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Resonance-like 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
(ATT) spectra of the polyatomic molecules CoHy and C2oHg. In the spectrum-intensity maps, strong
and weak RLE areas emerge alternatively for both CyHs and C3Hg 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 C2Hy4, the RLE structures
are attributed to C-C centers of the HOMO orbital. For CoHg, 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. Our work,
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.

PACS numbers: 133.80.Rv, 33.80.Wz, 42.50.Hz

Imaging ultra-fast atomic and molecular dynamics
and structures has been made possible by advances in
the understanding of the interactions between atoms
and molecules and ultrashort intense laser pulses [1, 2].
Novel methods such as laser-induced electron diffraction
(LIED) [3], orbital tomography [4-7] have been developed
to image molecular structures on an attosecond time scale
and angstrom spatial scale. All these method are built
upon the recollision mechanism [8, 9], which constitutes
the foundation of our understanding of atomic and molec-
ular dynamics in intense laser fields. For the high-energy
part of the molecular above-threshold ionization (ATI)
spectrum, the structure of the highest occupied molec-
ular 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 process [6, 7], still eludes ob-
servation in the High ATI spectrum. On the other hand,
though it has been widely accepted that the recollision
picture can explain the overall structure of the HATI
spectrum, an intriguing effect called “resonance-like en-
hancement (RLE)” observed in the plateau regime of the
spectrum has been the source of much debate concern-
ing its underlying mechanism but no consensus has been
achieved so far [13-20]. Groups of HATI peaks (higher
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than 2U, ) show unusual intensity-dependent enhance-
ment which was at first identified for noble gas atoms:
when the laser peak intensity changes only slightly, the
magnitudes of HATI peaks, located at 6U, and 8U), can
exhibit significant enhancement by up to an order of mag-
nitude [13, 14]. Two mechanisms have been proposed to
explain the RLE. In the framework of the “quantum or-
bits” theory, the RLE is attributed to constructive inter-
ference of a large number of electronic trajectories with
small momenta when the electrons return to the ionic
core which happens near channel closings [19-21]. In the
Freeman resonance picture, the RLE structures originate
from multiphoton resonance with intensity-dependent ex-
cited bound states [16-18]. Recently, the RLE structures
were also experimentally observed for molecules [22, 23].
Analysis indicates that the mechanism favors the channel
closing perspective [22].

We report on the experimental observation of the RLE
structure for two hydrocarbons, CoHy and CoHg by mea-
suring the HATI photoelectron spectrum. Both CoHy
and CoHg show more than one intensity dependent RLE
modulations. The magnitudes of different RLE modula-
tions differ greatly and the weak and strong RLE modu-
lations emerge alternately with different sequences in the
two molecules. These results are reproduced by theoret-
ical calculations and our analysis suggests that the RLE
modulations of CoHy come from its bonding HOMO or-
bital while for CoHg, the RLEs originate from the con-
structive interference of electrons emitted from the hy-
drogen centers of the HOMO-1 while the carbon centers
in CoHg do not contribute due to destructive interference.
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FIG. 1: (Color online) The measured ATI spectra of CoHy
and CyoHg 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 colour scale reflects
the ionization yields. The bright yellow horizontal lines in-
dicate the RLE structures (marked by arrows)as discussed in
the text.

In our experiment, we used a linear time-of-flight
(TOF) (264 mm) spectrometer with a small detection
solid angle (~ 0.0014 x 4msr) to detect electrons. In-
tense 800 nm 100 fs laser pulse (repetition rate of 1 kHz)
from an amplified Ti: Sapphire laser system was used to
ionize molecules. The laser beam was focused by an f
= 100 mm mirror to an effusively introduced CoH, and
CoHg gas in a vacuum chamber, and a typical working
pressure of 1076-1078 mbar (base pressure is less than
10~ mbar) ensured that space charge effects were of no
consequence in our experiments. Photoelectrons were re-
leased in the filed-free interaction zone and linear polar-
ization was along the TOF axis. The electron signal is
amplified and discriminated by a CFD8 (Roentdek Han-
dels GmbH), then the time and count information of the
electron is stored by a time-to-digital converter. To es-
timate the peak intensity of the laser pulse, we used the
well-known 10 U, cutoff in the HATT spectra of Xe [24].
The electron energy calibration was made with reference
to the multiphoton ionization of Xe atoms in the kinetic
energy region of less than 10 eV, and we estimated that
the error of the energy scale in our data is < 5%. Further
details of the experimental setup and procedure are given
elsewhere [25, 26].

Figigure 1 depicts the measured ATI spectra of CoHy
and CoHg evolving as functions of the laser intensity.
To construct the 2-dimenisonal image of Fig. 1, the
ATT 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 as increasing laser intensity for
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FIG. 2: (Color online) The experimental electron kinetic en-
ergy spectra of C2Hy (panels (a) and (b)) and C2Hg (panels
(c) and (d)). Only the plateau regions are shown for com-
parison of different types of RLE. The numbers given in the
legends are peak laser intensities with units of TW /cm?.

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 Cy;H, and CoHg
show multiple RLE features in different energy regions
with increasing laser intensity. For CoHy, the bright yel-
low 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 enhance-
ment 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 mod-
ulation appears around 70 TW/cm? as can also be seen
in Fig. 2(b). For CoHg, at least three RLE modulations
can be seen in Fig. 1(b). Similar to CoHy, 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 mecha-
nism responsible for the RLE is still uncertain. For
atoms, both numerical solution of the time-dependent
Schrodinger equation [16-18] and strong-field approxima-
tion [19-21] can reproduce the experimental observation.
Thus far for molecules, only the SFA has been adopted
and succeeded in explaining the appearance and absence
of the RLE in N3 and Oz molecules [22]. To explore
the underlying physics, here we employ the SFA the-
ory to simulate the ATI spectrum. Our calculations are
based on the dressed molecular strong-field approxima-
tion (SFA) in length-gauge, and details of the theory are
described elsewhere [27]. In brief, the transition ampli-
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FIG. 3: (Color online) The simulated ATI spectra of CoHy
and CQHG
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FIG. 4: (Color online) The simulated electron kinetic energy
spectra of C2Hy (panels (a) and (b)) and C2Hg (panels (c)
and (d)).

tude is (atomic units m = h = e =1 are used)
My = My 4 Me* (1)

where
M = / T AW (@) e B o)) (@)

is the amplitude for the direct electrons, and

azese — 7/00 dt/t dt’/d3k( () VI e (1) )
x (M) [ BE)| o (t) ) (3)

describes the rescattering process. Here |1 (¢) ) is the
ground state and |¢£)V) (t) ) is the Volkov state with

asymptotic momentum p. The matrix element is calcu-
lated by the saddle-point method. For some molecules,
not only the highest occupied molecular orbitals (HO-
MOs) but also the lower-lying orbitals can substantially
contribute to the ionization process. So in our calcu-
lations, both the HOMO and HOMO-1 orbitals are in-
cluded. In Table I, we show the ionization potentials of
different orbitals. The difference of ionization potential
between HOMO and HOMO-1 for CyHy is 2 eV, indi-
cating a dominant contribution of HOMO to the ion-
ization of CyHy. Actually, according to our calcula-
tion, the transition amplitude of HOMO-1 is at least
two orders of magnitude smaller than that of HOMO
for CoHy. For CyHg, on the other hand, the difference
is only 0.6 eV, and the contributions become compara-
ble between HOMO-1 and HOMO. The molecular ini-
tial state |1 (¢t) ), within the fixed-nuclei approxima-
tion, can be written as a linear combination of atomic
orbitals (LCAQO). Though 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
CyH,; molecule has Ds;, symmetry and the Cy;Hg
molecule has D3; 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 ori-
gin just as in a homonuclear diatomic molecule so
that pairs of atomic orbitals form symmetric and
antisymmetric combinations:

>ea | Wl (r+Ro/2) = v (r—Ro/2) | (4)

where R denotes the relative nuclear coordinate.
‘We show the contributions from the different cen-
ters of the molecules to the molecular orbitals in
Table II. It is noted that there are two degenerate
HOMOs for C;Hg, which are distinguished by the
subscript.

Table I: The ionization potentials and symmetries of the
molecular orbitals.

I,(eV) CoHy CoHs
HOMO  10.5 bs, 15 e,
HOMO-1 12,5 bs, 12.1 arg

Table II: The composition of the molecular orbitals.

CoHy C2Hs
HOMO;: (Cpn+Cpm) (Cpm-Cprr)
+(H+H):+(H+H)2-2(H4+H)s
HOMO; (Cpm-Cprr)
+(H+H)1-(H+H)»
HOMO-1  (Cpo-Cpo) (Cpo-Cpo)

-(H-H)1+(H-H)2 -(H+H):-(H4+H)2-(H+H)3




The simulated spectra of CoHy and Cy;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 TW/cm? and 85
TW /cm?, respectively, in CoHy, whereas at least three
RLEs areas appear at around 35 TW /cm?, 60 TW /cm?,
and 85 TW /cm?, respectively, in CoHg. As shown in Fig.
3, the strong and weak RLEs also emerge alternatively
but with different orders for the two molecules. For CoHy
the first RLE is very strong and the second is weak, while
for C2Hg 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 CoHy, due to the dominant contribution
of the HOMO of which the wave function contains only
C m contributions, it is very clear that the RLE struc-
ture of CoHy comes from C centers in the HOMO. For
CoHg, the situation is much more complex. Both HO-
MOs 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 CyHg, 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 though 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 CoHg 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 struc-
tures originate from constructive interference of large
number of multi-return orbits. Compared to atoms,
the HATI transition amplitude M};**° (Eq. (3)) of
diatomic molecule contains the additional inter-
ference factor cos ( k-Ry/2) or sin (k-Ry/2) cor-
responding to the upper and lower signs in Eq.
(4), respectively[27]. 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 a sign of “—” in Eq.
(4), the above interference factor sin ( k-Rg/2)
is close to zero and there will be a suppressing
effect on the RLE structure. While for the or-
bital with a linear combination with the “+” sign,
the interference factor cos ( k-Rg/2) is approxi-
mately equal to one and the RLE structure will
survive [22]. Due to the symmetry of the polyatomic
molecules considered here, they can be treated as combi-
nation of diatomic molecules as shown in Table II. There-
fore the results in Figs. 3 and 5 can be understood based
on the above mechanism for diatomic molecules. For the
HOMO of C;H, which is dominant, the sign in Eq.
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FIG. 5: (Color online) The simulated ATI spectra correspond-
ing to different occupied orbitals of CoHg: HOMO; in the first
row and HOMO-1 in the second row. The spectra correspond-
ing to C and H components in each orbital are also shown in
the second and third columns respectively.

(4) for the p functions on the two C centers is “+7,
so the RLE structure is apparently visible. But
for CoHg, 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 corre-
sponding signs in all H components are “+”. So
the RLE structure is absent in the spectra of C cores
but should be visible for H cores in all orbitals of CyHg.
However, spectrum of the H components in HOMO;, as
well as in HOMO3 (not shown here), of CoHg shows no
RLE structure. This can be attributed to the fact that
these two orbitals have e, symmetry so that, as shown in
Table II, the signs in front of the pairs of H are opposite,
hence their corresponding terms in the HATI transition
amplitude Mp*¢ (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 mo-
mentum k=0. For non-zero k, the factors usually are not
the same since the coordinates Rq 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. [28], there are two different types
of RLEs with different intensity dependence. The inten-
sity dependence of the first type is comparatively smooth
while that of the second type is extremely sharp. More-



over, the two types of RLEs appear alternatively
and depend strongly on the angular momentum
of the initial state. For even parity states, the sharp
RLE appears at intensity corresponding to channel clos-
ing of even absorbed photon number while for odd parity
states, it occurs at channel closing of odd absorbed pho-
ton number. For CoHy, the b3, HOMO has odd parity.
While for CoHg, both the HOMO and HOMO-1 are even
parity. Though for both of CoH4 and C3Hg, the photon
numbers for channel closing of the first (second) RLEs
are n = 9 (n = 10), they belong to different types of
RLE due to different parity of the ground state. This
explain why the two molecules show different sequences
of strong and weak RLEs.

In conclusion, we study the resonance-like enhance-
ment effect in strong field ionization of polyatomic molec-
ular. We found that for CoHy, C-C cores in HOMO or-
bital are responsible for the RLE structures, while for

CyHg, they do not contribute to RLE due to destruc-
tive interference but the hydrogen cores of the bonding
HOMO-1 orbital give rise to the multiple RLEs. Our
results reveals important role of low-lying orbital in the
RLE and different nuclei play different role in HATT of
molecules. Moreover, our work provides clear experimen-
tal evidence of the existence of two types of the RLE and
their dependence on the parity of ground state. This
work sheds important new light into laser assisted ultra-
fast imaging of molecules.
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