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We present an experimental and theoretical study of photoelectron momentum distributions for nitric oxide
(NO) and carbon monoxide (CO) molecules generated by intense linearly polarized laser pulses. It is shown that
the measured distributions along the outermost backward rescattering caustic are well reproduced by calculations
based on the factorization formula with the analytical returning photoelectron wave packet (RWP) recently derived
from the adiabatic theory [T. Morishita and O. I. Tolstikhin, Phys. Rev. A 96, 053416 (2017)]. The good agreement
between the experimental and theoretical results confirms the validity of the theory for molecular targets. We
discuss the dependence of the RWP on the scattering angle not taken into account in previous studies. We also
discuss its dependence on the orientation of a molecule with respect to the laser field, which reveals a role of
depletion of the initial state for the systems and pulses considered.
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I. INTRODUCTION

After the birth of high-intensity ultrashort lasers, vari-
ous phenomena related to the highly nonlinear response of
materials to a strong laser field have been revealed. For
instance, high-order harmonic generation [1], nonsequential
double ionization [2], and high-order above-threshold ioniza-
tion [3,4] induced by intense lasers were realized with their
high nonlinearity far beyond the perturbation regime. For
such phenomena, rescattering processes play a key role [5],
where an electron released from an atom or a molecule returns
back driven by the oscillating laser field and is scattered by
the parent ion. It is recognized that experimental observables
resulting from rescattering-based phenomena contain valuable
information on the target structure and can provide ultrafast
imaging of atoms and molecules on the attosecond timescale
due to the subcycle nature of the rescattering process. In partic-
ular, laser-induced electron diffraction, utilizing the elastically
rescattered electrons, has been proposed theoretically [6] for
extracting molecular geometry information and demonstrated
in the pioneering experiment [7].

A real breakthrough in the subject came with the theo-
retical development of the factorization formula for strong-
field photoelectron momentum distributions (PEMDs). The
formula was first inferred from numerical calculations [8] and
then derived analytically for several models under different
assumptions [9—11]. It states that PEMDs near the high-energy
cutoff can be factorized into the differential cross section
(DCS) for elastic scattering of a photoelectron on the parent
ion and a returning photoelectron wave packet (RWP). Thus,
using this formula, one can extract DCSs from experimen-
tally measured PEMDs, provided that the RWP is known.
Experimental verification of the factorization and the DCS
extraction procedure was reported for rare gas atoms [12,13].
Later, the same procedure was applied to linear [14] and
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planar [15] molecules. Once the electron-ion DCS is extracted
from experimental data, by comparing it with the theoretical
DCS one can obtain related target structure information such
as atomic charge density [16,17] and molecular geometry
[18-23]. In most of the applications to molecules [18-21], an
independent atom model [24] was employed for calculating
the DCS, which is justified by the high energy of rescattered
photoelectrons for the long wavelength pulses used. In recent
studies [22,23], ab initio calculations of DCSs were performed,
since relatively lower rescattering energy was targeted with
shorter wavelength pulses and the independent atom model
fails in this case.

However, despite the success of the method demonstrated
in Refs. [12-23], the target structure extraction procedure
employed therein relied on approximations which limited
its accuracy. Following the original paper [8], in all these
studies the line in the photoelectron momentum space, from
which the experimental information should be extracted, was
approximated by a circle with a constant incident momentum
and the RWP along this line was assumed to be independent
of the scattering angle. Under these approximations, one
can extract the DCS without knowing the RWP, but only
up to an unknown incident-momentum-dependent factor. An
additional ambiguity is caused by the fact that the line was
often chosen in an ad hoc way somewhere at intermediate
photoelectron energies [17-23]. A different approach to the
extraction procedure based on the factorization formula de-
rived from the adiabatic theory [25] was demonstrated in
Ref. [26]. The adiabatic theory shows that the factorization
holds near the outermost backward rescattering caustic in
the photoelectron momentum space, where long and short
rescattering trajectories originating from the same half-cycle
of the laser field coalesce, and yields an analytical form of the
scattering angle and incident-momentum-dependent RWP. A
preliminary version of the formula presented in Ref. [26] was
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generalized, corrected in several important ways, including the
description of a quantum shift of the caustic, and validated
quantitatively by calculations for several atomic targets treated
within the single-active-electron (SAE) approximation in a
comprehensive theoretical study [27]. The knowledge of the
position and shape of the caustic, where the factorization
formula should be applied, and the explicit analytical form
of the RWP enables one to eliminate the approximations and
ambiguities of previous approaches. In Ref. [26], the theory
was applied to extracting DCSs from experimental PEMDs
for rare gas atoms generated by few-cycle pulses with carrier-
envelope phase control. One of the next challenges is to apply
it to molecular targets.

In this paper, we present an experimental and theoretical
study of PEMDs for heterodiatomic molecules of nitric oxide
(NO) and carbon monoxide (CO). In the theoretical analysis,
we consistently employ the SAE approximation with realistic
molecular potentials for calculating both the DCS and target-
dependent factors in the RWP. We note that the SAE approxi-
mation for DCS is by far more accurate than the independent
atom model [18-21] and at the same time more feasible
computationally than ab initio scattering calculations [22,23].
The results are plugged into the factorization formula derived
in Ref. [27], averaged over the molecular orientation, and
compared with the experimental PEMDs. The NO molecule
is a radical species, its singly charged ion NO™ has a stable
electronic configuration similar to that of N,, and it is expected
that the only electron in its highest occupied molecular orbital
(HOMO) should be well described by the SAE approximation.
Thus, NO is an ideal system for critical tests of SAE-based
theoretical predictions. In contrast, CO has paired electrons
in the closed-shell HOMO, which may affect the ionization
and rescattering dynamics. Indeed, there are several discus-
sions on multielectron effects in strong-field ionization of CO
[28-30]. In addition, NO and CO have very different electronic
properties, such as the ionization potential, the permanent
dipole moment, the nodal structure of the HOMO, and so on.
A comparative study of these two molecules is a good test for
checking the validity of the theory and providing foresight for
further applications to larger systems.

The paper is organized as follows. In Sec. II, we briefly
outline the experimental setup used to measure the PEMDs
for NO and CO molecules generated by intense near-infrared
laser pulses. In Sec. III, we describe our theoretical procedure
based on the factorization formula with the analytical RWP
derived in Ref. [27] and the SAE approximation. In Sec. IV,
we thoroughly compare the experimental and theoretical
PEMDs along the backward rescattering caustic in a range
of scattering angles and incident momenta for different laser
wavelengths and intensities. We illustrate the importance
of taking into account the dependence of the RWP on the
scattering angle. We also discuss its dependence on the
orientation of a molecule with respect to the ionizing field.
Section V concludes the paper.

II. EXPERIMENT

The experimental setup is almost the same as that in our
previous papers [21,23]. A Ti:sapphire laser system (800 nm,
100 fs, 1.5 mJ/pulse, 1 kHz) was used to pump an optical

k, (au.)

FIG. 1. Experimental PEMD for NO molecules in a 1650-nm
laser field displayed on a logarithmic scale (arbitrary units) with
false colors. The PEMD is axially symmetric about the polarization
axis k;; the figure shows its two-dimensional cut by a plain passing
through this axis. The solid (red) line shows the outermost quantum
caustic k(0), Egs. (1), determined by the effective peak field amplitude
Fy =0.055 a.u., and the dotted (white) line shows the circular
approximation to the caustic. The scattering angle 8 varies along the
lines in the interval 60° < 6 < 180°.

parametric amplifier, obtaining the signal and idler outputs
separated by dichroic mirrors. Those outputs, whose wave-
length was set to 1300 nm for the signal and 1650 nm
for the idler, induced target ionization and photoelectron
rescattering. Sample gas was supplied as an effusive molecular
beam in an ultrahigh vacuum chamber, on which the laser
beam was focused by a concave mirror (f = 75 mm). The
time-of-flight of electrons through a 264-mm-length field-free
drift tube was measured to obtain their momentum. The
polarization direction of the laser beam was swept with a
broadband half-wave plate. We thus measure the density of
events in three-dimensional photoelectron momentum space,
which up to a constant normalization factor coincides with the
three-dimensional PEMD. The measured PEMDs are axially
symmetric about the polarization axis. Below we consider
their two-dimensional cuts by a plain passing through the
polarization axis (see Fig. 1).

III. THEORY

We assume that the laser pulse is linearly polarized along
the z axis and has a Gaussian envelope, so the electric field is
F(t) = F(t)e., with F(t) = Fyexp[—(2t/T)*] cos wt, where
Fy is the peak field amplitude, w is the laser frequency, and
\/m T is the full width at half maximum of the pulse. The
orientation of a molecule is described by the Euler angles
(«,B,y) defining a rotation from the laboratory frame to the
molecular frame [31]. For the present case of heterodiatomic
molecules, 8 is the angle between the polarization vector e, and
the oriented internuclear axis, a describes the rotation of the
internuclear axis about the polarization axis, and we set y = 0.
The photoelectron momentum is denoted by k = (ky,k,,k),
where k, = k) cos ¢y and k, =k, sin¢;. The experimental
PEMD is axially symmetric about the &, axis, that is, it does not
depend on ¢, because of averaging over random orientations
of molecules, so we consider it in a half-plane ¢; = const with
coordinates (k_ ,k;) (see Fig. 1). We first discuss the theory for
a molecule with fixed orientation defined by the angles o and
B, and then we perform the averaging.

A rescattering event is characterized by scattering angles
Q2 = (0,¢) measured relative to the direction of the incident
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momentum. In the adiabatic regime [25], the incident mo-
mentum of a photoelectron arriving for rescattering is directed
along the polarization axis, so we identify the azimuthal scat-
tering angle ¢ with ¢;. Long and short rescattering trajectories
originating from the same half-cycle of the laser field and
contributing to the same final photoelectron momentum may
coalesce. A surface in the photoelectron momentum space
where this happens is called a backward rescattering caustic
[27]. The caustic is a surface of revolution about the &, axis.
We parametrize it by the scattering angles €2. Its section by
the plane (k, ,k;) is a line which we parametrize by 6 and
denote by k(6). The caustic is a classical object completely
determined by the field F(¢), its explicit form is defined in
Ref. [27]. Let #;(0) and ¢, (6) denote the moments of ionization
and rescattering at the caustic, respectively; in the following,
for brevity, we omit their argument. For a many-cycle pulse,
there are many caustics produced by pairs of long and short
rescattering trajectories originating from the different cycles.
We are interested only in the outermost classical caustic for
which ionization and rescattering occur near the peak of the
pulse at t = 0. The corresponding quantum caustic is also a
surface of revolution about the k, axis which crosses the plane
(k. ,k;) along the line [27]

K(©) = k(®) + ¢ (O)w(0), (1a)
—Eg(t;)

)= ————~—, 1b

10 = G OIF@m) (16)

The second term in Eq. (1a) describes a shift in the direction
of the vector v(0), giving the external unit normal to k(6). The
shift has a quantum origin, its value (1b) depends on the energy
Eg(t) of the Siegert state emerging from the unperturbed
ionizing molecular orbital in the presence of a static electric
field equal to the instantaneous laser field F(¢) [32]. Note
that the Siegert energy is complex; its real part accounts for
the Stark shift of the state and its imaginary part defines the
instantaneous tunneling ionization rate I'g(t) = —2Im Eg(?).
For diatomic molecules, this energy depends on 8, which is
indicated by the subscript, but does not depend on «. We
consider the PEMD only at the quantum caustic. For amolecule
with fixed orientation this PEMD is denoted by P(2; «,8). In
the adiabatic approximation [25] it takes the factorized form
[27]

P(2;,8) = | f(u7(0),2,)1> Wy (6). 2)

Here f3(k,S2) is the scattering amplitude defining the DCS
dog/d2 = | fg(k, Q)|? for elastic scattering of an electron with
incident momentum ke, by the molecular ion with the orien-
tation angles o = 0 and B, u ¢(0) is the incident momentum
at the classical caustic k(6), and the notation , = (8,¢ — ®)
indicates that for a nonzero « the DCS depends only on the
difference between the angles ¢ and «. The second factor in
Eq. (2) is the RWP taken at the quantum caustic k(8); its explicit
form is given by

2 PP an?|Ag(e)?
S7@)|  (t — 63| F(,)l

X exp |:—/i F,g(t)dti|, 3)

W(60) = |Ai(0)]

where Ai(0) &~ 0.355 is the Airy function at zero argument and

, 3F(t)  3us(®
S" () = uf(G)[zF(tr)Sinz(e/z) - —(tr) o Mi(t‘;z
u%(0)
T
- t5)3F(ti)] @

Here Ag(t) is another property of the Siegert state in the
instantaneous laser field F(¢), namely, the transverse mo-
mentum distribution (TMD) amplitude [33] taken at zero
transverse momentum. This quantity also depends on §, but
is independent of «. The last exponential factor in Eq. (3),
where I'g(t) is the ionization rate introduced above, describes
depletion of the initial state. Note that the RWP (3) depends
on neither ¢ nor «, so the PEMD (2) depends only on
the difference between these angles through the DCS. To
implement the factorization formula (2), one needs to calculate
the characteristics of rescattering at the classical caustic f;, .,
and u ;(0), which are completely determined by the function
F(t), and the molecular properties fg(k,2), Eg(t), I's(t), and
Ag(t).

To evaluate the molecular properties, we employ the SAE
approximation with a molecular potential modeled by the sum
of two screened Coulomb potentials with effective charges:

Zy(r)  Zy(ry)
r r

where r; = [r + R/2| and r, = |[r — R/2| are the distances
from the active electron to the nuclei located at £R /2. For our
purposes, it is sufficient to consider the case o = 0, when the
molecule lies in the (x,z) plane of the laboratory frame and the
internuclear vector is given by R = (R sin 3,0, R cos ), where
R is the equilibrium internuclear distance in the molecule. We
define the effective charges Z;(r), i = 1 and 2, by [34]

Zi(r) = a; — (bi = D{1 = [(; /u)(e"" = )+ 117"}, (6)

V() = - (5)

Here a; = Z;(0) is the nuclear charge for the corresponding
atom in the molecule. The other parameters are chosen in such
a way that some important properties of the SAE potential (5)
and a selected bound state in it representing the HOMO of the
molecule coincide with their values in the Hartree-Fock (HF)
method. The HF values of the properties are calculated using
the grid-based HF program described in Ref. [35]. We note that
this program yields exact HF results, in contrast to basis-based
programs commonly used in quantum chemistry calculations,
whose results depend on the basis. We require that the potential
satisfy

__LoDn s
VOl oo = =~ =~ + 0C7), ()

where D = DR/R is the HF value of the total dipole moment
of the parent molecular ion and n = r/r. Equation (7) amounts
to two conditions, a; — by +a; — b, +2 =1and (ay — b, —
a; + by)R/2 = D, which can be satisfied by adjusting the two
parameters b;. The remaining parameters u; and v; are chosen
by minimizing their deviations from the corresponding atomic
values tabulated in Ref. [34] while maintaining the energy Ey
and the dipole moment 11y of the bound state representing the
HOMO of the neutral molecule equal to their HF values for
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TABLEI. Characteristics (in atomic units) of the two molecules considered within the SAE approximation. R is the equilibrium internuclear
distance; a;, b;, u;, and v; are the parameters defining the SAE potential (5), with i = 1 referring to N in NO and to C in CO and i = 2 in both
cases referring to O; D is the total dipole moment of the parent molecular ion; Ej is the energy of the HOMO; and p is the dipole moment
of the HOMO in the geometrical center frame. The values of D, Ej, and i are calculated for the given R using the grid-based Hartree-Fock
program described in Ref. [35]. The parameters of the potential (5) are adjusted to reproduce the Hartree-Fock values of the coefficient D in

Eq. (7) and the energy E| and the dipole moment ¢ of the bound state representing the HOMO.

Molecule R a b, U vy a b, Us vy D Ey o
NO 2.1747 7 7.3656 2.1382 1.1360 8.6344 2.1107 1.2775 —0.292 —0.4117 0.462
CcO 2.1320 6 6.0215 2.2136 1.0806 8.9785 2.0269 1.2709 —1.020 —0.5549 1.565

the HOMO. The thus obtained parameters defining the SAE
potentials for NO and CO are listed in Table I.

To construct the unperturbed initial state, we diagonalize the
field-free SAE Hamiltonian with the potential (5) for 8 = 0 in
prolate spheroidal coordinates and select the eigenstate which
has the same symmetry and nodal structure as the HOMO of the
molecule under consideration. The HOMO of NO is a 7 state
having one nodal surface transverse to the internuclear axis,
and the HOMO of CO is a o state having no nodal surfaces. The
Siegert energy of the state in Eq. (1b) is approximated by the
linear Stark-shifted energy Eg(t) = Eo — o F(¢) cos . Under
this approximation the caustic (1) becomes real, its shape
calculated for particular pulse and molecule is illustrated by the
solid line in Fig. 1. The ionization rate and the TMD amplitude
are evaluated within the weak-field asymptotic theory [36]
using

F
Lp(r) = [|G00(/3)|2 + mle(ﬂ)Iz} Woo(F) — (8)

and A
[4p0F = =GB Wao(F), ©)

where F = |F(t)|; x = /—2E; Goo(B) and G (B) are struc-
ture factors for the dominant and next-to-the-dominant ioniza-
tion channels, respectively, defined in terms of the unperturbed
ionizing orbital in Ref. [37]; and

% 42\ 233
=222 2 1
Woo(F) 2<F> exp( SF) (10)

is the field factor. Note that the structure factors for NO
and CO obtained in the present calculations within the SAE
approximation turn out to be very close to the ones obtained
for the HOMO of these molecules in the HF method [38]. Note
also that there are two degenerate 7 states of NO, one of which
7T iseven and the other 7 ~ is odd under the reflection y — —y
[38]. Only the = * state contributes to rescattering; the 7 ~ state
does not contribute, because the TMD amplitude for this state
has a node at zero transverse momentum, reflecting a node of
the orbital.

The scattering amplitude fg(k,£2) is consistently calcu-
lated within the same SAE approximation. To this end, we
solve the time-independent Schrdédinger equation with the
potential (5) supplemented by asymptotic boundary conditions
for scattering states in spherical coordinates using the slow
variable discretization method [39] in combination with the
R-matrix propagation technique [40]. The radius is treated as
the adiabatic parameter of the method, and spherical harmonics
and Legendre polynomials are used as basis sets in the angular

and radial coordinates, respectively. This approach has proven
to be very efficient and accurate in scattering calculations for
various three-body systems [41,42] as well as in calculations
of molecular Siegert states [32,33]. Note that it is based on a
single-center expansion. Neither this expansion nor computa-
tional technologies [39,40] used to implement it rely on any
particular symmetry of the potential, which means that the
approach can be applied to polyatomic molecules, provided
that a reasonable SAE potential is available.

The theoretical procedure described above yields the PEMD
(2) for a fixed orientation of the molecule. In order to compare
the results with the experimental PEMD measured for ran-
domly oriented molecules, we should average Eq. (2) over the
orientation angles o and . Since the PEMD (2) depends only
on the difference ¢ — «, the integration over o amounts to that
over ¢. We thus obtain

2 T
S(0) = if f P(Q:a,B) sin BdBda (11a)
d Jo Jo

1 2 pm
= [ [ 158 Wa@)sin pagag. )
T Jo Jo

The function S(9) is to be compared with the experimental
results.

In addition, for comparison, we consider an approach
introduced in Ref. [8] and used in previous studies [12-23].
In this approach, the caustic is approximated by a circle
with constant incident momentum equal to u (6 = 180°) and
the RWP is assumed to be independent of 6. The circular
approximation to the caustic is illustrated by the dotted line
in Fig. 1. Within this approach, the experimental results are
described by the orientation-averaged DCS weighted with the
ionization rate:

2T T | fau p(0), 21 Goo(B)) sin BdBdg
27 [y |Goo(B)|? sin Bdp '

Note that this quantity lacks an absolute normalization factor,
in contrast to the orientation-averaged PEMD (11).

X(©6) = (12)

IV. RESULTS AND DISCUSSION

An example of experimentally measured PEMD for NO
at 1650 nm is presented in Fig. 1. Since a focused laser
beam is used to ionize the target molecules, a broad range of
laser intensities contribute to the PEMD due to the laser focal
volume effect [43,44]. However, only the central part of the
focal volume, which corresponds to the peak laser intensity,
contributes to the PEMD near the outermost caustic. In order
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FIG. 2. Experimental (symbols) and theoretical [solid lines, Eq. (11)] PEMDs S(0) as functions of the scattering angle 6 along the outermost
quantum caustic k(6) for NO. The caustic is determined by the effective peak field amplitude (a) F = 0.055 a.u. (uy =2.5a.u.)at 1650 nm,
(b) Fo = 0.078 a.u. (u; = 3.5 a.u.) at 1650 nm, (c) Fo = 0.048 a.u. (u; = 1.7 a.u.) at 1300 nm, and (d) Fp = 0.056 a.u. (u, = 2.0 a.u.) at
1300 nm. Dashed lines present orientation-averaged DCSs X (6), Eq. (12), which corresponds to the circular approximation with a constant
RWP. In each panel, the function X(0) is multiplied by a constant factor to bring its value in coincidence with the theoretical curve S(0) at

0 = 180°.

to extract the experimental S(6) as a function of the scattering
angle 6 along the caustic, we focus on the region near the
high-energy edge of the measured PEMD. In the present work,
we find the theoretical peak field amplitude Fj such that the
corresponding caustic k(6) at & = 180° crosses the k. axis at
the point where the experimental yield drops by 3—4 orders of
magnitude compared to the onset of the plateau at smaller k,
(see Fig. 1). We call the result the effective peak field amplitude
and denote it by Fy. For the experimental PEMD shown in
Fig. 1 we obtain Fy = 0.055 a.u.; the corresponding caustic
k(#) and the circular approximation to it are shown by solid
(red) and dotted (white) lines, respectively, in the interval of
scattering angles 60° < 8 < 180°. Note that although the lines
lie close to each other, the rates of variation of 6 along them
are different, which results in the difference of their lengths.
Also note that the difference in the shapes of the lines becomes
more pronounced at smaller 6.

In the following, we compare experimental S(0) extracted
from the measured PEMDs with theoretical results calculated
using Eq. (11) and with orientation-averaged DCSs X (0) given
by Eq. (12). It is noted that to extract the PEMDs along the
caustic at one laser intensity, a Jacobian from (k| ,k;) to (F,0)
is taken into account, because the caustic is a function of laser
intensity (F). The absolute value of the theoretical S(0) is
defined by Eq. (11). The experimental results lack a common
factor. We normalize them by requiring that the integrals of
experimental and theoretical S(@) over the interval 60° < 6 <
180° considered in the figures have the same values. For
the comparison with S(0), the quantity X(0) also must be
normalized. We do this by requiring that X(6) coincides with
the theoretical S(0) at® = 180°. These normalizations are used
in all the figures shown below.

Experimental S(0) values for NO molecules generated
by four pulses with two different intensities at each of the
wavelengths 1650 and 1300 nm are shown in Fig. 2 by
symbols. The corresponding theoretical results obtained from
Eq. (11) are shown by solid (blue) lines. The effective peak
field amplitude F; for each pulse is indicated in the figure.
An additional useful characteristic of the pulse, the incident
momentum for the backward rescattering u y = u s(6 = 180°),
is also given in the caption to the figure. One can see a fairly
good agreement between experimental and theoretical results
in the broad range of 6, particularly for both intensities at
the longer wavelength 1650 nm in Figs. 2(a) and 2(b). From
the standpoint of the adiabatic theory [25], the factorization
formula (2) becomes more accurate as the wavelength grows
for a given pulse intensity, and this is confirmed by calculations
for atomic targets [27]. The present results also confirm this
trend. Indeed, the theoretical curve clearly approaches the
experimental points as one moves from 1300 nm in Fig. 2(d)
to 1650 nm in Fig. 2(a) for almost the same intensity defined
by the effective peak field amplitude Fy. Furthermore, Eq. (2)
should work better as the intensity grows for a given wave-
length, as confirmed by calculations for atomic targets [27].
This is again confirmed by the results in Figs. 2(c) and 2(d).
The level of agreement seen in Fig. 2 signifies an experimental
confirmation of the factorization formula (2) for molecular
targets. We can also conclude that its present implementation
based on the SAE approximation with a potential reproducing
some important properties of the ionizing orbital calculated by
the HF method well describes the ionization dynamics of the
unpaired active electron in NO, as expected. For comparison,
the orientation-averaged DCSs X (@) obtained from Eq. (12) are
also shown in Fig. 2 by dashed lines. One can clearly see thatin
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FIG. 3. Similar to Fig. 2, but for CO. The caustic is determined by the effective peak field amplitude (a) Fp = 0.060 a.u. (u; = 2.7 a.u.)
at 1650 nm, (b) Fy, = 0.080 a.u. (uy = 3.6 a.u.) at 1650 nm, (c) Fy = 0.060 a.u. (uy =2.1a.u.) at 1300 nm, and (d) Fy =0.076 a.u. (wy =

2.7 a.u.) at 1300 nm.

all the cases the dashed line lies farther from the experimental
results than the theoretical solid line, especially at smaller 6.
This indicates that the analytical scattering-angle-dependent
RWP (3) derived from the adiabatic theory [25] plays an
important role in the description of the rescattering process.
Figure 3 presents similar results for CO molecules. In this
case, a very good agreement between experimental and theo-
retical S(0) is seen even for the shorter wavelength 1300 nm,
and the agreement becomes better for the longer wavelength
1650 nm, in accordance with the adiabatic theory. Since CO
has a larger ionization potential compared to NO (see Table 1),
the adiabatic approximation in the description of strong-field
ionization holds for CO better than for NO under similar laser
parameters [25]. This partially explains why the agreement for
CO is better than that for NO. It is worth noting that the DCS
factors in the factorization formula (2) for the pulses shown in
Figs. 3(a) and 3(d) are the same because of the same value of

150

120 40x10°°
& 3.0

Z 90 T
- 20 £
60 10 &
c
30 00 <

0

80 120 160
6 (deg)

uy = 2.7, and hence the small but non-negligible difference
in the shapes of the theoretical curves S(6) for these two
pulses stems solely from the RWPs. The reproduction of the
experimental results in such cases is another illustration of the
importance of having the analytical RWP for describing the
rescattering process. From the good agreement seen in Fig. 3
we can conclude that the SAE approximation works for the
description of the ionization dynamics of a paired electron in
the HOMO of CO as well as it does for an unpaired electron in
the HOMO of NO. The circular approximation with a constant
RWP shown by dashed lines is again consistently worse than
the results of the adiabatic theory.

Let us discuss the structure of the RWP (3) in more detail.
The RWPs for NO and CO calculated for two particular
pulses shown in Figs. 2(b) and 3(b), respectively, are displayed
as functions of the scattering angle 6 and the molecular
orientation angle § in Fig. 4. For each molecule we have chosen

(b) 180
150
~ 120 15x10°*
53
T
i 90 1.0 %
60 05 o
c
30 00 ~
0
80 120 160
0 (deg)

FIG. 4. Theoretical RWP Wg(8), Eq. (3), for (a) NO under a pulse with Fy = 0.078 a.u. at 1650 nm, as in Fig. 2(b), and (b) CO under a
pulse with Fy = 0.080 a.u. at 1650 nm, as in Fig. 3(b), as a function of the scattering angle  and the molecular orientation angle 8.
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FIG. 5. The upper panels show experimental (symbols) and theoretical [solid lines, Eq. (11)] PEMDs S(6) as functions of the scattering
angle 6 along the outermost quantum caustic k(9) for (a) NO under a pulse with F, = 0.078 a.u. and (b) CO under a pulse with Fy = 0.080
a.u., in both cases at 1650 nm. These results are the same as those in Figs. 2(b) and 3(b), but are shown on a finer vertical scale. The lower
panels show the RWPs W (0), Eq. (3), for the same pulses used to calculate the theoretical S(@) for (c) NO, as in Fig. 4(a), and (d) CO, as in
Fig. 4(b), as functions of the molecular orientation angle § at the fixed scattering angle & = 180°. In each panel, the solid (blue) line shows the
full theoretical results including the depletion factor in Eq. (3), and the dashed (magenta) line shows the results obtained by omitting this factor.

a pulse with the higher intensity at the longer wavelength.
On the one hand, considering the dependence on 6 for a
fixed B, for both molecules Wg(6) monotonically grows as
0 decreases. The growth is mainly caused by the factor S)”(6)
in Eq. (3) given by Eq. (4), which is completely determined by
the field F(¢) and does not depend on the target. This explains
the difference between S(0) and the normalized X(6) seen
in Figs. 2 and 3, namely, the fact that S(6) becomes larger
than X(0) at smaller 8. On the other hand, the dependence of
Wg(6) on B for a fixed 0 is strongly affected by the target.
This dependence in Eq. (3) is caused by the TMD amplitude
Apg(t) and the exponential depletion factor determined by the
ionizationrate I'g(¢). As can be seen from Eqs. (8) and (9), these
factors reflect the structure of the ionizing orbital, and hence
are different for the two molecules. To obtain more insight into
the dependence on 8, we have recalculated the RWPs shown
in Fig. 4 by omitting the depletion factor. The depletion-free
RWPs as functions of g at & = 180° are compared with the full
RWPs including the depletion factor in Figs. 5(c) and 5(d). The
dependence on B of the depletion-free RWPs is determined by
the TMD amplitude squared |A ﬁ(9)|2 in Eq. (3), which in turn
is determined by the structure factor |Goo(8)|? for the ionizing
orbital in Eq. (9). Thus, two peaks at 8 ~ 60° and 150° and a
nodeat 8 ~ 110° for NOinFig. 5(c)and apeak at 8 ~ 180° for
COinFig. 5(d) reflect the angular dependence of their HOMOs
in the asymptotic region multiplied by a dipole factor [36]. A
gross effect of the inclusion of the depletion factor in Eq. (3)
for the present pulses and molecules consists of the decrease
of the overall magnitude of the RWPs by a factor of ~102.
However, in addition to this, the depletion factor considerably
modifies the dependence of the RWPs on 8, as can be seen
by comparing the solid and dashed lines in Figs. 5(c) and
5(d). The depletion factor is smaller at molecular orientations

corresponding to larger ionization rates. Such orientations are
represented by peaks in the dashed lines. These peaks turn into
dips in the solid lines after the depletion factor is taken into
account, which is a rather counterintuitive feature. In Figs. 5(a)
and 5(b), the PEMDs calculated using the RWPs with and
without the depletion factor in Eq. (3) are shown by solid and
dashed lines, respectively. It is seen that a wavy structure in the
experimental S(6) for NO in Fig. 5(a) is qualitatively described
by the above counterintuitive 8 dependence of the RWP with
depletion, while the RWP without depletion does not reproduce
this feature. For the CO molecule in Fig. 5(b), the effect of
depletion on the shape of S(9) is smaller, although its effect on
the RWP is also very large, as seen in Fig. 5(d).

To close this discussion, let us note the following. One
should not expect that SAE-based theoretical predictions can
perfectly reproduce experimental results for many-electron
targets. Instead, such predictions should be used as a reference:
the difference between them and experimental results under
conditions of validity of the adiabatic approximation should be
attributed to many-electron effects. This could refer to many-
electron effects in the rescattering process, €.g., resonances
in elastic scattering caused by excitation of doubly excited
states, but also to effects caused by tunneling ionization from
inner molecular orbitals. The quantitative theoretical proce-
dure demonstrated above, which is free from approximations
of previous approaches, can enable one to detect such many-
electron effects in PEMDs.

V. CONCLUSION

We measured PEMDs for heterodiatomic NO and CO
molecules induced by 100-fs intense near-infrared (1650 and
1300 nm) laser pulses with different intensities. We compared
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the PEMDs along the outermost quantum caustic with
theoretical predictions obtained using the factorization formula
(2) with the analytical scattering-angle-dependent RWP (3)
recently derived [27] from the adiabatic theory [25] and
confirmed in a previous experiment with atomic targets [26].
The SAE approximation with realistic molecular potentials
was used for calculating the molecular properties needed
to implement the factorization formula, namely, the DCSs,
ionization rates, and TMD amplitudes. A good agreement in
a wide range of laser intensities and scattering angles was
achieved, illustrating the validity of the present theoretical
method for the description of the strong-field ionization dy-
namics for molecular targets with unpaired (NO) as well as
paired (CO) electrons in the HOMO. We also demonstrated the
importance of taking into account the dependence of the RWP
on the scattering angle. The advantage of having the analytical
RWP enabled us to identify an effect of depletion of the
initial state on the shape of the PEMD, particularly for higher
laser intensities. The experimental and theoretical methods
demonstrated in this work for diatomic molecules are expected

to be applied in future studies to polyatomic molecules to
obtain a deeper understanding of the rescattering processes.
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