonal dashed black lines) assigned to
ionic states D3 (in the region from about 0 to 0.4 eV) and D,
(in the region from about 0.6 to 0.9 eV). These assignments
are based on previous measurements [23,32,33]. We note that
the time variation of the instantaneous frequency leads to a
shift in the peak positions for positive vs negative chirp. This
shift occurs because ionization follows resonant excitation,
and since different chirps lead to different photon energies
toward the end of the pulse, the electron will be emitted with
different photoelectron energies. However, the most striking
feature of the PES is the asymmetry between positive and
negative chirps, with the D3 signal only for positive chirps.

While different chirps lead to different peak intensities for
a constant pulse energy, equal and opposite chirps have the
same intensity profiles, and thus the difference in the ioniza-
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FIG. 1. Photoelectron spectra for strong-field ionization of
CH,Brl as a function of second-order spectral phase (chirp). Diag-
onal dashed black lines highlight the states of interest D; around
0.7 eV and D3 around 0.2 eV. Horizontal dashed lines note energy
lineouts for two chirps of the same magnitude (¢ = 105 fs*) but
opposite sign where the red (light gray) line notes the positive chirp
and the blue (dark gray) line the negative.

tion dynamics is driven by the frequency variation of the field
rather than by any intensity differences. This motivates a more
detailed comparison of the photoelectron spectrum for equal
but opposite chirps. Figure 2 shows photoelectron spectra for
chirps of +105 fs? taken from Fig. 1. These lineouts are
smoothed by averaging with their nearest neighbors. For the
positive chirp in red we see the D; peak at 0.8 eV with a D3
peak between 0.2 and 0.35 eV. However, the negative chirp in
blue lacks a clear D3 peak, only showing the D; peak shifted
to 0.65 eV. In previous work [23,32-36], we determined that
these ionic states, D; and D3, are correlated to neutral states
which involve excitation of HOMO-1 and HOMO-3 electrons
to Rydberg orbitals, labeled R; and Rj, respectively. It is dy-
namics on these neutral states during the ionization dynamics
which lead to the chirp-dependent yield to D; and Ds.

III. CALCULATIONS

In order to understand how the timing of resonance for
the neutral states influences the yield to different ionic states,
we carried out calculations that solved the time-dependent
Schrodinger equation for a model system that includes
multiphoton coupling, a discretized ionization continuum,
vibrational dynamics in one dimension, and coupling between
intermediate neutral states. We used the model described in
Ref. [32] but excluded the states that were not relevant, R
and Dy, for the pulse shapes we consider here. We performed
calculations for the same parameters as used in the previous
calculations, and also carried out calculations for different
Stark and ponderomotive shifts in order to test the robustness
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FIG. 2. Energy lineouts from Fig. 1 at horizontal dashed red-
white and blue-white lines (105 fs?). As before, the red (light gray)
line shows the photoelectron spectrum for a pulse with a positive
chirp, and the blue (dark gray) line the photoelectron spectrum for
a pulse with a negative chirp. The yield is an average of the nearest
neighbors and is normalized to the total number of electrons.

of the calculations. Variations in these parameters did not lead
to significant changes in the molecular dynamics driven by the
pulse shapes that we considered. Here we present simulations
with reduced Stark shifts, no ponderomotive shifts, and
no So — Rj coupling for the simplest interpretation. The
calculations use grid-based one-dimensional wave-packet
dynamics simulations, where the potentials were obtained
as harmonic fits for selected states along the CH, wagging
mode (coordinate u). Here we describe only the equation of
motion for the nuclear dynamics and the ionization process.
The details of the quantum chemical computations providing
the potential energy curves can be found in the electronic
supporting information of Ref. [32]. The selected states
consist of the neutral ground state, labeled Sy, two Rydberg
states, labeled Ry and Rj, and two cationic states, labeled
D; and Dj;. The naming for the cationic states is derived
from their predominant doublet character (Dy and D, are
omitted here since they do not play a significant role in the
measurements). The Rydberg states are Dyson correlated to
the cationic state with the same index, e.g., R; can be ionized
only to D,. Ionization is treated by expanding the wave
functions \If(if“ (E, u,t) of ionic state D, in terms of Legendre

polynomials P;(E) of E as [37-39]
21 +1 2FE
()

M— o0
Emax EIHEIX

N, E 1) =y ) (u, 1)
=0

Wlth o = D[ s D3, (2)

where E is the kinetic energy of the emitted electrons, M is the
maximum number of polynomials (here M = 50), and E 4« 1S
the maximally allowed kinetic energy of a photoelectron (here

TABLEI. State parameters. Parameters of the different harmonic
potentials used in the model simulations and the associated Stark
shifts (SS) for those states for a reference of 12.78 TW /cm? at which
our measurements were calibrated.

Statt Epin [THz] Ui [20.]  @pm[cm™'] | SS [THz]
S 0 0 1200 0

R, 1850 0.15 1260 100
R, 1910 —0.15 1130 100
D, 2450 -0.15 1130 -
D, 2630 0.15 1260 -

Enax = 2¢eV). The neutral-to-ionic multiphoton couplings
Xje(t) are independent of the kinetic energy E for E < Epqx
and are zero otherwise.

The Rydberg states and the ionic states are populated from
the ground vibrational state Sy by multiphoton transitions,
which are derived via adiabatic elimination [39-41], where
the effect of off-resonant states that mediate multiphoton
transitions is reproduced in the form of Rabi frequencies .
In addition, population transfer is possible between Rydberg
states by nonadiabatic couplings. The equations of motion
take the following form:

i, = [T + V,(u)]¥, + Z X (W,

ihW, = [T + V,(u) + 0P ()| W, + xeo(t) Vg
+ ) VeeWo + Y g ()@
e'#e a

Emax

ind\® = [T + VIO () + + Up(t)} o

1 o
+ _;OZ(D(Z ) + Z Xae )Y,

h
NI s ion Emax (@)
ind® = | T + V) + =2 1 U, (1) | D
(o) (o)
+pkq)k_1 + )Ok+lq>k+1 . (3)

In the above equations W,(u, t) is the vibrational wave func-
tion in the ground electronic state Sy of the neutral molecule,
and W,.(u,t) is the wave function of the resonant neutral
excited states R,. The p;’s are constants defined as o, =
— D U,(t) is the ponderomotive potential. In atomic

24/ 4k—1)2—1

units, U,(t) = ﬁl , where I is the intensity of the laser pulse
0

and wy is the central laser frequency. 7" is the kinetic energy
operator, where a reduced mass of 1.1 a.m.u. is employed,
Ve(u) is the diabatic potential energy curve of neutral elec-
tronic state R,, and V. °"(u) is the potential energy curve (i.e.,
the field-free ionization potential) of ionic state D,. All poten-
tials are harmonic and of the form V = %a)harm(u — Upmin)? +
Eqin and the corresponding parameters can be found in
Table 1.

V. stand for the nonadiabatic coupling term between
Rydberg states e and ¢/, approximated by a Gaussian spatial
profile centered at the crossing between the corresponding
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TABLE II. Molecular couplings. Amplitudes of the multiphoton
couplings (),») in THz for a reference of 12.78 TW /cm? at which
our measurements were calibrated. Strength, width, and center of the
nonadiabatic coupling Gaussian spatial profile.

Transition Xee Transition Xea
So — Ry 20 R, — D, 20
So — Rs 0 R; — D3 20
NAC Transition Strength Width Center
R, — R; 20 0.6 a.u. -0.43 a.u.

diabatic potentials located at —0.43 a.u. for the Ry - Rj3
crossing. The amplitude of the coupling was set to 20 THz,
and its FWHM was set to u = 0.6 a.u., where u represents
the vibrational normal mode coordinate. @ (t) denotes the
dynamic Stark shift of the neutral excited state R, and is set to
100 THz for both R; and R3. The Stark shift of the ionic states
is set to zero.

We make a multiphoton equivalent of the Condon approx-
imation, approximating that the Rabi frequencies are inde-
pendent of vibrational coordinates, i.e., the multiphoton cou-
plings, x;m(t), have the form of x;,(t) = X;Sf [e(t)e i@t [Nim

where X;f,? is a constant parameter, and &(¢) is the slowly
varying envelope of the real electric field €(¢). The laser pulse
is defined as

€(t) = e ™ + &*(1)et '], 4)

and based on our experimental parameters, we used a central
frequency, wy = 400 THz, peak intensity of 12 TW /cm?, and
a Guassian envelope with a field FWHM of 14 fs for an
unchirped pulse. The chirp of the pulse is considered in the
simulations according to Eq. (1), with a quadratic spectral
phase being applied to the pulse in the frequency domain,
resulting in a variation in chirp but a constant spectral content.
The Nj,, is the photon order of the j — m transition. In our
model we have N,, = 5 and N, = 2. The different parameters
are given in Table II for an experimentally measured reference
intensity of 12.78 TW/cm?. These parameters were used for
calculations that were compared with earlier experimental
measurements (e.g., [32]) and made use of other experimental
data, like the ionization potential of 9.69 eV [42]. The fact that
the same parameters work for describing a very different set
of experiments reported in this work provides further support
for the model.

The results of these calculations for a 105 fs? chirp are
displayed in Fig. 3, where we show the neutral and ionic state
populations as a function of time. Starting with the neutral
state populations in the upper panel we see that there is a
delay in time between populating R; and Rz, which comes
from the fact that R3 can only be populated via R; through the
nonadiabatic coupling (NAC). Focusing on R;, we see that
the population rises earlier for the positive chirp (red), with a
maximum rate at around —4 fs as opposed to about 6 fs for the
negative chirp (blue). These few femtoseconds are important
because they give the wave packet on R; more time to evolve
to R3 before ionizing. Populating R, early with a positively
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FIG. 3. Colored (solid and dashed) lines show populations as a
function of time for the neutral (top panel) and ionic (bottom panel)
states. Dashed lines correspond to R; (neutral) and D, (ionic), which
are Dyson correlated, while solid lines correspond to R; (neutral)
and D3 (neutral). Blue (dark gray) lines show the populations for a
negative chirp (¢ = —105 fs?), and red (light gray) lines show the
positive chirp case (¢ = +105 fs?). The dotted gray line in each
panel shows the intensity envelope for this chirp and corresponds
to the right y axis.

chirped pulse leads to significant internal conversion before
the end of the pulse, whereas populating R; later for a
negatively chirped pulse leads to internal conversion only
as the pulse is turning off. For the ionic state populations in
the lower panel, we see that significant ionization to D3 only
takes place if R3 is populated before the pulse turns off. The
calculations are in agreement with the experimental results:
only the positive chirp shows significant ionization to Ds.
For a more quantitative comparison of experiment and
theory, Fig. 4 shows the D3/D; ratio as a function of chirp.
The simulated ratio is calculated from the final ionic state
populations of D and D; for calculations performed with the
same intensity envelope, as expected in the experiment. The
experimental ratio was calculated by integrating the D; and
D3 peaks in the PES of Fig. 1. While the measurements and
calculations show the same behavior for the D3 /D ratio as a
function of chirp, the magnitude of the ratio is different. There
are a number of parameters/factors in the calculations that
could account for the difference. These include not accounting
for focal volume averaging of the laser intensity, the strengths
of the multiphoton Rabi frequencies, and the strength of the
nonadiabatic coupling between R; and Rj. Furthermore, the
background subtraction in the experiments (electrons arising
from nonresonant multiphoton or tunnel ionization) can have a
significant effect on the magnitude of the D3 /D, ratio. While
the magnitude of the D3/D, ratio can be sensitive to these
aspects of the calculations and measurements, the variation
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FIG. 4. Comparison of the measured and simulated D; /D ratio.
The dashed black line shows the experiment and corresponds to
the left y axis, while the solid gray line shows the simulation and
corresponds to the right y axis.

in the D3/D; ratio with chirp is relatively insensitive to these
issues, allowing for a meaningful comparison between exper-
iment and simulation.

IV. DISCUSSION

Figure 5 illustrates how positively and negatively chirped
laser pulses drive differences in the strong-field ionization
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yield of CH,IBr. The left panel shows the Stark-shifted state
energy of R; as a function of time. It follows the laser intensity
profile for the chirped pulse. The color ordering of the linear
frequency chirps is shown by the red (positive chirp) and blue
(negative chirp) lines which show the instantaneous energy
associated with the five-photon absorption (5hv) as a function
of time. One can see that the laser comes into resonance with
the Stark-shifted state around —10 fs for a positive frequency
chirp, which is well before the case for a negative frequency
chirp (around 10 fs). The right panel shows the potential en-
ergy curves for the relevant neutral states as a function of CH,
wagging displacement at —10 fs. The vertical arrows show
the instantaneous five photon energy of the laser for a positive
(red) and negative (blue) chirp. One can see that a positively
chirped pulse is resonant and can excite a wave packet to R;
(green), which can nonadiabatically couple to R3 during the
remainder of the pulse, while a negatively chirped pulse is not
resonant early in the pulse and does not transfer population to
R, at this time. The early resonance for positive chirp allows
for population of Ry on the rising edge of a positively chirped
pulse, which can then be followed by internal conversion to
R3 and ionization to both D; and Dj3. For a negatively chirped
pulse, the multiphoton resonance takes place much later, and
thus while there is ionization to Dy, there is insufficient time
during the remainder of the pulse for internal conversion to Rj
and ionization to Djs.

This picture explains the measurements, which show that
ionization to D3 depends strongly on chirp, with positive
chirps producing substantial D3 (particularly between 70 and
170 fs?) and negative chirps producing negligible D3. This
simple interpretation leads to two simple predictions. One is
that the effect should be most pronounced for low intensities
where Rj3 just barely comes into resonance, and the other
is that the location of the D; peak should shift with chirp,
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FIG. 5. Illustration of how positively and negatively chirped laser pulses drive differences in the strong-field ionization yield of CH,IBr.
The left panel shows the time-dependent R, energy (green), along with the energy of five photons for a positively (red-light gray) and negatively
(blue-dark gray) chirped pulse. Red and blue cartoons of the electric fields are included to visualize the chirps. The right panel shows the
relevant potential energy curves as a function of the CH, wagging displacement (). The blue and red arrows illustrate the instantaneous
photon energy at the time corresponding to the dashed vertical black line in the left-hand panel. A wave packet is excited by the positive chirp
(red arrows) and evolves through the conical intersection connecting the states R; (green) and R3 (upper black). A cartoon of the molecule is

shown with arrows indicating the CH, wagging.
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reflecting the instantaneous frequency of the laser during
ionization from R; to D;. Both of these two predictions are
born out in our measurements. Measurements for higher pulse
energies show a much less pronounced chirp dependence for
the ionization to D3, and one can see the expected shift in
the D; peak in the PES with chirp, of about 0.1 eV, which is
consistent with a ~ 40-THz shift in the average frequency of
the square of the field associated with two-photon ionization
from R to D;.

V. CONCLUSION

In conclusion, we present and interpret the strong-field
ionization of CH,IBr with chirped ultrafast laser pulses.
The measurements are interpreted in terms of a competi-
tion between multiphoton resonance and internal conversion.
The multiphoton resonant enhancement leads to population
transfer to an excited state of the molecule, which can be

considered as a nonadiabatic response of the electrons to the
laser pulse. Nonadiabatic dynamics on this excited state aris-
ing from electron-nuclear coupling can then lead to internal
conversion to an additional electronic state. Depending on
the timing of the resonance, the molecule may or may not
have enough time to undergo this internal conversion before
ionization to different states of the molecular cation. These
results can be seen as a competition between two different
types of nonadiabatic dynamics.
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