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In strong-field ionization (SFI) of polyatomic molecules, the participation of multiple electronic

ionization channels is emerging as a key aspect. In the molecular frame, each channel is expected to

show a characteristic dependence of the SFI yield on the polarization direction of the ionizing field. We

apply a new angle- and channel-resolved SFI technique to the polyatomic molecule 1,3-butadiene and

compare these molecular-frame measurements with two leading theoretical models.
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Intense laser fields can exert electric forces on valence
electrons exceeding those that bind them to atoms and
molecules, leading to ionization within a fraction of an
optical cycle. This process lies at the heart of the burgeoning
field of attosecond science [1]. Strong-field ionization (SFI)
leads to phenomena such as above threshold ionization [2],
high harmonic generation [3], and laser induced electron
diffraction [4,5]. Adiabatic single active electron models of
atomic SFI [6–8] do not translate well to the multielectron
world of polyatomic molecules [9,10], inspiring extensions
such as adiabatic molecular tunnelling theory [11] and
molecular symmetry-based strong-field approximations
[12]. The population of multiple ionic continua, often
underestimated by atomiclike theories [13–16], is a key
aspect of SFI in polyatomicmolecules.More rigorous treat-
ments ofmolecular SFI that incorporate electronic structure
and multielectron effects include time-dependent density
functional [17–19] and resolution-in-ionic-states [20] theo-
ries. Here, we present a channel- and angle-resolved study
of molecular-frame (MF) SFI in a polyatomicmolecule, the
results of which provide stringent tests for theory.

SFI yields depend on the relative orientation of the mo-
lecular frame and the laser polarization direction [21–23].
This angular dependence reflects the nodal symmetries of
the ionizing orbitals [12,24], as well as electron correlations
[25,26], permanent dipole moments [27], and the short-
range binding potential of the cation [20]. Consequently,
each ionization channel should display a unique angular
dependence of the SFI yields. Therefore, channel-
integrated but angle-dependent studies will not be suffi-
cient. We recently introduced the channel-resolved above
threshold ionization (CRATI) method [16]. For molecules
with dissociative excited ionic states, it directly resolves
SFI into continuum channels correlating with the popula-
tion of electronic ground (D0) and/or excited (D1,D2, etc.)
states of the cation. The method relies on covariant measure-
ment of photoelectron and mass spectra averaged over a
randommolecular alignment distribution. Here, we combine
the CRATI technique with laser alignment in order to deter-
mine the channel-resolved angular ionization probability in
the molecular frame (MF-CAIP). We present MF-CAIP

studies of D0 and D1 SFI in 1,3-butadiene (C4H6) and
compare with the expectations of two theoretical models.
Fragment recoil momentum vector imaging can yield

recoil-frame SFI angular distributions, as demonstrated
for HCl [15], N2, O2, CO, CO2, and C2H2 [21,28].
Transformation from the recoil frame to the MF requires
the axial recoil approximation, which is questionable for
polyatomic molecules. A more general approach is to align
or orient molecules [29] before SFI: With this method,
angle- but not channel-resolved AIPs were recorded.
One-dimensional (1D) AIPs were obtained by scanning
the SFI laser polarization with respect to the fixed-in-space
molecular axis [22,30]. Full 3D orientation-dependent MF
AIPs were achieved by utilizing circularly polarized light
and recording the photoelectron angular istributions from
the 3D oriented molecules [23,31,32].
SFI of 1,3-butadiene proceeds via bothD0 (90%) andD1

(10%) channels at an intensity of 1:9� 1013 W=cm2 [16].
D0 ionization yields the stable C4H

þ
6 parent ion, whereas

D1 ionization correlates with the formation of C3H
þ
3 and

C4H
þ
5 fragments (see Fig. 1 of Ref. [16]). This correlation

with a given channel permits measurement of the � (polar
angle) dependent,� (azimuthal angle) averaged AIPs Sð�Þ
independently for the D0 and D1 channels. The angle � is
defined with respect to the axis of maximum polarizability,
which is offset by 8.5� from the principal axis with the
lowest moment of inertia. We use unprimed (primed)
variables to indicate molecular (lab) frame angles. In order
to extract Sð�Þ, we utilize 1D nonadiabatic molecular
alignment. The peak alignment for 1,3-butadiene is
achieved near the rotational half-revival, at time ta follow-
ing an alignment laser pulse. At this time delay, we mea-
sured Mð�0; taÞ, the ionization yield as a function of
the lab-frame angle �0 between the polarization axes of
the linearly polarized alignment and SFI lasers. Mð�0; tÞ
is the convolution of Sð�Þ with the time-dependent 1D
alignment distribution Að�0; �0; tÞ [22],

Mð�0; tÞ ¼ 1

4�

Z 2�

0
d�0 Z �

0
d�0S½�ð�0; �0;�0Þ�

� Að�0; �0; tÞ sinð�0Þ; (1)
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where

cos� ¼ cos�0 cos�0 � sin�0 sin�0 sin�0:

The 1D alignment distribution is cylindrically symmetric
about the alignment laser polarization, also the main axis
of the alignment distribution. Therefore, we can replace
Að�0; �0; tÞ in Eq. (1) by the �0-averaged distribution
Að�0; tÞ=2�. A pulsed supersonic expansion of helium
(40 bar) seeded with 0.01% 1,3-butadiene was intersected
by the focus of an alignment laser [�p ¼ 2100 nm,

120 �m focal spot size, 285(30) fs FWHM pulse length,
intensity 4� 1012 W=cm2] and a time-delayed SFI laser
[�e ¼ 795:5 nm, 40 �m, 40(5) fs] in the interaction region
of a magnetic bottle photoelectron photoion coincidence
(PEPICO) spectrometer [16].

In Fig. 1, we show the time-dependent parent ion yield
from SFI at a fixed polarization geometry of �0 ¼
�0
t ¼ 7�. The best-fit solid line in Fig. 1 determines the

degree of alignment, discussed below. The variation of the
CRATI spectra with angle between the alignment and SFI
laser polarizations, recorded at the peak alignment ta ¼
58:0 ps, yields the MF-CAIPs discussed below. The polar-
ization of the SFI pulse was kept parallel to the spectrome-
ter axis, while the alignment laser polarization was
systematically varied by a computer controlled achromatic
half-wave plate.

In Fig. 2(a), we show the normalized angular ionization
yieldsMð�0; taÞ for the parent ion C4H

þ
6 D0 channel (black

dots) and the fragment D1 channels C3H
þ
3 (red dots) and

C4H
þ
5 (green dots) at an intensity of 2:0� 1013 W=cm2.

The yields show a distinct minimum perpendicular to the
alignment axis. In Fig. 3(a), we plot the difference �Mð�0Þ
between the yield of the parent ion channel and the frag-
ment C3H

þ
3 channel from Fig. 2(a), along with the statis-

tical error bars. The angular dependencies of theD0 andD1

SFI channels are significantly different. By contrast, the
difference in yields between the two fragments C3H

þ
3 (red

dots) and C4H
þ
5 (green dots) is negligible at all �0 angles

(not shown).

In order to deconvolve Sð�Þ from the measuredMð�0; taÞ
[from Fig. 2(a)], we implemented a self-consistent method
that includes a numerical simulation of the molecular
alignment. Details of our deconvolution method will be
described elsewhere. We simulated time-dependent align-
ment distributions Aið�0; tÞ using a numerical method
developed by Bisgaard and Stapelfeldt [33] for sets
fT; Igi of input parameters T (rotational temperature) and
I (intensity). As justified in the Supplemental Material
[34], we approximated 1,3-butadiene as a symmetric top
with rotational constants (A ¼ 41:1 GHz, B ¼ C ¼
4:2 GHz) and body-frame polarizabilities (�k ¼ 12:2 �A3,

FIG. 1 (color online). Measured time-dependent parent ion
yield Mð�0

t; tÞ around the rotational half-revival at a fixed polar-
ization geometry (�0

t ¼ 7�). The error bars represent the statis-
tical error based on the number of counts detected. The blue
curve represents the best fit, as measured by �2.

FIG. 2 (color). (a) Lab-frame angular SFI yields Mð�0Þ for
aligned molecules with fits. Statistical error bars are slightly
below the marker size. (b) Deconvolved MF channel-resolved
relative angular ionization probabilities Sð�Þ (MF-CAIPs) with a
1� confidence interval. The most polarizable axis of the mole-
cule is aligned horizontally. All distributions are normalized to
the same area and displayed on a linear scale.
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�? ¼ 6:2 �A3) taken from electronic structure calculations.
Reflecting the alignment symmetry, we expressed Sð�Þ as a
linear combination of even Legendre polynomials

Sð�Þ ¼ Xkmax

k¼0

a2kP2kðcos�Þ:

Via analysis of fit errors, the appropriate highest order of
the expansion was determined to be kmax ¼ 3. For each
parameter set i, we fit the measured Mð�0; taÞ data via
Eq. (1) using the alignment distribution Aið�0; taÞ. This
generated the deconvolved AIP Sið�Þ for the ith parameter
set. We ranked the deconvolved Sið�Þ using the measured
time-dependent ionization yieldMð�0

t; tÞ (from Fig. 1) as a
maximum-likelihood predictor. This entailed using Sið�Þ
and Aið�0; tÞ to construct the relative ionization yield time
trace Mið�0

t; tÞ for the ith parameter set via Eq. (1). The �2

values of the Mið�0
t; tÞ’s were used to self-consistently

identify (i) the MF-CAIP [i.e., the most probable of the
AIPs Sið�Þ], (ii) the confidence interval, and (iii) the most
probable axis alignment distribution. Note that this analy-
sis gives consistent results for the alignment when applied
to both D0 and D1 channels.

The solid blue curve in Fig. 1 shows the best-fitMið�0
t; tÞ,

which minimizes the �2 value. Good agreement with the
measured signal was achieved. The associated parameter
set features an alignment laser intensity of I ¼ 2:375�
1012 W=cm2 and a rotational temperature of T ¼ 1:75 K.
Themost likely alignment is hcos2ð�0taÞi ¼ 0:69þ0:06

�0:09, where

the 1� confidence interval incorporates all alignment

distributions for which �2 � �2
min þ 1 [35]. As can be

seen, the blue curve shows slightly less modulation than
the measured signal, originating from a slight overestimate
of spatial averaging or beam temperature or from the
symmetric top approximation.
In Fig. 2(b), we show the deconvolved MF-CAIPs, Sð�Þ,

for D0 and D1. The absolute confidence intervals are
shown as dashed lines. The indistinguishability of the
two fragment distributions confirms that they originate
from the same SFI channel. The difference between the
MF-CAIPs is much more accurately known than the abso-
lute confidence intervals imply. This is because the D0 and
D1 confidence intervals are not independent but originate
from the same underlying best-fit alignment distributions.
In Fig. 3(b), we show the difference �Sð�Þ between the
fragment D1 and the parent D0 channels as a solid line,
along with its confidence interval (dashed lines). This
establishes that the MF-CAIP for ionization toD1 is clearly
distinguished from the MF-CAIP for ionization to D0.
Interestingly, the ionization distributions Sð�Þ in Fig. 2(b)
do not peak along the most polarizable axis of the molecule
(the long axis) but rather at approximately 30� (D0) and
25� (D1) with respect to it. The D0 channel has a more
pronounced minimum along the molecular axis, whereas
theD1 channel has a deeper minimum in the perpendicular
direction than does the D0.
We compared our MF-CAIP data with the expectations

of both molecular Ammosov-Delone-Krainov (MO-ADK)
[11] and time-dependent resolution-in-ionic-states (TD-
RIS) [20] calculations. MO-ADK fits the long-range part
of the wave function to semiclassical tunnelling functions.
These are based on an adiabatic single active electron
tunnelling picture that ignores the non-Coulombic effects
of the cation potential on the tunneling electron. TD-RIS
[20] is a high level time-dependent mixed orbital-grid
method, where multielectron orbital-based bound states
of the neutral and cationic molecule are coupled to
Cartesian grids used to describe the liberated electron.
Apart from limitations inherent to the particular choice
of basis set and grid size, the present implementation of
the method makes only the following assumptions: (i) Only
a finite number of cation states are included (we use the
lowest seven cation states); (ii) the liberated electron, once
removed from the neutral state, is not antisymmetrized
with the remaining bound electrons; and (iii) the dipole-
mediated laser coupling of the cation states during ioniza-
tion is excluded. Note that MO-ADK also makes these
assumptions in addition to those mentioned above.
Details of the underlying electronic structure calculations
are described in the Supplemental Material [34]; in par-
ticular, diffuse basis functions were used to accurately
calculate the tails of the wave functions. In the Hartree-
Fock and Koopmans picture, the electron emerges from a
specific molecular orbital and the D0 and D1 channels
become the ionization of highest occupied molecular

FIG. 3. (a) Difference angular SFI yield �Mð�0Þ of the parent
ion and the C3H

þ
3 fragment of Fig. 2(a) with statistical error bars.

(b) Difference �Sð�Þ between the MF-CAIPs of the D0 and D1

ionization channels in Fig. 2(b) with a 1� confidence interval
(dashed lines).
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orbital (HOMO) and HOMO-1, respectively. At a configu-
ration interaction level of theory, within each ionic
channel, the electron originates from a Dyson orbital
j�D

mi ¼
ffiffiffi
n

p hImjNi, where jNi is the neutral ground state
featuring n electrons and jImi is the mth ionic state featur-
ing n� 1 electrons, with the bra-ket integral taken over the
n� 1 electrons of the ion. The Dyson orbitals—shown in
the left column of Fig. 4—were calculated using the pro-
cedures outlined in Ref. [36].

While both methods agree that D0 is the dominant
ionization channel at the intensity employed, TD-RIS pre-
dicts that the excited cation states should have populations
5% to 15% of that of the D0 channel (see the Table in the
Supplemental Material [34]). In contrast, MO-ADK pre-
dicts that the population of the excited cation states is
orders of magnitude lower. The experimental data deter-
mine that the cumulative yield of all fragments (i.e.,
including potential sequential dissociation) amounts to
13.0% of the parent ion (D0) yield. This is the upper limit
for direct ionization to excited ion states. The measured
yield of the C3H

þ
3 and C4H

þ
5 fragments is 6.6% of the

parent ion yield, which—by virtue of its direct correlation
to the lowest cation state—sets the lower limit for D1

ionization. The experimental D1 yield is hence in good
agreement with the TD-RIS results but incompatible with
the MO-ADK results.

The calculated 3D channel-resolved angle-dependent
MF ionization yields are shown in the middle (MO-
ADK) and right (TD-RIS) columns of Fig. 4. MO-ADK
shows a strong suppression of ionization along all nodal
planes of the respective Dyson orbitals and also a strong
suppression of the D1 ionization perpendicular to the mo-
lecular plane. Within MO-ADK, the latter suppression is a
result of the spherical expansion of the long-range wave
function. The size of the sphere needed to encompass the
long molecular axis yields small wave function amplitudes
in perpendicular directions. When these small amplitudes
are coupled via MO-ADK to the semiclassical tunneling

wave functions, small ionization amplitudes are neces-
sarily produced in the direction perpendicular to the major
extent of the molecule. This is likely a general shortcoming
of MO-ADK when dealing with extended molecules. The
TD-RIS results, however, show that suppression occurs
only along the nodal plane perpendicular to the molecular
plane, with little or no suppression along the �-like nodal
plane that lies within the plane of the molecule.
In order to compare the MF-CAIPs of Fig. 2(b) with

theory (Fig. 4), we performed a � average of the latter.
This is shown in Fig. 5 for the (a) D0 and (b) D1 channels,
along with the corresponding experimental data (solid
black curves) from Fig. 2(b). The MO-ADK results (dotted
blue curves) maximize 20�–25� off the main polarizability
axis and show pronounced (D0) and very pronounced (D1)

FIG. 4 (color online). (a) Dyson orbitals for ionization of the
1,3-butadiene neutral ground state. Half-cycle 3D ionization
probabilities in the MF calculated using (b) MO-ADK and
(c) TD-RIS. The MO-ADK distributions for D0 and D1 are
similar for the reasons outlined in the main text.

FIG. 5 (color online). Comparison of calculated MO-ADK
(dotted blue curves) and TD-RIS (dashed magenta curves)
MF-CAIPs with experiment (solid black curves) for (a) D0

and (b) D1 ionization.
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minima along the major axis. MO-ADK shows very low
ionization probability at all angles greater than 45�. In
contrast, the TD-RIS results (dashed magenta curves) max-
imize along the principal axis but retain significant ioniza-
tion probability in the perpendicular direction. TD-RIS is
in much closer overall agreement with experiment for both
the D0 and D1 channels. MO-ADK systematically over-
estimates the effect of nodal planes in the Dyson orbitals.
In this particular case, TD-RIS slightly underestimates the
effect of the nodal planes.

We have extended the CRATI method to the measure-
ment of channel-resolved molecular-frame angular ioniza-
tion probabilities. The relative contributions of electronic
channels to ionization yields depend on molecular align-
ment, knowledge that is essential for understanding high
harmonic generation spectra of molecular systems. We
have also shown that MF-CAIPs can be used to critically
evaluate different levels of theory. The combination of
new experimental measures and new theories of poly-
atomic SFI will help advance strong-field and attosecond
science toward the study of complex polyatomic molecular
systems.
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