
PHYSICAL REVIEW A 111, 053112 (2025)

Orientation-dependent ionization rate of diatomic molecules
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The ionization rate of molecules in strong laser fields depends on the orientation of the ionizing electric
field relative to the molecular frame. The orientation dependence of the rate plays an important role in strong-
field-based attosecond-scale and imaging methods, motivating us to investigate theoretically whether it can be
extracted from the ionization yields or photoelectron momentum distributions obtained by ionization with laser
pulses of various polarization forms. As a reference for comparison we use the orientation dependence of the
static-field tunneling rate. Numerical solutions of the time-dependent Schrödinger equation for ionization of the
ground and first excited states of a model HeH+ molecule show that linearly or circularly polarized single-color
pulses are of limited use for obtaining the orientation-dependent rate accurately. By adding a second harmonic
with suitable polarization, i.e., using either linearly polarized two-color fields or counterrotating circularly
polarized two-color fields, the agreement of the extracted signal with the exact tunneling rate is substantially
improved.

DOI: 10.1103/PhysRevA.111.053112

I. INTRODUCTION

In strong-field ionization, the probability that one bound
electron leaves an atom or molecule due to the presence
of an external laser pulse is known as the single-electron
ionization yield. Viewing this type of ionization as a time-
dependent process, the yield is an accumulated signal
incorporating the ionization amplitudes at all possible times.
Furthermore, since for low frequencies the instantaneous ion-
ization rate is generally proportional to an exponential factor
exp[−2(2Ip)3/2/(3E )] with the instantaneous electric field
E and the ionization potential Ip in the exponent [1], ion-
ization is dominated by the largest electric field occurring
during the pulse. The ionization rate is a crucial factor in
strong-field phenomena such as high-harmonic generation [2],
laser-induced electron diffraction (LIED) [3–7], and photo-
electron holography [8–10]. Therefore, accurate knowledge
of ionization rates is needed to improve models for strong-
field techniques such as LIED. Numerous studies have aimed
at calculating the ionization yield in accordance with exper-
iments [11–29]. Reproducing experimental results helps to
verify assumptions and validate theoretical models. However,
it is uncertain whether such results can be directly applied to
other contexts, such as LIED, since they might be influenced
more by the specific field polarization than by the intrinsic
properties of the target. While the exponential behavior of the
ionization rate is well known, the prefactor, depending on the
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orbital structure of the target system, needs more complicated
theory [30–32]. With the ability to control the orientation
of molecules in strong-field experiments with alignment
pulses [5,12,16,21,26,33,34] or to obtain the orientation of
the molecule after ionization using coincidence measure-
ments of the freed electron and the residual ions [13,14,35],
the ionization behavior of molecules has gained increas-
ing interest, in particular concerning the dependence on the
molecular orientation. Although atomic theories, such as
the strong-field approximation or the weak-field asymptotic
theory, can be extended to molecules [19,36–40], solving the
time-dependent Schrödinger equation (TDSE) is still con-
sidered the most accurate approach for obtaining ionization
yields for a given system [19,41]. There are several known
aspects influencing the orientation-dependent ionization yield.
Generally, the structure and especially the symmetry of the
highest occupied molecular orbital qualitatively determine
the orientation dependence [16,18,23,25,42]. However, also
the possible ionization of lower-lying orbitals [14,20,22,43],
a Stark-shifted ionization potential [15,24], or multielectron
effects [27,44,45] can play a role. Most of these studies have
used either single-color circularly or linearly polarized laser
pulses with limited discussion of the question whether the
target-specific properties might be masked by dependences
on the polarization of the ionizing field. On the one hand,
linearly polarized fields seem appropriate because they have a
well-defined relative orientation between the molecular frame
and the electric-field vector. For asymmetric molecules, how-
ever, two opposite field directions will usually contribute
to ionization within the same pulse and thus mix electrons
originating from opposite sides of the molecule [23,29].
Rescattering can further influence the ionization process in
linearly polarized fields [46]. Therefore, the knowledge of the
orientation-dependent total ionization yield in linear polariza-
tion is of limited use for modeling the instantaneous ionization
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rate. On the other hand, as explained in [14,21], circularly
polarized fields can ionize the molecule in all orientations in
one pulse and provide a mapping of the ionization direction to
the final electron momentum. The orientation-dependent rate
can then be extracted from the photoelectron angular distribu-
tion. However, nonadiabatic dynamics might cause substantial
differences compared to the ionization rates in linearly po-
larized fields, especially when the electric field points along
or moves across a nodal plane of the orbital [47]. A possible
interpretation is that, although ionization is suppressed when
the field points along a nodal plane, the ionization rate is con-
siderably smeared out as the electric field rotates. Shifts in the
photoelectron momentum distribution due to Coulomb effects
on the outgoing electrons, known as attoclock shifts [48–50],
lead to additional challenges in the analysis for circular
polarization.

One possible alternative to single-color linearly or cir-
cularly polarized fields is two-color fields. In linear po-
larization, the second color introduces an asymmetry in
the electric field along the polarization direction, allowing
the observation of directional dependences in asymmetric
molecules [18,28,29,51]. In particular, in [28] a linearly po-
larized two-color pulse was used to measure the orientation
dependence of the ionization process in NO molecules. A
recent theoretical study [29] used time-dependent density-
functional theory to obtain orientation-dependent ionization
rates with single- and two-color linearly polarized pulses.
Both studies compared their results with approximate models
incorporating the time-dependent field, so it is still un-
clear to what extent the extracted rates depend on the pulse
polarization.

In this article we compare the orientation-dependent ion-
ization yield obtained with different field polarizations to
the exact orientation-dependent tunneling rate, where the
latter is defined as the ionization rate for a constant elec-
tric field. We observe that there are laser parameters for
which neither a linearly nor a circularly polarized single-
color pulse provides good agreement with the exact tunneling
rate, even when chosen such that the Keldysh parameter
γ = ω/ωT is small (γ < 1). Here ω represents the laser fre-
quency, while ωT = Epeak/

√
2Ip is a characteristic frequency

associated with instantaneous tunneling [52]. Choosing a
small Keldysh parameter places the interaction in the tun-
neling regime. In addition to the above-mentioned fields,
we investigate a two-color circularly polarized (bicircular)
field that exhibits quasilinear polarization near the peak field
strength [53–55]. In contrast to other studies [56–60] with
bicircular fields, the used intensity ratio between both colors
avoids rescattering. Both types of two-color fields offer a
well-defined relative angle between the molecular axis and
the direction of maximal field strength. Our analysis indicates
that these two-color fields are better suited for measuring
the orientation-dependent ionization rate. While in previous
studies on bicircular fields [55,61] an effective frequency
ωeff > ω was used in the definition of the Keldysh parameter,
we use the fundamental frequency in the present work, as
the effective frequency is not universally applicable to all
polarizations. We focus on the HeH+ molecular ion, which
serves as a prototypical example of a heteronuclear diatomic
molecule.

FIG. 1. Electron density |�|2 of the ground state of the HeH+

model oriented along the y axis [ �R ‖ ŷ, H at �r1 = (0, 0.7)T a.u. and
He at �r2 = −�r1].

II. NUMERICAL MODEL

We solve the TDSE for one active electron on a two-
dimensional grid in dipole approximation with fixed nuclei.
The sizes of the computational boxes range from 600 to
4000 a.u., with a resolution of 2048–8196 grid points in each
dimension. The HeH+ molecule (H at �r1 and He at �r2) is
modeled by the potential

V (�r) = −1√
(�r − �r1)2 + α1

+ −(
1 + e−β(�r−�r2 )2)√
(�r − �r2)2 + α2

, (1)

with β = 1.063 a.u., α1 = α2 = 0.5 a.u., and |�r1| = |�r2| =
0.7 a.u. [54,55]. The molecular axis is defined as �R = �r1 − �r2

with an internuclear distance | �R| = 1.4 a.u. Time propagation
is performed using the split-operator method [62]. We start
the simulations with the electron in either the ground state
(see Fig. 1) or the first excited state (see Fig. 2). The ground
state is calculated with imaginary-time propagation (ITP) [63]

FIG. 2. Electron density |�|2 of the first excited state of the
HeH+ model oriented along the y axis [ �R ‖ ŷ, H at �r1 = (0, 0.7)T a.u.
and He at �r2 = −�r1].
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(a) (b) (c)

FIG. 3. Normalized photoelectron momentum distributions obtained from TDSE solutions for the first excited state of HeH+ with peak
electric-field strength Epeak ≈ 0.0542 a.u. for different field configurations at a fundamental wavelength λ = 3000 nm: (a) the CP field, (b) the
CRTC field, and (c) the LPTC field. Only for illustration, the distributions are slightly blurred by applying a Gaussian convolution filter
to suppress morié patterns (see the text for details). The insets show the corresponding electrical fields �E (t ). The red dashed line shows the
negative vector potential − �A(t ), red dots mark the time t = 0 (maximum of the electrical field), and the black solid lines indicate the integration
area for the analysis. The Keldysh parameter is γ = ω

√
2Ip/Epeak ≈ 0.36.

and subsequent application of the real-time propagation eigen-
state (RTPE) method [64]. To obtain the first excited state,
we project out the ground state during the ITP and RTPE.
This results in an ionization potential of Ip ≈ 1.657 a.u. for
the ground state and Ip ≈ 0.811 a.u. for the first excited state.
While we adjust the parameters of the model potential to
reproduce the Ip of the HeH+ ground state [54,65–68], the
ionization potential of the first excited state is not related to
the real molecule. This state serves as an example of a more
complex orbital shape. In contrast to the ground state, the
first excited state shows a nodal line in the two-dimensional
electron density distribution. We expect a minimum in the
orientation-dependent ionization yield at an angle where the
negative electric field is approximately aligned with the nodal
line. Outgoing wave packets are projected onto Volkov states
using a complex absorbing potential [69]. In a small region
before the absorber starts, the core potential is damped to
zero.

The time-dependent vector potential is defined as

�A(t ) = −Epeak

ω(1 + ε)
f (t )

(
ξ [cos(ωt ) − ε

2 cos(2ωt )]

sin(ωt ) + ε
2 sin(2ωt )

)
, (2)

where ε is the ratio of the electric-field strength of the sec-
ond harmonic to the fundamental component and ξ is an
ellipticity parameter. With an envelope function f (t ) centered
at t = 0, the electric field �E (t ) = −∂t �A(t ) has a maximum
field strength of Epeak. By setting ξ and ε to specific values,
we can select a particular field configuration. A counterro-
tating two-color (CRTC) laser field [54,56–59] is achieved
by {ξ = 1, ε �= 0}. For this configuration we set ε to the
ratio εopt ≈ 0.5031, where a quasilinear polarization for an
11-cycle pulse is achieved [53–55]. An elliptically polarized

field can be constructed by setting ε = 0, where the special
case of a circularly polarized (CP) field is realized by ξ = 1.
In contrast, with ξ = 0 we select a linearly polarized two-
color (LPTC) light field with ratio ε. We use ε = 0.2 for all
calculations with LPTC fields. When both parameters ε and
ξ are set to zero, a pure linearly polarized (LP) single-color
field is found. Unless stated otherwise, we use the envelope
function f (t ) = cos4( ωt

2N ), with N the number of cycles.
Figure 3 shows three examples of photoelectron momen-

tum distributions (PMDs) obtained by solving the TDSE for
the first excited state of the HeH+ model (see Fig. 2) oriented
along the y axis. Based on the grid approach, we have a limited
resolution in momentum space. Together with densely spaced
above-threshold-ionization rings, this can cause an optical
effect, known as moiré patterns, in the plots. We checked, by
increasing the resolution, that these patterns do not influence
our results. Only for illustration in Fig. 3, but not in the further
analyses, we smoothed the PMDs with a Gaussian filter [70]
to suppress the moiré patterns.

Figure 3(a) shows a PMD for a CP field. The inset in
Fig. 3(a) shows the corresponding electrical field. The distri-
bution follows nicely the negative vector potential (red dotted
line) forming an approximate circle. The deviation from a
perfect circle is caused by the envelope function and it can be
reduced by increasing the duration of the pulse. In addition,
the photoelectron distribution exhibits a modulation, caused
by an orientation-dependent ionization rate, that remains for
longer pulses. A small rotation of the distribution due to
Coulomb effects, known as the attoclock angle [48–50,71], is
present although difficult to notice with bare eyes. In Fig. 3(b)
a PMD for a CRTC field is shown. Due to the three peaks
in the electric field [see the inset in Fig. 3(b)], we also see
three peaks in the PMD positioned along the negative vector
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potential. The right peak, contained in the marked 1/3 area
in Fig. 3(b), corresponds to ionization by the quasilinear peak
when the electric field points in the +y direction. While the
distributions for CP pulses exhibit a small rotation, for CRTC
pulses Coulomb effects cause a vertical shift (attoclock shift)
of the right peak in the +y direction (see [53–55]). The
approximate threefold symmetry of the PMD is maintained
for all molecular orientations, but the relative strengths of
the peaks change. Figure 3(c) gives an example of a PMD
generated by a LPTC field. This PMD is qualitatively similar
to a PMD obtained with a LP pulse, but an asymmetry along
the polarization direction (y direction) emerges. The inset in
Fig. 3(c) shows the temporal evolution of the LPTC electric
field, showing its asymmetric character.

To analyze the orientation dependence of the ionization
process, we resort to two different approaches: the multishot
scheme (MSS) and the single-shot scheme (SSS).

In the MSS, we repeat the TDSE simulations for varying
molecular orientation but fixed field with its maximal field
strength along the y axis. The orientation angle θ is then
defined as the angle between the molecular axis �R = �r1 − �r2

and the y axis. We start with �R ‖ ŷ corresponding to θ = 0
[H at �r1 = (0, 0.7)T = −�r2] and rotate the molecule counter-
clockwise in discrete steps. The ionization yield is obtained by
integration of specific regions in the obtained PMDs. For LP
and LPTC pulses, we integrate the full PMD to obtain the total
ionization yield for every molecular orientation. For CRTC
fields we integrate only over the main peak in the marked 1/3
area in Fig. 3(b). In this way, we select the electrons ionized
by the quasilinear peak of the electric field in the y direction.
In CP fields we integrate over a 2◦ angular window around
the +x axis. The integration is done by summation of the
numerical values at the grid points inside the window. This
emission direction is chosen because, based on the trajectory
picture for the electron motion after departure from the parent
ion, one can uniquely map the initial time of ionization to the
final electron momentum. When neglecting Coulomb effects
on the trajectory (simple man’s model) in a CP pulse, there is
a 90◦ difference between the direction of the ionizing field and
the final electron emission angle. Thus, for a CP pulse with its
field rotating counterclockwise in the xy plane, final momenta
on the +x axis correspond to ionization when the field points
along the y axis.

In the SSS for CP pulses we utilize the time-momentum
mapping to extract the orientation-dependent ionization rate
from only one measurement, done at the molecular orientation
�R ‖ ŷ. In this case, the negative polar angle in the PMD is
identical to the relative angle between the molecular axis
and the instantaneous electric field at the time of ionization.
To obtain the orientation-dependent ionization rate, we in-
tegrate the PMD within small angular windows of 2◦. For
example, the black lines in Fig. 3(a) indicate the integration
area for the ionization rate at an orientation angle of θ = 60◦
corresponding to an electric field pointing in the direction of
a polar angle of 30◦ [see the inset in Fig. 3(a)]. The SSS is not
directly applicable to LP, LPTC, or CRTC pulses.

To compare the above-described approaches using finite
pulses to a common reference, we calculate ionization rates
by solving the TDSE for a constant electric field. After a
smooth turn on, the field strength is identical to Epeak. We

FIG. 4. Normalized ionization signal obtained from TDSE
solutions starting from ground-state HeH+ for different field con-
figurations (LP, LPTC, and CRTC in the MSS and CP in the SSS)
compared to the exact tunneling rate. All fields have a fundamen-
tal wavelength of λ = 1200 nm, 11 cycles, and peak electric-field
strength Epeak ≈ 0.2033 a.u. The dotted vertical line marks the atto-
clock angle of the CP pulse.

obtain an approximately steady state, which slowly decays.
We fit the time-dependent squared norm to a decaying ex-
ponential function ‖�(t )‖2 ∝ e−�t to obtain the numerically
exact tunneling rate � of the system. This procedure is car-
ried out for different molecular orientations θ and serves as
an idealized reference not available in experiments. In the
following, we refer to these results as exact static, because
they represent the adiabatic limit for long wavelengths elim-
inating the influence of frequency and polarization revealing
the orientation-dependent ionization rate as a property of the
molecule.

All results shown refer to sharp molecular orientation. We
note that any comparison to experiments using prealignment
techniques needs to take into account the experimental distri-
bution of orientation angles.

III. RESULTS

Figure 4 shows the orientation-dependent ionization signal
for different field configurations acting on the ground state
HeH+, shown in Fig. 1, at a Keldysh parameter of γ = 0.34.
All curves are normalized such that the maximum value is 1.
We see three qualitatively different behaviors. First, the exact
tunneling rate shows a symmetric signal becoming maximal
at 180◦ (ionization via the H side) and minimal at 0◦ (via
the He side) with a value of approximately 21% relative to
the maximum. This behavior is very well reproduced by the
ionization yield obtained with the two-color fields (CRTC and
LPTC), which give a minimal value of about 20%. A slightly
different behavior can be seen for the CP pulse. Here we use
the SSS with one PMD obtained for �R ‖ ŷ. A comparison with
the MSS for CP fields is shown later in Fig. 6. Because our
mapping ignores Coulomb effects, we see a small shift of the
curve towards smaller angles so that the maximum is found
around 176◦. This rotation is known as the attoclock angle.
The minimum at a value of approximately 23% is slightly
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FIG. 5. Same as Fig. 4 but for the first excited state of HeH+, a
peak electric-field strength Epeak ≈ 0.0542 a.u., and a fundamental
wavelength of λ = 3000 nm.

too large. This is caused by a slightly smaller electric-field
strength when the field is antiparallel to the molecular axis
(θ = 180◦) compared to θ = 0, due to the envelope of the
pulse. Additionally, convolution of different orientations in
the integration window or a small nonadiabatic effect may
contribute. Finally, as expected, the LP pulse mixes two oppo-
site orientations, which leads to a “wrong” behavior with an
additional maximum at 0◦ and two minima at 90◦ and 270◦.
This also causes a broadening of the main peak at 180◦. The
difference in yield for 0◦ and 180◦ is approximately 6.5%,
caused by the few-cycle nature of the pulse. Longer pulses
lead to a more symmetric signal. Therefore, the pure LP pulses
cannot be used to extract the orientation-dependent tunneling
rate.

The ground state of HeH+ exhibits no nodal lines. Previous
work for O2 [47] showed in the context of the strong-
field approximation that nonadiabatic effects can modify
the orientation-dependent ionization signal from a CP pulse
substantially when nodal planes exist. Motivated by this, we
repeat our simulations with the first excited state of the HeH+

model, shown in Fig. 2. This state shows a nodal line at around
195◦ and 345◦ in the electron density, when the molecule is
aligned with the y axis, �R ‖ ŷ. Aligning the negative electric
field with one of the nodal lines is expected to result in a
strong suppression of ionization. Considering that the first
excited state of the HeH+ ion is antibonding, we notice the
limitations of the used fixed-nuclei approximation and we
emphasize that the excited state of our model system should
be viewed as a demonstration example of orbitals with nodal
structure.

Figure 5 shows the results for the normalized orientation-
dependent ionization signal for the first excited state of HeH+.
We adjust the maximal field strength in this calculation to
the lower value Epeak ≈ 0.0542 a.u. to avoid depletion of the
state. Compared to the calculations for the ground state, a
similar adiabaticity of γ ≈ 0.36 is achieved by increasing the
wavelength to λ = 3000 nm. The exact tunneling rate shows
that the maximal ionization proceeds now over the He side
(θ = 0◦), which is the opposite direction compared to the
ground state. Further, we see two angles (75◦ and 285◦) where

the ionization rate drops under 0.8%, which corresponds to
ionization along the nodes of the state. A smaller second
maximum is found at 180◦ at a value of 24%. The signal is
symmetric.

The two-color fields (CRTC and LPTC) again reproduce
the static rate very well up to an absolute difference of 1.2%.
The LP pulse shows a similar behavior as for the ground-
state calculation and mixes the two opposite angles leading
to wrong results considering the height of the second maxi-
mum as well as the positions and values of the minima. The
orientation-dependent ionization signal obtained after ioniza-
tion with the CP pulse (SSS) reproduces roughly the trend
of the exact tunneling rate, but additionally shows some sig-
nificantly different features. First, we see an approximately
periodic modulation on top of the maximum around 180◦.
The modulation seems to be caused by interference of distinct
contributions originating from different ionization times or
pathways. Second, the signal around 180◦ is too small. This
is caused by the envelope function of the CP pulse. By re-
peating the static simulation with a 4% smaller electric-field
strength, we can reproduce the reduced averaged ionization
signal at 180◦. In other words, the ratio between both maxima
is sensitive to the instantaneous field strength and the field
strength after a half cycle is already too small in an 11-cycle
(110-fs) pulse to achieve a sufficiently constant electric-field
strength for the central cycle. We have performed two addi-
tional simulations to support this idea. On the one hand, we
have used a longer pulse with 15 cycles (150 fs). While the
modulation is approximately unchanged, the ratio between the
signal at 0◦ and 180◦ is in better agreement with the static
tunneling rate. On the other hand, we have used a flat-top
envelope function f (t ) ≡ 1 with a smooth turn on and turn off
within one cycle. In this way, we have several cycles of equal
field strength in all directions. By varying the pulse length,
we see that the modulation appears to vanish and the averaged
signal at 180◦ slowly converges towards the exact tunneling
rate. A third feature visible in Fig. 5 is a slight asymmetry.
This is caused by two independent effects. The curve shows
again a small attoclock angle towards smaller values. Hence,
for orientation angles below 60◦ the yield is smaller than the
exact tunneling rate and it is larger above 300◦. Further, the
positions of both minima are shifted to smaller angles. In
addition, nonadiabatic effects might lead to variations in the
yield and an asymmetry. The left minimum exhibits a slightly
smaller value than the right one. Nevertheless, a fourth and
major drawback of the CP pulse is that both minima drop
only to approximately 5%, not reaching the minimal value of
the exact tunneling rate. This is similar to the observations
in [47].

In Fig. 6 the comparison of the SSS and MSS for CP
pulses is shown. In contrast to the SSS, the field strength
at the time of ionization in the MSS is the same for all
orientation angles. This leads to overall better agreement
with the exact static result. For the ground state, the atto-
clock shift is still present in the MSS, but the level of the
minimum is now more accurate with an absolute difference
of 0.3%. This is even better than the above results with
CRTC and LPTC fields. We expect that optimizing the in-
tegration area in the MSS for CRTC fields might improve
their accuracy too. For the excited state, the above-mentioned
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FIG. 6. Comparison of the normalized ionization signal obtained
from TDSE solutions in the SSS and MSS for CP pules. For orienta-
tion angles below 180◦, we show the ground-state results analogous
to Fig. 4; for angles larger than 180◦, we show the excited-state
results analogous to Fig. 5.

envelope effect is suppressed, but the modulation is still
present. The positions and values of the minima due to
the orbital nodal structure are similar to those obtained in
the SSS.

To investigate the wavelength dependence of the mod-
ulation as well as the nonadiabatic effects, we repeat the
computation with a fundamental wavelength of λ = 2000 nm,
corresponding to a Keldysh parameter of γ ≈ 0.54. Figure 7
shows the comparison of the orientation-dependent ionization
signal of the CP (SSS) and CRTC (MSS) fields for 2000
and 3000 nm together with the exact tunneling rate. Whereas
the signal of the CP pulse at 3000 nm roughly follows the
exact rate, at 2000 nm a huge variation overlays the yield.
We have confirmed that these modulations are also present
in the MSS. When analyzing the individual PMDs of the
MSS for different orientations, we noticed that the modula-
tions are, by and large, rotated together with the molecule
and that the contrast (ratio between maxima and minima)
becomes maximal when �R ‖ ŷ. Neither the position of the
maxima at 0◦ and 180◦ nor the two minima are clearly visible.
Thus, the characteristics of the orbital nodal structure have en-
tirely disappeared. The modulation around 180◦ is enhanced
and extends towards all angles. Furthermore, the frequency
of the modulation has changed. We have checked with in-
termediate wavelengths that the transition from 2000 nm to
3000 nm is smooth, thus excluding a resonance phenomenon.
To extract from this orientation dependence any informa-
tion about the ionized orbital would require a sophisticated
modeling. However, adding a second color, which generates
the CRTC field, the modulation is almost completely sup-
pressed. The orientation-dependent ionization yield for the
CRTC pulse at 2000 nm reproduces the static rate very well
with a maximal absolute difference of 6.5% at 30◦. The
asymmetry becomes less pronounced at longer wavelengths,
indicating a nonadiabatic effect. In none of the calculations
does the total ionization yield exceed 0.1%, i.e., depletion is
avoided.

FIG. 7. Normalized ionization signal obtained from TDSE solu-
tions for the first excited state of HeH+ for CP (SSS) and CRTC
(MSS) fields at two wavelengths, compared to the exact tunneling
rate. A peak electric-field strength Epeak ≈ 0.0542 a.u. is used.

IV. CONCLUSION

We have shown that the orientation-dependent ionization
yield obtained with linearly polarized single-color pulses
cannot be used to measure the exact tunneling rate of an
asymmetric molecule, because two opposite orientations are
mixed. Circularly polarized pulses in the single-shot scheme,
although convenient in experiments, are not ideal to measure
the quasistatic limit either, in particular for an orbital with
nodal structure, because even for quite long wavelengths, in
none of our simulation are the node-induced minima repro-
duced well and interference effects complicate the signal. In
addition, Coulomb effects complicate the analysis for circular
polarization, as the direction of the ionizing electric field must
be mapped to a final momentum. The effect of time-varying
field strength during a short envelope can be eliminated by
the multishot scheme, i.e., by measuring PMDs for many
molecular orientations. We believe that these conclusions hold
qualitatively also for more complex orbitals with nodal struc-
ture, such as π orbitals.

As an alternative to single-color circular polarization,
we have shown that the orientation-dependent ionization
yield using two-color fields is less disturbed by nonadia-
batic effects and agrees better with the exact tunneling rate.
While two-color linearly polarized pulses can be used to
measure the orientation-dependent ionization yield, the coun-
terrotating two-color (bicircular) field can be used to extract
additionally the attoclock shift [55]. This observable can be
measured independently, especially at wavelengths where cir-
cularly polarized fields are difficult to analyze.

Long pulses might also help suppress the envelope ef-
fects, at the cost of extending the timescale of ionization
into the region where nuclear motion becomes relevant
and where postionization alignment may play a role [72],
which could pose a challenge to the analysis of experi-
ments. We have restricted ourselves to relatively short laser
pulses since our model operates under the limitations of the
frozen-nuclei approximation. Future studies could explore
how the benefits of two-color fields persist when averaging
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over the width of nuclear wave packets. However, because
many candidate molecules for such studies, such as the NO
molecule [9,28], consist of nuclei much heavier than those of
HeH+, we believe that nuclear motion may often play a minor
role.
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