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Coherence from multiorbital tunneling ionization of molecules
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We present a simple and general coherence model for multiorbital tunnel ionization of molecules, which
we incorporate into our previously developed density-matrix approach for sequential double ionization [C. H.
Yuen and C. D. Lin, Phys. Rev. A 106, 023120 (2022)]. The influence of this coherence is investigated through
simulations of single ionization and sequential double ionization of N, and O, using few-cycle near-infrared
laser pulses. In the case of single ionization, our results reveal the crucial role played by this coherence in
generating population inversion in N, *, suggesting a potential mechanism for air lasing. Regarding sequential
double ionization, we observe only minor changes in the kinetic energy release spectra when the coherence is
included, while noticeable differences in the angle-dependent dication yield for both N, and O, are found. Based
on these findings, we recommend the inclusion of multiorbital tunnel ionization coherence in models for single
ionization of general molecules, while suggesting that it can be safely neglected in the case of sequential double

ionization.

DOLI: 10.1103/PhysRevA.108.023123

I. INTRODUCTION

While multiorbital tunnel ionization (TI) of molecules is
ubiquitous in strong-field and ultrafast science, coherence be-
tween the nascent ionic states has been rarely addressed. It
has been experimentally demonstrated that an electron can
be tunnel ionized from multiple molecular orbitals to form
a superposition of ionic states. This phenomenon has been
observed not only in double ionization [1-3] but also in high-
harmonic generation [4—7], strong-field dissociation [8,9], and
air lasing [10-13]. Conventional theoretical approaches for
multiorbital TT generally involve computing the ionization
yields from different orbitals and subsequently solve the time-
dependent Schrodinger equation with the yields to describe
the postionization dynamics of the ion with the laser field
[5,7,11,12]. However, as one neglects the ionized electron in
the dynamics, the residue molecular ion becomes an open
system and different ionic states are not fully coherent.

To describe the evolution of an open system, the density-
matrix formalism should be employed. Recently, density-
matrix approaches for single ionization [14] and for sequential
double ionization (SDI) [15,16] of molecules have been de-
veloped, allowing for the simultaneous consideration of TI
and laser couplings. However, these approaches neglect the
coherence arising from multiorbital TI, with the evolution of
coherence being solely driven by laser couplings. As a result,
a complete description of coherence between ionic states and
between dication states is lacking. While the simulated ob-
servables for SDI of N, [15] and O, [16] agree well with
the experiments [1,2], the role of TI coherence in the intense
laser-molecule interaction remains unclear.
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In contrast, coherence from TI of noble-gas atoms has
been studied both theoretically and experimentally. Rohringer
and Santra [17] developed a time-dependent configuration-
interaction singles (TDCIS) method for calculating population
and coherence of different spin-orbit states from TI of heavy
noble-gas atoms. Their theoretical results demonstrated good
agreement with the seminal experiment by Goulielmakis et al.
[18] conducted on krypton. On the other hand, a simple co-
herence model based on the strong-field approximation was
proposed by Pabst et al. [19] for TI of atoms, which showed
good agreement with the results obtained using the TDCIS
method for artificial atomic systems. The approach by Pabst
et al. was subsequently applied to O, by Xue et al. [20,21].
However, it remains uncertain whether a coherence model
developed for atoms can be directly extended to molecules,
particularly considering different orientations of a molecule
with respect to the laser polarization.

The coherence between ionic states in molecules not only
is a topic of fundamental interest but also drives the charge
migration phenomena. After the removal of an electron, the
residual ion can exist as a superposition of states, and the
coherence between these states leads to electron density
migration across the molecular skeleton [22]. By monitoring
coherence, it is possible to observe real-time electronic motion
in a molecule. Moreover, decoherence between ionic states
can result in permanent charge transfer within a molecule,
offering significant potential for controlling chemical
reactivity [23].

Our recent work demonstrated that SDI can probe changes
in coherence between pumped ionic states due to the nuclear
dynamics of the ion [24]. When an intense few-cycle IR
pulse arrives at some time delay, the pumped and nascent
ionic states are coupled by the laser field. As the coherence
between pumped ionic states changes by the nuclear motion,
the strength of the laser coupling between the ionic states
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changes accordingly, leading to different populations of the
intermediate ionic states. The intermediate ionic states are
then further tunnel ionized by the probe pulse to form dica-
tions. Consequently, the yields of the dication are influenced
by the population of the intermediate ionic states, affecting ob-
servables such as kinetic energy release (KER) and branching
ratios of dissociative dications. Therefore, coherence between
the pumped ionic states will be imprinted in the observables,
and a comprehensive characterization of coherence during
intense laser-molecule interaction is crucial for utilizing the
SDI process as a probe.

In this article we propose a simple and general model for
the buildup of coherence from TI of molecules. We implement
the coherence model into the density-matrix approach for SDI
(DMSDI) [15,16] and apply it to investigate single and double
ionization of N, and O, by a few-cycle intense IR pulse.
In the case of single ionization, we find that TI coherence
enhances the laser couplings between ionic states, resulting
in approximately 40% changes in the ionic population. In
particular, we provide evidence for the population inversion
of the B2, " state over the X 2%, state of No™ for a wide
range of alignment angles. For SDI, TI coherence leads to
only about 20% changes in the KER spectra of Nt + N
and O" + O™, well within typical experimental uncertainties.
We predict that angle-dependent dication yields would exhibit
signatures of TI coherence, which can be tested against pump-
probe experiments using rotational wave packets.

This article is organized as follows. In the next section we
discuss the modeling of coherence arising from TI and provide
an overview of the DMSDI model for N, and O,. In Sec. III
we examine the role of TI coherence in single ionization of N,
and O, and suggest potential experiments to verify our results.
The influence of TI coherence on SDI of N, and O, and
possible experimental observations are discussed in Sec. IV.
We present a summary and outlook in Sec. V.

II. THEORETICAL APPROACH
A. Coherence model

In this section we discuss and develop the model for co-
herence buildup from multiorbital TI. First, let us consider the
electronic wave function of the ion and the outgoing electron
as

(W) =Y cu@®li)k),
ik

where |i) is the electronic state of the ion and |k) is the
time-independent continuum wave function for the outgoing
electron, which is discretized for convenience in notation.
The coefficient c; () captures the change in photoelectron
momentum due to the laser field. Then the full density matrix
o for the ion-electron system can be written as

pY ="y cut)ci )ik} (K],

ik jk

where one identifies pj v = cix (t)cjfk, ().

Since sequential double ionization is driven solely by the
laser field, one can simplify the theory by neglecting the
dynamics of the ionized electron. To achieve this, one traces

out the full density matrix p over k, obtaining the reduced
density matrix (RDM) for the ion,

pif(t) =D cu(t)ch(t).
k
Note that when i = j, p; = Zk lcik]? represents the popula-

tion of the ith ionic state. Expressing cix = |cix|e’?*, one finds
the relation

D lew®llej(n)]e @2

k

lpij ()] =

<D lea®lle)]

k
< \/Z|c,~k<r>|22|c,-k(r)|2
k k
=/ pii(t)p;j; (), (D

where the Cauchy-Schwarz inequality is applied. Therefore,
expressing the total ionization rate to the ith state I'; as the
sum of partial ionization rate Ty, I'; = ) « Uik, modeling the
coherence in a form similar to that in Refs. [19,20],

t
pij(t) = / T (t)e " EEN ity (2)
—0Q

for some phases ¢;;, may overestimate the coherence in the
case of molecules due to the above inequality.

Although more accurate coherence models based on
strong-field approximation, semiclassical approaches [25], or
first-principles approaches [17] could be extended to multior-
bital TI of molecules, they can be computationally expensive
when considering different molecular orientations. Therefore,
it is preferable to have a simple and general coherence model
for multiorbital TT of molecules.

To start with the derivation of the model, we describe
the ion-electron wave function through the partial-wave
expansion

W(t)) = f > cipOIIEV)AE,

where v is the collective indices of partial waves in the
parabolic coordinates [26] and E is the energy of the ionized
electron. Then the RDM of the ion can be expressed as

pij(t) = / > i) g, (OdE.

To simplify the modeling, several assumptions are made.
First, similar to the strong-field approximation, it is assumed
that the momentum of the ionized electron is E(t) =pi—
eff(t) after TI, where p; is the momentum after the tunnel exit
and A(t) is the vector potential of the laser field. Consequently,
the RDM for the ion can be obtained by tracing over p instead
of k. Additionally, it is assumed that the kinetic energy distri-
butions f(E) of the ionized electrons from different orbitals
at the tunnel exit are identical. This assumption leads to the
approximation

cipv(t) = ci () f(E),
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with [ f(E)dE = 1. Then the RDM of the ion can be
approximated as

pij(t) = Y cin ()T, (1)

At the lowest order of the weak-field asymptotic theory,
v & m [26], which corresponds to the magnetic quantum num-
ber. Therefore, at the lowest order of the tunneling theory, the
RDM of the ion is approximated as

pij(t) ~ Z cim(t)C],, (1),
suggesting that the evolution of coherence can be modeled as

t
o) = [ @0 a
i

where y;, is partial ionization amplitude with [Viml? = Tim,
which is the partial ionization rate.

Since the lowest order of the weak-field asymptotic the-
ory is similar to the molecular Ammosov-Delone-Krainov
(MOADK) theory, using the adiabatic approximation, one
identifies y;, as [26,27]

(1) = By () 1 2/(1.3
Yim(l') = /72|m‘|m|!,(z/x,»—1/2 |F (1)

[ SN (g_|m|+1>} @
PISiFo T T 2 ’

where « = ,/2I,, with I, the ionization potential, and Z is
the effective charge after ionization. For field F(¢) > 0 and
F(t) <0, B;,,(t) takes the form

Bim(t) = ZC,',I,,,' [D
m’'

)Z/Ki(m|+1)/2

L] 00, m)

and

Bin(t) =Y (=1} Ci.iw [ D}y, (B)] QU m),
Im'

respectively, where

@1+ DA + |m])!
20— |m))!

o, m)= (_1)<m+m|)/2\/

[D!,, (R)]* is the Wigner D matrix for rotating the molecu-
lar frame wave function to the laboratory frame with Euler
angles R, and Cj,, is the structure parameter [28,29]. The
factors B;, have different expressions for F > 0 and F < 0
due to the asymptotic expression of the spherical harmonics
in opposite field directions. Notably, for the case of ionizing
two orbitals with the same magnetic quantum number m of an
atom, Eqs. (3) and (4) coincide with the model by Pabst er al.
[19], where the parity of the orbital is given by (—1)'.
Equation (4) possesses several desirable features for mod-
eling multiorbital TI: (i) It is described at the same level of
accuracy as the MOADK theory, (ii) it is computationally
efficient, (iii) it is applicable to any molecular system once
the structure parameters for the MOADK theory are deter-
mined, and (iv) it is less likely to overestimate the coherence

compared to the model in Eq. (2) since the RDM is calcu-
lated using the cross products of partial ionization amplitude
instead of the square root of the cross product of the ionization
rate [cf. Eq. (1)].

The physical interpretations of Eqgs. (3) and (4) are quite
intuitive. Consider a scenario where TI occurs only every half
laser cycle, causing population of the ith and jth states to
build up. The resulting coherence will exhibit constructive or
destructive interference depending on the energy difference
E; — E; and structures of the orbitals involved. In general, the
coherence is anisotropic. For instance, in a linear molecule,
if the ith and the jth states are formed by ionizing a o
and a 7 orbital, respectively, their coherence will be zero
when the molecule is aligned with the laser polarization,
despite the nonzero ionization rates. This is because ionized
electrons from a o or a w orbital have distinct momentum
distributions when the molecule is aligned. Only at certain
alignment angles, where the ionized electrons from the two
different orbitals share similar momentum distributions, will
their coherence strengthen. A special case arises when the
ith and jth states are spin-orbit states formed from ionizing
the same orbital. In this situation, the ionized electrons will
possess highly similar momentum distributions, leading to
constructive interference of their coherence throughout the
laser pulse, resulting in substantial coherence after the pulse
ends. Coherence between spin-orbit states has been studied
experimentally in heavy noble-gas atoms [18] and halogen-
containing molecules [30,31].

B. The DMSDI model

In the following we will incorporate Egs. (3) and (4) into
the DMSDI model developed recently by our group [15,16].
An overview of the DMSDI model is provided, while ad-
ditional details can be found in the references mentioned.
The main assumptions of the model are that the nuclei are
fixed in the presence of a few-cycle IR pulse and the ionized
electrons are neglected such that different charge states are
treated as different open systems. The equations of motion for
the density matrices p? are given by

d i
Dty — — @ (@) (@)
PO =L HOO PO+ TO0, ()

where ¢ is the charge of the molecule and H? is the Hamilto-
nian with the laser coupling term —d - E. The ionization rate
matrix for the neutral state is described by

rOm =3 p 2w,

where Wi(o) is the ionization rate from the neutral to the ith
ionic state.

Motivated by the observation that Eq. (3) is the integral
representation of Eq. (5) without the laser couplings, the ion-
ization rate matrix for the ionic state I (¢) is modeled as

p (1) Z v Oy )]

pl,>(r>\/ZW,fB,(r>\/ZW,}2,(r) 6)

I =
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where yigg) is the partial ionization amplitude [as defined in
Eq. (4)] from the neutral to the ith ionic state and w®.

corresponds to the ionization rate from the ith ionic s?atfl:
to the nth state of the dication. The diagonal elements de-
scribe the population transfer from TI of the neutral and TI to
the dication. The off-diagonal elements of the first term de-
scribe the build up of coherence from TI, analogously to
Eq. (3), while the second term describes dephasing due to
population loss from TI, assuming pl.(!) decays as v ,ofl.]j P 5. Jl.j.
For the model without the coherence from TI, the first term
in Eq. (6) is replaced by §;; p(o)(t)Wi(o)(t), as presented in our
previous work [15,16].

Finally, the ionization matrix for the dication I'® is mod-
eled similarly as

F<2><t>—Zp,§”(t>Zy,f,i,,L [l o], @

where y(lil .. 18 the partial ionization amplitude for TI from

the ith ionic state to the mth state of the dication, with u
the magnetic quantum number. For the model without TI
coherence, only the diagonal terms are retained, resulting in

TO) =8 Y p(”(z)Wn(Q,(t) [15,16]. Note that I'® de-
pends only on the ionic population but not the coherence. This
is due to the assumption that the depletion rate of a cation is
the product of its population and the sum of its ionization rates
to dications.

Upon solving Eq. (5) for each charge state, the populations
of different dication states, ,0(2)(9, t — 00), are obtained after
the laser pulse for various alignment angles 6 between the
molecular axis and the laser polarization direction. The popu-
lations are then angular averaged to account for the orientation
of the molecule. For each dication state, the averaged yields
are then mapped to the kinetic energy release and branching
ratio.

C. Application to N, and O,

To provide a foundation for further discussions, we present
a brief overview of the mechanism of SDI of N, and O,. For
more details, refer to Ref. [15] for N, and Ref. [16] for O,.

In the case of N, the first step in SDI involves ionization of
the 30, (15.6 €V), 17,4+ (16.9 €V), and 20, (18.8 eV) orbitals
to form the X >%,*, AI,4, and B2, " states of Np*, re-
spectively. For brevity hereafter, these states will be referred to
as the X, A, and B states of N, ™. Note that we define |T14) =
(FIT,) + | Hy))/ﬂ. The laser field couples the X-A_ states
with dipole moment d, = F0.17eay and the X-B states with
dipole moment d, = 0.75eay. Subsequently, an electron from
the 3o,, 1m,, and 20, orbitals of these ionic states is tunnel
ionized to form the dication states. Note that the dication
states with at least one hole in the highest occupied molecular
orbital, i.e., 30,, are considered nondissociative.

In the case of O,, the first step in SDI involves ionization of
the 17,4 (12.3eV), 17,4 (16.7 eV), and 30, (18.2 €V) orbitals
to form the XZHg;, a*Tl,., and b42g’ states of O,T. For
brevity hereafter, these states will be referred as the X, ax,
and b states of O,". The ax and b states are then coupled by
the laser field with a dipole moment of d, = F0.205¢ea,. The
dication states are then formed through the second TI from the

lmg, 17, and 30, orbitals of these intermediate states. A key
distinction in the SDI dynamics of O, compared to N is the
presence of laser couplings between certain dication states,
allowing for population transfer between them.

It is important to point out that, in the present theoretical
framework, it is more advantageous to represent the IT states
as 14 rather than I, ,. This is because TI rates of the I, and
I, states exhibit different angular dependences [32], while
the IT. states share the same one. In our previous approach
[15,16], the IT state was represented only by the IT, state, as
there was no laser coupling for the I, state. However, in an
attempt to simulate the formation of both I, and IT, states, the
TI rate for I, was mistakenly set to be twice as fast and with
the same angular dependence as the I, state. Furthermore,
the population of the I, state incorrectly contributed to the
evolution of coherence through laser couplings for the IT,
state. Such an approach results in about 20% differences in the
final population of ions and dications compared to our present
approach, which treats TI and laser couplings for the IT; and
[1_ states properly.

III. INFLUENCE OF TI COHERENCE
IN SINGLE IONIZATION

After undergoing tunnel ionization, different ionic states
can couple to each other through the laser couplings, resulting
in an interplay between their population and coherence dy-
namics. Therefore, it is important to investigate the influence
of coherence from TI on the overall population and coherence
of the system.

In our study we consider a 6-fs linearly polarized Gaussian
laser pulse with a wavelength of 800 nm. The peak intensity
of the pulse is set to 3 x 10'* W/cm? such that the TI to the
dication states can be safely neglected. To examine the impact
of TI coherence, we solve Eq. (5) with and without the off-
diagonal terms in Eq. (6) for N, and O, at each alignment
angle 6 and obtain the ionic density matrix p"(6, /) after
the pulse ends. Note that we assume the molecule is randomly
oriented in space for our analysis.

To assess the overall influence of TI coherence on the
ionic population of N, ™, we present the ionic populations as
a function of the alignment angle in Fig. 1. It can be observed
that, with the inclusion of TI coherence, the populations of the
A, and B states are generally smaller and larger compared to
the results without TI coherence, respectively. When averaged
over alignment angles, with the TI coherence, the average
population of the A and B state is about 30% lower and 37%
higher. The average populations of the X state for both models
are approximately the same.

An important observation is that when TI coherence is
included, the population of the B state surpasses that of the
X state over a much wider range of angles compared to the
results without TI coherence (see Fig. 2). We also observe
that, with the TI coherence, the average population of the A
state is around 0.13, which exceeds the average populations
of the X and B states (approximately 0.1 for both). Assuming
the molecule orients in space randomly, a narrow range of
angles for the population inversion would make air lasing
less likely to occur. Our results with TI coherence then align
with the mechanism proposed by Xu ef al. [11], suggesting

023123-4



COHERENCE FROM MULTIORBITAL TUNNELING ...

PHYSICAL REVIEW A 108, 023123 (2023)

0.4+

PALAL

0.05+

OO T T T T T | T T T T T T T T
180

04-

120
0.3
2021
Q 4
011
o.o— | ,
190

Angle (degree)

180

FIG. 1. Population of the X 2%," (top), A°Il,; (middle), and
B?%,* (bottom) states of N,* after the laser pulse at different
alignment angles. Solid lines represent the results considering TI
coherence, while dashed lines represent the results without TI co-
herence. The laser used in the calculation is linearly polarized with
a peak intensity of 3 x 10'* W/cm?, a pulse duration of 6 fs, and a
wavelength of 800 nm.

that the A state acts as a population reservoir for the X state,
enabling population inversion for the B state. Therefore, our
findings indicate that TI coherence plays a crucial role in the
postionization dynamics of No*.

To further elucidate the role of TI coherence on the postion-
ization dynamics, we display the evolution of ionic population
and coherence of N,* at & = 27° in Fig. 3. Note that only the
imaginary part of the off-diagonal elements is plotted, since
the evolution of ionic population,

d 3.8 (1) )
P (0= —2;@ E@Im[p ()] + TV @),
depends solely on their imaginary part. We observe that the

X-A,, Ai-B, and X-B coherences exhibit similar qualitative
behavior with or without TI coherence. This suggests that the

PBB — PXX
(e}
(e}

T
0 60 120 180
Angle (degree)

FIG. 2. Same as Fig. 1 but for the difference between the popu-
lation of the B*%, " and X 2%, states of N, ™.

qualitative behavior of the ionic coherence is primarily deter-
mined by the laser couplings at this angle. However, when TI
coherence is considered, the population of the B state after
the pulse is 36% higher compared to the results without TI
coherence. This increase is attributed to the fact that the X-B
coherence is 40% stronger when TI coherence is included at
t ~ 0.2 fs, leading to a surge in the B population. Conversely,

10
S
o o>
Il RS

1
=
ot

Il NN N

1 1
S bbb
e~ (V2 B ]

<
o
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Population
o
o
1

o
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ITI|Ill||ITI||Il||III||II||ITI||III||T|]|T||I||||IT|||I||||
6 5 4 -3 -2 -1 0 1 2 3 4 5 6
Time (fs)

FIG. 3. Evolution of the X >%,*-A2I1,,, A%I1,,—B2>%,*, and
X%, ~B?%," coherences (top) of N+ and the respective popu-
lations (bottom) at 8 = 27°. Solid lines represent results with TI
coherence, while dashed lines depict results without TI coherence.
The same laser parameters as in Fig. 1 are used in the calculations.
To enhance clarity, the density-matrix elements are vertically shifted
for better visualization.
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FIG. 4. Same as in Fig. 1 but for the X 2I'Ig_ (top), a*I1,,,. (mid-
dle), and b*%,~ (bottom) states of O,*.

with TI coherence, the population of the A, state after the
pulse is 38% lower than the results without TI coherence.
This reduction is a consequence of the X-A, coherence being
approximately 40% weaker at t ~ 4 fs when TI coherence
is considered. Consequently, fewer A, states are formed via
laser coupling. Hence, we see that TI coherence influences the
ionic population of N, by quantitatively altering the X-A_
and X -B coherences.

In Fig. 4 we present the ionic populations of O™ as a
function of the alignment angle. Similar to the N,* case, the
populations of the a. and b states of O, " are influenced by
the presence of TI coherence. Since only the ay and b states
of O, are coupled by the laser, the population of the X state
remains unchanged with or without TI coherence. However,
when TI coherence is considered, the angular-averaged pop-
ulation of the b (a) state is enhanced (suppressed) by about
39%. Therefore, similar to the case of N, T, the presence of TI
coherence alters the ionic population of O, by roughly 40%.

The role of TI coherence in the case of O, ™ exhibits simi-
larity to that of N *. This similarity is demonstrated in Fig. 5,

0.15

—01 IIII|IIH|IIII|IIH|IIII|IIH|IIII|IIII|IIII|IIH|IIII|IIH

0.12{ — X-
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- ] b
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A 0.04

0.() e

T T T T T T T T T T T T T T T T T T T T ToTT
6 -5 4 -3 -2 -1 01 2 3 4 5 6
Time (fs)

FIG. 5. Same as in Fig. 3 but for evolution of the a*I1,,~b*%,~
coherence (top) of O," and the respective populations (bottom) at
0 =90°.

which illustrates the evolution of the a,-b coherence and the
ionic population of O,* at an alignment angle of = 90°. At
around ¢ ~ 1.2 fs, the a.-b coherence is more than twice as
strong when the TI coherence is taken into account. Conse-
quently, this increased coherence leads to a significant rise in
the population of the b state.

An important question arises as to whether the effect of TI
coherence in single ionization can be observed in experiments.
For the case of N, Kleine et al. [13] conducted an attosecond
transient absorption spectroscopy (ATAS) experiment using
the N K edge to determine the relative population of the X,
A, and B states of N, after multiorbital TI using an 800-nm,
50-fs laser pulse with a peak intensity of 4.5 x 10'* W/cm?.
From their measurement, they estimated the time-dependent
electronic state population of N, 1 and observed that the X and
B states have nearly equal populations, while the population of
A is low. However, it is worth noting that the pulse duration of
the IR field employed in their study is considerably longer
than the one considered in this work. It would be highly
valuable to perform similar experiments using a few-cycle
IR pulse to validate our findings. Simulation of an ATAS
experiment based on the current model is beyond the scope
of the present work.

For the case of O,, table-top ATAS experiments will be
challenging to perform since one has to generate the x ray
for the O K edge. However, alternative experiments based on
the strong-field dissociation of O™ induced by an IR field
are available [9]. In these experiments, dissociation occurs
through laser coupling between the a *I1, and the dissociative
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FIG. 6. Comparison of KER spectra for N* 4+ N* with (TICI)
and without (no TIC) TI coherence. The laser parameters are
identical to those shown in Fig. 1 but with a peak intensity of
1.2 x 10" W/cm?.

f 4l'lg states. A previous theoretical study [33] demonstrated
that including the laser coupling between the a*IT, and
b42g‘ states significantly enhances the agreement on the
quantum beat spectrum with experiments. Furthermore, Xue
et al. [20] revealed that incorporating TI coherence in the
reduced density matrix of O, can introduce distinct features
in the quantum beat spectrum. Thus, we anticipate future
simulations utilizing our coherence model and experiments
investigating the strong-field dissociation of O,*.

IV. INFLUENCE OF TI COHERENCE
IN SEQUENTIAL DOUBLE IONIZATION

As the peak laser intensity increases, there is a possibility
for the nascent ionic states to undergo tunnel ionization again,
resulting in the formation of dications. Building upon the
demonstration in the preceding section, the presence of TI co-
herence would enhance the population of certain intermediate
ionic states, thereby increasing the yield of specific dication
states. Notably, in the case of 0,2*, laser couplings between
dication states are known to play an important role in the pos-
tionization dynamics [16]. Therefore, it becomes necessary to
consider TI coherence between dication states, which can be
described by Eq. (7). As mentioned in Sec. II B, the solutions
to Eq. (5) are used to obtain the dication yields, which are
subsequently averaged over alignment angles. These averaged
yields are then mapped to the KER of each state. In this
section we compare the KER spectra and angle-dependent
dication yields obtained with and without TI coherence (TIC)
for both N, and O, at a peak intensity of 1.2 x 10" W/cm?.
The remaining laser parameters are identical to those de-
scribed in Sec. I11.

Figure 6 illustrates the KER spectra for Nt + NT with
randomly oriented N,. Overall, the inclusion of TI coherence
between the ionic states leads to minor quantitative changes
in the KER spectrum. Specifically, we observe that the KER
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FIG. 7. KER spectra for O" + O" for three different cases:
TIC12, which represents results with TI coherence in the first and
second TI; TIC1, which represents results with TI coherence only
in the first TI; and no TIC, which represents results without TI
coherence in both the first and second TI.

peaks at approximately 6.8 and 7.5 eV are reduced by ap-
proximately 30% and 5% when TI coherence is included. The
6.8-eV peak corresponds to a state with two holes in the 1,
orbitals, which can only be formed through the A state of
N,*. As discussed in the preceding section, the population of
the A state is suppressed when TI coherence is included such
that there is a reduction of the 6.8-eV peak. Regarding the
7.5-eV peak, it comprises states with configurations (17,)~2
and (20,7 ')(17,)~"!, which can be formed through both the
A and B states of N, ™. Since the population of the B state is
enhanced when TI coherence is considered, the suppression of
the 7.5-eV peak is weaker. When considering the combined
effects, the ratio of the 6.8- to 7.5-eV peaks is lowered by
only about 20% when TI coherence is included, which falls
within typical experimental uncertainties. Hence, identifying
the influence of TI coherence in SDI of N, through the KER
spectrum is unlikely in experiments [1,2].

Figure 7 displays the KER spectra for Ot + O with ran-
domly oriented O,. Three cases are considered in the SDI
of O,: TIC12, with the inclusion of TI coherence in the first
and second TI; TIC1, with the inclusion of the TI coherence
in the first TI only; and no TIC, with no TI coherence in
either T1. The KER spectra exhibit similar qualitative behavior
in all three cases, with some small quantitative differences.
In the TIC1 case, the 11.1-eV peak is approximately 15%
higher compared to the no-TIC case, while the 7.4- and 8.8-eV
peaks in the TIC1 case are about 13% lower than the no-TIC
case. As discussed in the preceding section, the TI coherence
of the ion enhances the formation of the b state of O™,
resulting in the increased height of the 11.1-eV peak, which
corresponds to states that can be formed via the X and b
states. Conversely, the TT coherence suppresses the formation
of the a state, leading to lower peaks at 7.4 and 8.8 eV, which
corresponds to states that can be formed via the X and a states.
When the TI coherence of the dication is considered (TIC12),
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the height of the 11.1-eV peak decreases by approximately
7% compared to the TICI1 case, as enhanced laser couplings
transfer more population from the state corresponding to the
11.1-eV peak to the states responsible for the 7.4- and 8.8-eV
peaks. The peak ratios between 7.4-, 8.8-, and 11.1-eV peaks
are 0.56:0.63:1, 0.42:0.5:1, and 0.47:0.60:1 for the case of no
TIC, TIC1, and TIC12, respectively. Similarly to the case of
N,, the effects of TI coherence are unlikely to be identified in
the experimental KER spectrum for O" + O™ due to the small
quantitative changes compared to experimental uncertainties
[1,2].

Based on the N, and O, cases, it can be concluded that
when comparing angular-averaged quantities such as KER
spectra, modeling SDI without considering the coherence
from TI is sufficiently accurate, thus validating our previous
approach [15,16]. We also observe that the quantitative differ-
ences caused by the inclusion of TI coherence are generally
smaller in the case of SDI than in the case of single ioniza-
tion. This is because the TI rates from ions to dications are
typically faster than the population transfer rates induced by
laser couplings in SDI, thereby diminishing the importance of
TI coherence. Although the effects of TI coherence may not
be evident in the KER spectra, the angular-dependent yield of
dication states is expected to be more sensitive to TI coher-
ence since laser coupling would be preferentially enhanced at
certain alignment angles. It is important to note that while the
angular distribution of different KER peaks can be directly
measured using coincidence imaging, the measured distribu-
tion is unlikely to match the calculated results due to the
postionization alignment effect of the ionic fragments [1,34].
Instead, the angle-dependent yield should be extracted using
the rotational wave packet of the molecule, as demonstrated
by Lam et al. [35] for CO,.

Figure 8 displays the calculated angular distributions for
the 6.6- and 10.1-eV KER peaks for N, with and without TI
coherence. These peaks are chosen because they correspond
to the formation of states with electronic configuration 17>
and 20, 'l !, respectively. We see that the angular distri-
bution of the 6.6-eV peak appears similar with and without
TI coherence. However, for the 10.1-eV peak, the distribution
changes from a cloverlike shape to a butterflylike shape when
the TI coherence is considered.

In Fig. 9 we present the calculated angular distributions
for the 7.4- and 8.8-eV KER peaks for O, for the cases
of TIC12, TIC1, and no TIC. These peaks are selected due
to the more visible changes in their distributions among the
three cases. Although both peaks correspond to states with
the configuration 1, 1171g’ !, their angular distributions dif-
fer due to laser couplings. The angular distributions of both
peaks are found to be similar for the TIC1 and no-TIC cases.
However, in the TIC12 case, the distribution for the 7.4-eV
peak appears longer, while the distribution for the 8.8-eV peak
appears wider compared to the other two cases.

Based on these observations, it can be concluded that the
angle-dependent yield serves as a more suitable quantity to
verify the TI coherence model. Therefore, we anticipate future
pump-probe experiments, similar to the work presented in
Ref. [35], that can extract the angle-dependent yield of N;
and O,. In these experiments, the pump pulse can impulsively
align the molecules, while the intense few-cycle probe pulse

90°

180°

270°
90°

180°

270°

FIG. 8. Angle-dependent yield of states responsible for the
6.6-eV (top) and 10.1-eV (bottom) KER peaks for N,. Solid and
dashed lines represent results with and without TI coherence,
respectively.

can trigger the SDI of N, or O,. By extracting the angle-
dependent yield, these experiments can provide a direct test
of the TI coherence model. Furthermore, in addition to the
angle-dependent yield, such experiments can also verify the
alignment dependence of the KER spectra as described in our
previous works [15,16]. This verification would contribute to
further validating the accuracy of the DMSDI model and its
predictions.

V. SUMMARY AND OUTLOOK

In summary, we have proposed and implemented a co-
herence model for multiorbital TI in the framework of the
DMSDI model. The coherence model is a natural extension of
the MOADK theory and does not require additional parame-
ters. By incorporating the TI coherence and dephasing effects
in Egs. (6) and (7), we have completed the DMSDI model
while maintaining computational efficiency.

We have applied this new model to investigate single
ionization and SDI of N, and O,. In the case of single
ionization, we found that TI coherence leads to changes of
approximately 40% in the angular-averaged ionic populations
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FIG. 9. Angle-dependent yield of states responsible for the
7.4-eV (top) and 8.8-eV (bottom) KER peaks for O, from the three
models in Fig. 7.

of No* and O,*. Notably, with TI coherence, the B state of
N,* exhibits a higher population than the X state in a wide
range of angles. This suggests that TI coherence may play

a crucial role in explaining population inversion phenomena
observed in Np* lasing. Our predictions for Np™ could be
tested in ATAS experiments, while simulations and experi-
ments of strong-field dissociation of O™ can verify the results
for 02+.

Regarding SDI, we found that TI coherence does not
alter the qualitative behavior of the KER spectra and the
quantitative differences between results with or without TI
coherence are too small to be resolved experimentally. How-
ever, the angle-dependent yields of the dication show clear
signatures of TI coherence. Therefore, when studying angular-
averaged quantities such as KER spectra, the model can
be simplified, as the detailed dynamics is likely to be
washed out.

In the future, we expect that TI coherence will exert a
more pronounced impact on experiments involving few-cycle
intense IR pulses for single ionization compared to SDI. This
is due to the difficulty in controlling the shape of few-cycle IR
pulses, which may contain prepulses and postpulses with in-
tensities on the order of 10-20 % of the main peak intensity. In
SDI, the peak intensity is typically around 10'> W/cm? such
that prepulses may have intensities of (1-2) x 10'* W/cm?,
leading to single ionization of neutral molecules and result-
ing in small quantitative changes in the final observables.
In addition, the experimental uncertainty in determining the
peak intensity of such intense laser pulses is generally higher
than that of weak pulses. Considering these uncertainties, the
influence of TI coherence is expected to be weaker in SDI
compared to single ionization. Therefore, we recommend that
future models of multiorbital single ionization of molecules
should incorporate TI coherence in the equations of motion,
while for SDI it is reasonable to neglect TI coherence to
further simplify the model.
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