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Resonancelike enhancement in high-order above-threshold ionization
of polyatomic molecules
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We investigate the resonance-like enhancement (RLE) in high-order above-threshold ionization (ATI) spectra
of the polyatomic molecules C;H4 and C,Hg. In the spectrum-intensity maps, strong and weak RLE areas emerge
alternatively for both C,H4 and C,Hg but in different sequences. Theoretical calculations using the strong-field
approximation reproduce the experimental observation and analysis shows that the different characteristics of the
two molecules can be attributed to interference effects of molecular orbitals with different symmetries. For C;Hy,
the RLE structures are attributed to C—C centers of the highest occupied molecular orbital (HOMO) orbital. For
C,Hg, in contrast, the C—C centers of the HOMO and HOMO-1 orbitals do not contribute to the RLE due to
destructive interference but the hydrogen centers of the bonding HOMO-1 orbital give rise to the multiple RLE
regions. In addition, clear experimental evidence of the existence of two types of the RLE and their dependence
on the parity of ground state is shown. Our result, which strongly supports the channel-closing mechanism of the
RLE, for the first time reveals the important role of low-lying orbitals and the differing roles of different atomic

centers in the high-order ATI spectrum of molecules.
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Imaging ultrafast atomic and molecular dynamics and
structures has been made possible by advances in the un-
derstanding of the interactions between atoms and molecules
and ultrashort intense laser pulses [1,2]. Novel methods
such as laser-induced electron diffraction (LIED) [3] and
orbital tomography [4-7] have been developed to image
molecular structures on an attosecond timescale and an
angstrom spatial scale. All these methods are built on the
recollision mechanism [8,9], which constitutes the foundation
of our understanding of atomic and molecular dynamics in
intense laser fields. For the high-energy part of the molecular
above-threshold ionization (ATI) spectrum, the structure of
the highest occupied molecular orbital (HOMO) has been
found to play important role [10-12]. However, the low-lying
molecular orbitals, whose importance have been demonstrated
in molecular high-harmonic-generation processes [6,7,13],
still elude observation in the high-order ATI (HATT) spectrum.
On the other hand, although it has been widely accepted that
the recollision picture can explain the overall structure of
the HATI spectrum, an intriguing effect called “resonancelike
enhancement” (RLE) observed in the plateau regime of the
spectrum has been the source of much debate concerning its
underlying mechanism but no consensus has been achieved
so far [14-21]. Groups of HATI peaks (higher than 2U,)
show unusual intensity-dependent enhancement which was
at first identified for noble gas atoms: when the laser peak
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intensity changes only slightly, the magnitudes of HATI peaks,
located at 6U, and 8U,, can exhibit significant enhancement
by up to an order of magnitude [14,15]. Two mechanisms
have been proposed to explain the RLE. In the framework
of the “quantum orbits” theory, the RLE is attributed to
constructive interference of a large number of electronic
trajectories with small momenta when the electrons return to
the ionic core which happens near channel closings [20-22].
It is assumed that the ionization potential of the molecule is
raised in energy with the amount of U,; as U, increases, the
absorption of n photons (photon energy is 1.55 eV in our
case) no longer suffices for ionization and n + 1 photons are
required; in other words, the n-photon channel is closed, the
so-called channel closing. In the Freeman resonance picture,
the RLE structures originate from multiphoton resonance with
intensity-dependent excited bound states [17-19]. Recently,
the RLE structures were also experimentally observed for
molecules [23,24]. Analysis indicates that the mechanism
favors the channel-closing perspective [24].

We report on the experimental observation of the RLE
structure for the two hydrocarbons C,Hy and C,Hg by measur-
ing the HATT photoelectron spectrum. Both C,Hy and C,Hg
show more than one intensity-dependent RLE modulations.
The magnitudes of different RLE modulations differ greatly
and the weak and strong RLE modulations emerge alternately
with different sequences in the two molecules. These results
can be well reproduced and understood by our theoretical
calculations.

In our experiment, we used a linear time-of-flight (TOF)
(264 mm) spectrometer with a small detection solid angle
(~0.0014 x 4 sr) to detect electrons. Intense 800 nm, 100 fs
laser pulses (repetition rate of 1 kHz) from an amplified
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FIG. 1. The measured ATI spectra of C;H4 and C,Hg covering a
wide intensity range. The horizontal axis reflects the laser intensity
and the vertical axis gives the kinetic energy of ATI electrons. The
false-color scale reflects the ionization yields. The bright yellow
horizontal lines indicate the RLE structures (marked by arrows), as
discussed in the text.

Ti:sapphire laser system were used to ionize the molecules.
The laser beam was focused by an f = 100 mm mirror to
an effusively introduced C,;Hs and C,Hg gas in a vacuum
chamber. To estimate the peak intensity of the laser pulse,
we used the well-known 10U, cutoff in the HATI spectra
of Xe [25]. Further details of the experimental setup and
procedure are given elsewhere [26,27].

Figure 1 depicts the measured ATI spectra of C;Hy and
C,Hg evolving as functions of the laser intensity. To construct
the two-dimensional image of Fig. 1, the ATI spectrum was
normalized at each laser intensity to clearly emphasize the
overall evolution of the spectra with the laser intensity. The
energy range (10U, cutoff) extended nearly linearly with
increasing laser intensity for both molecules, indicating that
the laser intensity is well below saturation. Directly ionized
electrons (lower than 2U,,) are omitted here and only high-
energy electrons in the plateau region are shown. Both C,Hy
and C,Hg show multiple RLE features in different energy
regions with increasing laser intensity. For C,Hy, the bright
yellow horizontal lines between 20-30 eV indicate that the
RLE appears around 40 TW /cm?. As can be clearly seen
in Fig. 2(a), nearly a one-order-of-magnitude enhancement is
observed at 44 TW /cm? and then the ATI peaks are suppressed
at higher intensity, e.g., 55 TW/cm?. As the laser intensity
increases, another weaker RLE modulation appears around
70 TW /cm?, as can also be seen in Fig. 2(b). For C,Hs, at
least three RLE modulations can be seen in Fig. 1(b). Similar
to C,Hy, the weak and strong RLEs appear alternately. The
first RLE at 33 TW/cm? is weak whereas the second one at
55 TW /cm? is very strong [see Figs. 2(c) and 2(d)].

Why do two polyatomic molecules show different types
of RLE structure? As mentioned before, the mechanism
responsible for the RLE is still uncertain. For atoms, both
numerical solutions of the time-dependent Schrodinger equa-
tion [17-19] and strong-field approximation (SFA) [20-22]
can reproduce the experimental observation. Thus far for
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FIG. 2. The experimental electron kinetic energy spectra of C,Hy
[panels (a) and (b)] and C,Hg [panels (c) and (d)]. Only the plateau
regions are shown for comparison of different types of RLE. The
numbers given in the legends are peak laser intensities with units
of TW /cm?.

molecules, only the SFA has been adopted and succeeded
in explaining the appearance and absence of the RLE in N;
and O, molecules [24]. To explore the underlying physics, we
employ here the SFA theory [28] to simulate the ATT spectrum.

The transition amplitude is (atomic units m = h=e =1
are used)

Mp — Mgir 4 er)esc’ (1)

where
M = —i/ dt' (Y@ |r - E(@)|o(t')) 2)

is the amplitude for the direct electrons, and

er)esc 2_/;00 dl[ dt//d3k(wlgv)(t)|V|w]((V)(t)>

x (@] - E@Igo(") ©

describes the rescattering process. Here [y(¢)) is the ground
state, |1ﬂl(,v)(t)) is the Volkov state with asymptotic momentum
p, and V denotes the binding potential.

The molecular initial state |1((¢)), within the fixed-nuclei
approximation, can be written as a linear combination of
atomic orbitals (LCAO). Although the polyatomic molecules
we consider here look very complex, they both have inversion
symmetry, so that the orbitals can be characterized as either
g or u symmetry. The C,H4 molecule has D,;, symmetry and
the C,Hg molecule has Ds; symmetry. The resulting LCAO
orbitals can be written as combinations of atomic-orbital
pairs. In each pair, the two centers of the atomic orbitals are
symmetric about the origin just as in a homonuclear diatomic
molecule so that pairs of atomic orbitals form symmetric and
antisymmetric combinations:

Yor) =Y ca[¥ O+ Ra/2) + vy = Re/2)]. (4

a
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TABLE I. The composition of the molecular orbitals.

C2H4 C2H6
HOMO, (Cpr +Cprm) (Cpr — Cprm)
+H+H);+H+H), — 2(H+H);
HOMO, (Cprr — Cpm)
+(H+H)-(H+H),
HOMO-1 (Cpo —Cpo) (Cpo —Cpo) — (H + H),

—H-H); +H-H), —(H +H), — (H +H);

where R, denotes the relative nuclear coordinate, the subscript
a denotes different atom pairs and y can be 1 or —1 depending
on the symmetry. We show the contributions from the different
centers of the molecules to the molecular orbitals in Table I. It is
noted that there are two degenerate HOMOs for C,Hg, which
are distinguished by the subscript. The binding potential in
Eq. (3) has the corresponding form

V) =) Var+Ry/2)+ Var —R./2), (5

where V, denotes the atomic binding potential of the corre-
sponding atom pair.

After substituting the wave function (4) into Egs. (2) and (3)
and employing the dressed modified molecular SFA [28], the
transition amplitudes can be rewritten as

oo
- / di'} - cafyra®R,)

o0 a

x (Y (@)|r - E@H|y @) (6)

and

00 t
My = — / dt / dr’ / ’k
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(N
where
_ J2cos(k-R,/2), y=1
frak.Ry) = {21’ sin(k-R,/2), y=-1 ()
is the interference term between two atomic centers in one
atom pair.

We use the saddle-point method to calculate the integrals
in Egs. (6) and (7), and the amplitudes can be written as

o0
Mgr = —i f dt’ expli Sp(t)]1Vpo )
—00
and
00 t
M = —/ dt/ dt'/d3kexp[iSp(t,l',k)]Vkak"’
—o0 —o0
(10)

with the actions given by

Sp(t') = —% [ de[p + AP + It (11)
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Splt.' k) = — % / drlp + A(DP

- %/ dilk+ AP+ 1,t,  (12)

where [, is the ionization potential of the orbital and A(¢) is
the vector potential. The prefactors in Egs. (9) and (10) are

1
Vo = W Xa:cafy,a(kaka)

x / drexp(—ilk + A -TVOYLO@)  (13)

and
1
= G za: 2cos[(p — k) - R, /2]
X /d3rexp[—i(p —K) - r]V,(r). (14)

For the rescattering amplitude (10), the saddle-point equations
are

[k + AW = -21,, (15)
p+ADP = [k +AM7P, (16)
/tdr[k+A(r)] =0. A7)
v
Then the amplitudes can be approximated by
My =) ﬁ Voo expliSp(tD]l - (18)
and
er’esc — Z(zn i)5/2 Vpk.,- Vi,
x expli Sp(ts.1,. k)], (19)

where the index s runs over the relevant saddle points.

For some molecules, not only the HOMOs but also
the lower-lying orbitals can substantially contribute to the
ionization process. So in our calculations, both the HOMO
and HOMO-1 orbitals are included. In Table II, we show the
ionization potentials of different orbitals. The difference of
ionization potential between HOMO and HOMO-1 for C,Hy
is 2 eV, indicating a dominant contribution of HOMO to the
ionization of C,Hy. Actually, according to our calculation,
the transition amplitude of HOMO-1 is at least two orders

TABLE II. The ionization potentials and symmetries of the
molecular orbitals.

I, (eV) C,Hy C,Hg
HOMO 10.5b3, 11.5¢,
HOMO-1 12.5b3, 12.1a;,
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FIG. 3. The simulated ATI spectra of C,H, and C,Hg.

of magnitude smaller than that of HOMO for C,H4. For
C,Hg, on the other hand, the difference is only 0.6 eV, and
the contributions become comparable between HOMO-1 and
HOMO.

The simulated spectra of C,Hs and C,Hg are shown in
Figs. 3 and 4. Generally, the calculation reproduces most of
the features in the measurement in Figs. 1 and 2: two RLEs
regions appear at around 60 and 85 TW/cm?, respectively,
in C;H4, whereas at least three RLE areas appear at around
35, 60, and 85 TW /cm?, respectively, in C;Hg. As shown in
Fig. 3, the strong and weak RLEs also emerge alternatively but
with different orders for the two molecules. For C,H, the first
RLE is very strong and the second is weak, while for C,Hg the
second RLE is strong and the other two are weak (see Fig. 4).

Clearly, the different RLE structures of the two molecules
can be attributed to their different orbital structures. For C,Hy4,
due to the dominant contribution of the HOMO of which the
wave function contains only C & contributions, it is very clear

Counts [arb.units]

Kinetic energy (eV)

FIG. 4. The simulated electron kinetic energy spectra of C,Hy
[panels (a) and (b)] and C,Hg [panels (c) and (d)].
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FIG. 5. The simulated ATI spectra corresponding to different
occupied orbitals of C;Hg: HOMO; in the first row and HOMO-1
in the second row. The spectra corresponding to C and H components
in each orbital are also shown in the second and third columns,
respectively.

that the RLE structure of C,Hy comes from C centers in the
HOMO. For C,;Hg, the situation is much more complex. Both
HOMOs and HOMO-1 contribute significantly and both C and
H atomic functions are included in the wave function of all
orbitals. Owing to the LCAO approximation, we can separate
the contribution of different components of the wave function.
In Fig. 5 we show the individual ATI spectra of HOMO
and HOMO-1 of C,Hg, and also the spectra corresponding
to different components which are obtained by performing
calculations with only C or H atomic orbitals included. It is
noted that, although here we only show the spectra for one
of the degenerate HOMOs, the spectra of the other one are
similar. As can be seen in Fig. 5, the RLE structure of C,Hg
comes only from H components of HOMO-1, while C in all
orbitals and H in HOMO show no RLE structure.

The appearance or absence of the RLE structure for
different orbitals and cores is ascribed to the wave func-
tions. In the view of “quantum orbits,” the RLE structures
originate from constructive interference of large number of
multiple-return orbits. Compared to atoms, the HATT transition
amplitude M [Eq. (7)] of molecule contains the additional
interference factor cos(k - Ry /2) orsin(k - Ry/2) depending on
orbital symmetry [28]. Generally, electrons in multiple-return
trajectories return to the core near extrema of the electric field,
the intermediate momentum k is close to zero. So for the
orbital with y = —1 in Eq. (4), the above interference factor
sin(k - Ry/2) is close to zero and there will be a suppressing
effect on the RLE structure. While for the orbital withy = —1,
the interference factor cos(k - Ry /2) is approximately equal to
one and the RLE structure will survive [24]. The results in
Figs. 3 and 5 can be understood based on the above mechanism.
For the HOMO of C,Hy4 which is dominant, the sign in Eq. (4)
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for the p functions on the two C centers is “+,” as shown in
Table I, so the RLE structure is apparently visible. But for
C,Hg, the signs of the linear combinations of the p orbitals
on the C centers in both the HOMO and HOMO-1 orbitals
are “—,” while the corresponding signs in all H components
are “4.” So the RLE structure is absent in the spectra of C
cores but should be visible for H cores in all orbitals of C,Hg.
However, spectrum of the H components in HOMO, as well as
in HOMO, (not shown here), of C,;Hg shows no RLE structure.
This can be attributed to the fact that these two orbitals have
e, symmetry so that, as shown in Table I, the signs in front of
the pairs of H are opposite, hence their corresponding terms
in the HATT transition amplitude M [Eq. (3)] will cancel
each other out. It is noted that this occurs exactly only when
the values of interference factor corresponding to the H pairs
are the same, which is only satisfied when the intermediate
momentum k = 0. For nonzero k, the factors usually are not
the same since the coordinates Ry for the two pairs of H are
different; however, they still cancel each other largely since,
as mentioned before, the intermediate momentum is close to
zero. The situation of HOMO, is similar but, for HOMO-1,
the RLE structure survives since the signs of the three pairs of
H are all the same.

According to Ref. [29], for atoms there are two different
types of RLEs with different intensity dependence. The
intensity dependence of the first type is comparatively smooth
while that of the second type is extremely sharp. Moreover,
the two types of RLEs appear alternatively, which depends
on the angular momentum of the initial state. For s states
(I = 0), the sharp RLE appears at an intensity corresponding
to channel closing of even absorbed photon number while
for p states (I = 1), it occurs at channel closing of odd
absorbed photon number. The above theory for atoms is also
applicable for molecules considered here since the molecules’
orbitals are constructed based on atomic orbitals. If we only
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pay attention to the orbitals contributing to the RLEs, it is
clear that the p state is dominant in the wave function of
the C cores in the b3, HOMO of C,Hy while there is only
s state components included in the wave function of the H
cores in the a;, HOMO-1 of C,Hg. Although for both of
C,H4 and C,Hg, the photon number for channel closing of
the first (second) RLEs is n =9 (n = 10), they belong to
different types of RLEs due to different parity of the atomic
orbitals included in the ground state. This explain why the
two molecules show different sequences of strong and weak
RLEs.

In conclusion, we study the resonance-like enhancement
effect in strong-field ionization of polyatomic molecular. We
found that, for C;H4, C—C cores in the HOMO orbital are
responsible for the RLE structures, while for C,Hg, they do
not contribute to RLE due to destructive interference but the
hydrogen cores of the bonding HOMO-1 orbital give rise
to the multiple RLEs. Moreover, our work provides clear
experimental evidence of the existence of two types of the
RLE and their dependence on the parity of the ground state.
Our results, which can be considered as strong support for the
channel-closing mechanism of the RLE, reveals the important
role of low-lying orbitals in the RLE and different nuclei play
different roles in the HATI of molecules. This work sheds
important new light onto laser-assisted ultrafast imaging of
molecules.
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