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Molecular Recollision Interferometry in High Harmonic Generation
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We use extreme-ultraviolet interferometry to measure the phase of high-order harmonic generation
from transiently aligned CO, molecules. We unambiguously observe a reversal in phase of the high-order
harmonic emission for higher harmonic orders with a sufficient degree of alignment. This results from
molecular-scale quantum interferences between the molecular electronic wave function and the recollid-
ing electron as it recombines with the molecule, and is consistent with a two-center model. Furthermore,
using the combined harmonic intensity and phase information, we extract accurate information on the
dispersion relation of the returning electron wave packet as a function of harmonic order. This analysis
shows evidence of the effect of the molecular potential on the recolliding electron wave.
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There has been considerable recent interest in using high
harmonic generation (HHG) to probe the structure and
dynamics of molecules [1-7]. In typical experiments, a
pump pulse is used to excite a rotational wave packet in a
molecular sample through an impulsive Raman process. At
certain time delays after the pump, the excited wave packet
will rephase to form a revival [8,9]. A delayed strong laser
pulse can then generate high-order harmonics whose in-
tensity varies with the changing alignment distribution of
the molecules. In the three-step model of HHG [10], the
electric field of a focused laser ionizes an electron from the
highest occupied molecular orbital (HOMO) of a mole-
cule. This electron is then accelerated by the electric field
of the laser. If it returns to the vicinity of the parent ion, a
high-energy recollision event occurs, and the electron can
recombine into the HOMO. This continuum-bound transi-
tion converts the kinetic energy of the electron into an
extreme ultraviolet (EUV) photon; information about the
molecular structure is encoded in the orientation depen-
dence of the HHG intensity. The shape and symmetry of
the HOMO can result in multicenter quantum interferences
as the electron recombines. This is in exact analogy to the
same effects long-recognized in the context of EUV photo-
electron spectroscopy of molecules [11], since recombina-
tion in HHG is the process inverse to photoionization.

Lein et al. theoretically investigated quantum interfer-
ences in HHG from hydrogen molecules by solving the
time dependent Schrodinger equation (TDSE) [12,13]. A
spectral minimum was found both in the harmonic spec-
trum for a fixed orientation, and in the angular dependence
of the harmonic intensity for given harmonic order.
Furthermore, this work predicted a sudden phase jump at
the spectral minimum, where the phase of the electric field
of the high harmonic emission reverses. These results can
be understood as interference of harmonic emission from
two spatially separated regions in a molecule.

In past work, Kanai ef al. and Vozzi et al. attributed the
observed alignment dependence of the harmonic emission
from CO, molecules to quantum interference [3,14]. How-
ever, the harmonic orders most strongly modulated by

0031-9007/08/100(7)/073902(4)

073902-1

PACS numbers: 42.65.Ky, 42.65.Re

alignment differed in the two experiments (the 27th vs
the 33rd orders, respectively). Furthermore, the authors
found that different relationships between the harmonic
photon energy and the recolliding electron kinetic energy,
Ey=nho or Ex=nhw —1,, best fit their experimental
data, where nhw is the harmonic energy and /7, is the mo-
lecular ionization potential. These two different relation-
ships correspond to slightly different physical pictures—
the latter corresponds to the case where the recolliding
electron interacts with the HOMO and generates emission
when it returns to the edge of the molecular potential,
while the former implies that HHG occurs when the elec-
tron returns to the ‘“‘bottom™ of the molecular potential,
and is thus accelerated by the Coulomb field of the mole-
cule ion. Other than interference, ground state depletion
was also proposed as a possible mechanism for the ob-
served modulations [15]. Therefore more accurate mea-
surements of both the phase and intensity of HHG from
aligned molecules are important, both to confirm conclu-
sively that quantum interferences do exist in molecular
HHG, and to provide insight on distortion of the recolliding
wave function by the Coulomb potential of the ionized
molecule. Measurement of the phase of the high harmonic
emission is also critical for new approaches to molecular
imaging [1]. While past experiments [16,17] provided
some evidence for phase jumps in HHG, they were incon-
clusive in making accurate comparisons with the two-
center model.

In this work we present the first direct and accurate
measurement of the phase of harmonic emission from
molecules. We directly confirm that a two-center interfer-
ence in the CO, HHG emission induces a minimum at
certain angular distributions, with a corresponding phase
shift of 77. We fit the harmonic emission as a function of
time within a rotational revival to the two-center interfer-
ence model convolved with the rotational distribution,
which allows us to extract the ratio of the two-center
separation in the molecule to the returning electron wave-
length as a function of harmonic order. The data show that
the contribution from the molecular potential on the elec-
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tron kinetic energy varies with harmonic order, and as a
result, the relationship between the harmonic energy and
the recolliding electron kinetic energy also changes. These
results have important implications for efforts to extract
molecular structure from measurements of the harmonic
emission from molecules, and can be used to benchmark
realistic theories of molecules in strong fields.

CO, is an excellent candidate for studying harmonic
phase effects because it is highly polarizable (easy to
align), and the HOMO has a “two-center’’ character simi-
lar to H,, but antisymmetric rather than symmetric. It can
be written approximately as a linear combination of spa-
tially translated atomic oxygen p orbitals [¢,(r—R/2) —
¢,(r+R/2)]/ V2, where R is the distance between the two
oxygen atoms in the molecule. The recombination matrix
element thus has the form D(6) = (¢’ T|O| D)= —/2i X
sin(kRcosf/2) [e”*TO¢(r)dr [7,13], where O is the mo-
mentum operator and € is the angle between the molecular
axis and the laser polarization. The wavelength of the
returning electron wave can be calculated from A =
h/\2mE, where m is the electron mass and E; is the
kinetic energy of the electron. The condition for the inter-
ference minimum is R cosf,. = A, which is a condition that
is satisfied within the harmonic spectral range that is
experimentally accessible. For a harmonic of wavelength
A, the sign of the recombination matrix element D(6)
reverses for angle below and above 6.. However, the
harmonic emission from a molecular sample must be aver-
aged over the angular distribution of the rotational wave
packet at the time of emission: [§ p(6, )D(0)d6 [18],
where p(6, 1) is the time dependent angular distribution
after integration over the azimuthal angle and including the
sind weight factor. With a sufficiently strong rotational
alignment in the molecular sample, the phase of the total
harmonic emission can be reversed compared with that
from a randomly oriented distribution.

Although double-focus interferometric geometry has
been used before to measure the coherence of HHG and
the atomic dipole phase of HHG [19,20], here we use a new
geometry that is both exceedingly stable and simple to
implement. Beam path-length stability is especially critical
for interferometric measurements due to the short wave-
length of the harmonic light. We use two glass plates tilted
at slight angles, and partially inserted into the focusing
laser beam (2—-3 cm after a lens of 30 cm focal length), to
split the focus into two elliptical focal spots with diameters
(full width at half maximum) of ~80 wm, as shown in
Fig. 1. The transverse distances between the two foci and
the exit of a continuous gas jet with 150 um diameter are
110 and 240 pm respectively. The stagnation pressure of
the gas is 700 Torr. The duration of the harmonic-
generating pulse is 25 fs, with 550 uJ of energy in each
focal spot, corresponding to a focal intensity of about
2.5 X 10'* W/cm?. To select harmonics originating from
the short trajectories, the focal positions of both foci are
slightly before the gas jet. The harmonics from these two
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FIG. 1 (color online). Schematic setup for directly measuring
the intensity and phase of high harmonic emission from mole-
cules. HHG from aligned and randomly oriented molecules from
two different regions interfere in the far field.

regions emerge and interfere in the far field. Slight adjust-
ment of the angles of the two plates can change the distance
between the two foci, and the relative angle between them
can change the time delay. A second beam with the same
polarization and containing 320 uJ of energy in 120 fs is
focused noncollinearly (crossing angle <2 deg) into the
molecular gas at the position of one focus, at an estimated
intensity of 4-6 X 10'> W/cm?, to create a transient mo-
lecular alignment. By blocking the high harmonic gen-
eration laser pulse in the unaligned region, we can charac-
terize the harmonic emission from the aligned molecules.
A flat-field cylindrical focus grating spectrometer dis-
persed the harmonic spectrum and imaged the harmonic in
one dimension onto an EUV CCD. Stable EUV interfer-
ence fringes were observed for harmonic orders up to or-
der 33, since the divergence of the HHG emission from the
two regions causes a spatial overlap on the CCD in the non-
imaging direction. The HHG from the unaligned focus
serves as a constant phase reference. Any fringe shift ob-
served will arise from a phase change of HHG from the
aligned molecules. Above order 33, the divergence and in-
tensity of the beams is too small in our geometry to observe
fringes. A similar setup was also reported recently [21].

Figure 2(a) shows the net harmonic intensity for orders
21-47 as a function of time delay between the alignment
and harmonic generation pulses through the 3/4 revival,
where the molecules can be most strongly aligned. These
data exhibit a very different behavior for harmonics above
and below the 29th. To see this more clearly, lineouts of
different harmonics are shown in Figs. 2(c)—2(e). Below
order 29, the intensity follows an inverse of the ensemble
averaged alignment parameter {cos’f) [shown in
Fig. 2(b)]; i.e., HHG emission is minimum when the
molecule is aligned parallel to the laser polarization. In
contrast, for harmonics >29, the yield first goes through a
minimum, and then increases for a short time when the
molecules are best aligned. Stronger molecular alignment
in our sample, as well as improved signal-to-noise ratio in
the detection of the harmonics, allowed us to observe this
anomalous peak which has not been reported previously.
This feature is strongly suggestive of a phase shift due to
quantum interferences.

To confirm that quantum interferences are the origin of
the additional central peak in HHG from aligned mole-
cules, we directly measure the relative phase between the
HHG from aligned and isotropic molecules as a function of
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FIG. 2 (color online). (a) Experimentally measured intensity
(from the aligned molecular sample only) for harmonic orders
21-47 as a function of time-delay between the aligning laser
pulse and harmonic-generating pulse within the 3/4 revival.
Time zero is shifted to the center of this revival for convenience.
(b) Predicted (cos?6) alignment assuming a rotational tempera-
ture of 105 K. The inset plots the angular distribution at three
selected times within the revival, color coded to indicate the
corresponding time on the (cos?§) graph. Here, 0° corresponds
to alignment along the laser polarization, while 90° corresponds
to “antialignment’ (i.e., perpendicular to the laser polarization).
The critical angle of 34° for harmonic order 33 is also labeled.
(c)—(e) Lineout of harmonic orders 23, 27, 33, 37, 39, and 41 that
exhibit different substructure in the harmonic emission at opti-
mal alignment. The dashed line shows a least-square fit to Eq. (1)
for harmonic orders 23, 33, and 39.

time using the setup shown in Fig. 1. Figures 3(a) and 3(c)
plot the observed interference pattern for orders 27 and 33.
For order 33, a fringe shift can clearly be observed when
the molecules are strongly aligned. No such shift is ob-
served for order 27. The time window for this phase shift
exactly matches the duration of the anomalous peak seen in
the intensity of order 33 as a function of alignment
[Fig. 2(d)]. To determine the magnitude of the phase shift
between harmonic emission from the aligned and ran-
domly oriented molecules, we integrate the interferences
fringes between —100 fs and 100 fs. We then compare this
with the integrated fringes outside this temporal window,
where there is no strong alignment. The results are shown
in Fig. 3(b) and 3(d). We use a sine function added to a
slowly varying polynomial background to fit the data. We
retrieve a phase difference of 3.4 = 0.3 radians for order
33, and 0.035 = 0.5 radians for order 27.

The inset of Fig. 2(b) shows the predicted angular dis-
tribution at three different times in the 3/4 revival, to
illustrate the effect of angular averaging. As explained
above, the critical angle 6, corresponds to that angle where
the phase of the harmonic emission changes. At maximum
alignment (red curve), most of the distribution is on one
side of 0. = 34° for order 33. At the other two time delays
(blue and black curve), the net harmonic signal will have
opposite phase since most of that distribution lies on the
other side of 6. Therefore, a phase shift of 7 is expected in
the interference pattern during the revival, in agreement
with our data. In contrast, for harmonics <29 the critical
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FIG. 3 (color online). (a),(c) Interference pattern as a function
of time within the 3/4 revival for harmonic orders 27 (a) and 33
(c). (b) Intensity-scaled integrated fringes for the 27th harmonic
in the —100 fs to 100 fs interval (red squares), along with least-
square fit (red solid line). Integrated fringes outside this temporal
window are also shown (black circles) as well as a least-square
fit (black solid line). (d) Same as (b), but for the 33rd harmonic.

angle is smaller, and therefore the phase of the harmonic
emission does not change during the revival. Putting this
result into the context, in Refs. [14,15] the authors con-
volved the two-center harmonic intensity modulation with
the angular distribution without accounting for the coher-
ent nature of HHG generation. Our work shows clearly that
the harmonic emission adds coherently. Other recent work
[6] has also found that to reproduce experimental data, a
coherent sum of HHG emission is required to model har-
monics from aligned molecules.

From our measurements of the harmonic intensity and
phase, we accurately identify the spectral position of the
interference minimum and corresponding phase shift in
harmonic emission, which qualitatively agree with the
two-center interference model. To further test the validity
of this model, we fit the measured harmonic intensities for
times around the 3/4 revival using the expression

HHG (1) =

fp(@, 1A sin(7rR cosf/A)d6 2+C. (1

In Eq. (1), the sin(77R cosf/A) term is the modulation due
to two-center interference. A is a scaling factor, while C
accounts for any noncoherent part in the detected signal.
Since we do not have very accurate independent measures
of the rotational temperature and the pump laser intensity,
we calculate the angular distribution p(6, t) for different
rotational temperatures (75, 85, 95, and 105 K) and pump
intensities (4.0, 4.5, 5.0, 5.5, and 6.0 X 10'3 W/cm?) by
numerically solving the TDSE following the procedure of
[8]. These values are within our experimental estimates.
We performed the least-square fit with fitting parameters A,
B (=R/A), and C, using each one of these angular densities
for all harmonic orders, and finally we sum the squares of
the residuals to determine the goodness of each fit. The best
overall fit for all harmonic orders was obtained using a ro-
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FIG. 4 (color online). Extracted value of R/A versus harmonic
order from the fits shown in Figs. 2(c)—2(e) (blue squares with
error bar). The calculated value of R/A is also shown for two
different dispersion relationships and internuclear separations:
E, = nho — I, and R = 2.32 A (black solid line), R = 2.45 A
(black dashed line); £, = nhw and R = 2.32 A (red solid line),
R = 2.45 A (red dashed line).

tational temperature of 105 K, and a pump laser intensity of
5.5 X 1013 W/cm?. Least squares fits to Eq. (1) for three
representative harmonics—orders 23, 33, and 39—are
shown in Figs. 2(c)-2(e). The excellent agreement be-
tween the fits and the experimental data provides compel-
ling evidence that the primary features in the angular
modulation of HHG emission intensity and phase from
CO, result from quantum interferences in the recombina-
tion process [1].

Since the interatomic separation R should be indepen-
dent of the harmonic order, we can use R as a “ruler” by
which to measure the wavelength A of the recolliding
electron [14]. Figure 4 plots the extracted value of B =
R/A with the error bar determined by 95% confidence
interval, together with the theoretically predicted curves
for R = 2.32 A and two different dispersion relationships:
Ey = nhw — 81, (6 =0 or 1). Our experimental data
show that the ratio R/ does not follow a relationship
corresponding to a fixed value of &, but rather that 6 is
near 0 for low order harmonics, and increases for higher
orders. The effect of the Coulomb potential on the contin-
uum electron is the most probable reason for this behavior.
The molecular potential can further accelerate the return-
ing electron and distort the wave front from that of a plane
wave. To a first approximation, we can consider the
Coulomb effect as a correction to the kinetic energy of
the returning electron plane wave. The equation E, =
nheo — I, gives asymptotic kinetic energy of the electron,
corresponding to some momentum vector k. Further accel-
eration of the electron inside the molecular potential will
give an additional momentum shift Ak and a phase shift
AkR. Our data show that this phase shift is small for high-
order harmonic and larger for lower orders. For harmonic
orders below 25, our extracted value of R/A is even larger
than the calculated value using a dispersion relationship

E; = nho, which most likely is due to a breakdown of the
plane wave approximation for low order harmonics. Other
possible explanations include multielectron effects, or field
distortion of the molecular HOMO which might stretch the
effective distance between the centers of electron density.
Two dashed curves calculated using a slightly longer R
(2.45 A) are also shown in Fig. 4 for comparison. The effort
to develop a complete theory of HHG in molecules that
includes multielectron and Coulomb effects will be helpful
to fully understand our data [22,23].

In summary, we present an accurate and unambiguous
measurement of the phase shift of high-order harmonic
emission in molecules for the first time. The data also
allow for a detailed measurement of the dispersion relation
between the wavelength of the recolliding electron and the
harmonic order, and will be very useful to benchmark
complete theories of harmonic emission from molecules.
Future studies can extend this technique to molecules such
as N, that cannot be described as a pure symmetric com-
bination of atomic orbitals [24], where the phase of the
EUYV emission might depend on the molecular orientation
in a more complex way.
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