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Elliptically Polarized High-Order Harmonic Emission from Molecules
in Linearly Polarized Laser Fields
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We perform an accurate polarimetry measurement of high-order harmonic emission from aligned
molecules. We find that harmonic emission from N, can be strongly elliptically polarized even when
driven by linearly polarized laser fields. These data have broad implications for understanding molecules
in strong fields because they cannot be explained by simple theories based on the strong field
approximation and single active electron models. Finally, this work also shows that it is possible to
engineer the polarization properties of harmonic emission by carefully preparing a molecular medium.
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High-order harmonic generation (HHG) results from the
extreme distortion of an electron wave function of an atom
or molecule in the presence of a strong femtosecond laser
field. Using a simple analogy, an atom or molecule driven
by a strong laser field behaves like an antenna—the radi-
ated field will depend on the shape of the antenna, which in
the case of HHG is the shape and orientation of the
molecular orbital [1-7]. In a quantum picture, the HHG
power spectrum is the Fourier transform of the dipole
acceleration [8]. Thus, to accurately describe HHG, a full
time-dependent multielectron wave function (including
outer valence electrons) is required, which is challenging
due to the required computation power.

Fortunately, a simple semiclassical three step model can
be used to understand much of the physics of the HHG
process [9,10]. In the 3-step model, the harmonic power
spectrum generated from aligned molecules can be ex-
pressed as S(w, 0) = N*(0)w*|a[k(w)]d(w, 6)|> [1],
where 6 is the angle between the driving laser polarization
and the molecular axis, N(6) is proportional to the angle-
dependent ionization rate, a[k(w)] is the complex ampli-
tude of the return electron wave packet, and d(w, 8) =
(. = e™r|ih,(r, 0)) is the dipole matrix element be-
tween the recombining plane wave and the ground state
highest occupied molecular orbital (HOMO). However,
two important approximations are usually made in the 3-
step model. First, due to the sequential nature of tunnel
ionization, a single active electron approximation (SAEA)
is used. Multielectron effects such as the indistinguishabil-
ity of electrons and spin statistics are neglected [11]. In
addition, a single ionization channel is assumed, where
only the ground state of the cation is accessed. Second
and more importantly, in the strong field approximation
(SFA), the influence of the Coulomb potential on the
recolliding electron is not considered [12]—in most cases,
an electronic plane wave was used. The limitations of these
approximations are not clear, particularly for molecules
with closely lying cation states or undergoing structural
changes [13]. Such questions have motivated intense theo-
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retical efforts to extend the 3-step model beyond the SFA
and SAEA [11,12,14]. However, the validity of these new
and more sophisticated theories needs to be tested carefully
with experiments.

In principle, the amplitude, phase, and polarization of
the HHG emission can be measured and used to extract the
electronic structure of molecules from the transition di-
pole matrix element. However, until very recently, only
the intensity of high harmonic emission was measured.
Fortunately, new approaches have allowed the phase of
HHG to be determined [7,15]. In this Letter, we perform
a full and accurate polarization measurement of high har-
monic emission from aligned molecules for the first time.
Surprisingly, we find that harmonic emission from N, can
be strongly elliptically polarized even when driven by
linearly polarized laser fields. Our findings differ from
previously published results [16], where only linearly po-
larized harmonic emission was observed, because we
achieve stronger molecular alignment and better signal-
to-noise ratio (1 ~ 2% uncertainty), allowing us to detect
an elliptically polarized HHG emission when molecules
are driven by linearly polarized laser fields. These findings
cannot be explained by a plane wave SFA and will be very
useful to benchmark new and more complete theories of
molecules in strong fields. Moreover, our results present a
straightforward and efficient way to generate circularly
polarized harmonic beams for applications in molecular
and materials science.

The polarization state of harmonic emission from mole-
cules is especially interesting for the following reasons. As
shown in Fig. 1(a), in general, the complex amplitude of
the harmonic field from a molecule has two components,
parallel (y) and perpendicular (x) to the laser polarization,
respectively. (Any component along the laser propaga-
tion direction cannot be phase matched.) E(w,0) =
|Ey(w, §) exp[i®,(w, 0)] and E,(w, ) = |E (w, 0)| X
expliP,(w, #)] depend both on the harmonic frequency
o and angle 6. In theory, both HHG components should
yield the same reconstruction of a molecular orbital [17].
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FIG. 1 (color online). High harmonic generation from aligned
N,. (a) HHG components parallel and perpendicular to the probe
laser polarization can be generated. The angle y is defined by
tan(y) = |E,|/|E,|, where x and y are the lab frame axes.
(b) The orientation angle ¢ of the HHG ellipse is defined as
the angle between the major axis of the ellipse (max. trans-
mission direction through polarizer) and the y axis. The angle y
is defined by tan(y) = &, where ¢ is the ellipticity. ¢ and 6 are
positive for clockwise rotation from the y direction and negative
for counterclockwise rotation.

HHG Ellipse

Moreover, according to the 3-step model, the ratio between
the x and y components can be written as |E.(w, 6)/
E,(w,0)* = |d (o, )/d,(w, 6)|*, which is independent
of the angle-dependent ionization and is directly related
to the transition dipole in these two directions. Finally,
from the polarization properties of the HHG emission
[the orientation angle ¢ and the ellipticity e as defined in
Fig. 1(b)], we can map out the phase difference 6 = &, —
®, between the x and y components. Again, because the
ionization and acceleration steps are common for the two
components, this phase difference is not entangled with the
intrinsic phase accumulated while the electron oscillates in
the continuum. Thus, measuring the polarization properties
of HHG should allow us to study the ionization and re-
combination processes in HHG separately and also enable
critical comparison with theory.

In our experiments, linearly polarized pump and probe
pulses from a Ti: Sapphire amplifier system are focused
(noncollinearly) into a molecular gas. The 120 fs pump
pulse is focused by a 75 cm lens to an intensity of 4 ~ 5 X
103 W/cm?, and is used to create a rotational wave packet
in the molecular sample. The 30 fs probe pulse is focused
using a 40 cm lens to an intensity of 2 X 10'* W/cm? and
generates harmonics from the aligned molecules. Both foci
are positioned =150 pwm from a supersonic gas jet, with a
150 wm orifice diameter and 700 ~ 800 Torr backing
pressure. The rotational temperature of the gas was esti-
mated to be 100 K and {cos?#) is estimated to be 0.65 when
the molecules are aligned. This high degree of alignment
improves the measurement precision compared with past
experiments, allowing us to observe a strong HHG compo-

nent perpendicular to the laser polarization. A computer
controlled half-wave plate in the alignment beam controls
the relative angle 6 between the polarization of the pump
and probe, while a second half-wave plate in the common
path of the pump and probe beams can rotate the polariza-
tion of both beams together.

To measure the polarization of the harmonic emission,
the HHG beam was reflected from two gold mirrors (con-
sisting of a gold layer of 250 nm coated on a superpolished
substrate) at an incident angle of 45°. These mirrors act as
an EUV polarizer, selectively reflecting s polarization. The
HHG beam was spectrally analyzed using an EUV spec-
trometer (containing a grazing-incidence cylindrical gold
mirror and EUV grating) and finally detected using an
EUV CCD camera (Andor). The transmission of the
EUV spectrometer weakly depends on the incident light
polarization. Because of the decreasing reflection effi-
ciency of the gold mirrors at shorter wavelengths, only
harmonics below the 31st are observed. The intensity ex-
tinction ratio e [defined as R ,(w)/R(w), where R, and R;
are the intensity reflectance of the detection system for p-
and s-polarized HHG light, respectively) is carefully mea-
sured using HHG generated from isotropic molecules and
atoms: e monotonically decreases from 0.08 at harmonic
order 13, to 0.005 at harmonic 31. Note that the HHG beam
can be partially polarized due to spatial and temporal
variations in the HHG field [18]. Thus, the extinction ratio
measured could be contaminated by any unpolarized HHG
emission. However, the measured extinction ratio e is
consistent with the calculated value for the gold mirrors
based on optical constants, within an error of 0.015 for all
harmonic orders observed [19]. Thus, we conclude that the
harmonic emission is effectively fully polarized and that
the HHG ellipse parameters (¢ and €) are constant tem-
porally and spatially [18].

If the polarizations of the pump and probe beams are
parallel, the molecular angular distribution is cylindrically
symmetric around the laser polarization. Thus, harmonic
emission is always polarized along the laser polarization
direction. To investigate the polarization of the harmonics
as a function of molecular orientation, we varied the angle
between the aligning pump laser and the HHG-generating
probe pulse (see Fig. 1), while fixing the time delay at a full
revival for N, and a 3/4 revival for CO,, where the
molecules are strongly aligned. When the cylindrical sym-
metry around the probe laser polarization is broken, a com-
ponent of harmonic emission perpendicular to the driving
laser polarization should be observable experimentally.

We first analyze the intensity ratio between the parallel
and perpendicular components of harmonic emission as a
function of angle 6. The ratio between the measured HHG
intensity when the harmonic generating laser is parallel
and perpendicular to the transmission axis (s polarization)
of the EUV polarizer is equal to [e/,(0) + 1,(6)]/[el(6) +
1,(0)], where 1,(6) = |E(6)]> and 1,(6) = |E,(6)]*. Since
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el (6) < 1,(0), subtracting the measured e from this ratio
gives the true intensity ratio between the y and x compo-
nents. The intensity ratios for N, and CO, molecules are
plotted in Figs. 2(a) and 2(b) for different harmonic orders
and relative angles. We obtain a ratio of zero at § = —90°,
0°, and 90°, which confirms the accuracy of our back-
ground subtraction procedure. Comparing the intensity
ratios of the HHG polarization components for N, and
CO, shown in Fig. 2, we can clearly see differences. For
N,, the intensity ratio increases between harmonics 17 and
23, and does not change very much for harmonics above
23. For CO,, however, the ratio decreases between har-
monic orders 15 and 21, but then increases quickly for
harmonic orders above 23. This is because the y compo-
nent from aligned CO, reaches a minimum due to two-
center interference effects between harmonic orders 23 and
27 [7]. The HHG intensities of both the x and y compo-
nents in this region are much smaller for CO, than for N,,
which leads to lower data quality—such as negative values
and asymmetry with respect to 0°.

The polarization properties of the harmonic emission not
only depend on the amplitudes of the x and y components,
but also on their phase difference 6. If 6 is 0 or 77, the HHG
emission will still be linearly polarized, but the nonzero
perpendicular component E, will rotate the HHG polariza-
tion away from the driving laser polarization direction by
an angle given by vy. For other values of ¢ between 0 and 77,
the HHG will be elliptically polarized, and the orientation
angle ¢ will be less than 7. Particularly, for § = 7/2, the
major axis of the HHG ellipse will be in the direction of the
driving laser polarization. To implement a full polarization
characterization, we rotate the relative angle 6 between the
pump and probe from —90° to 90°, in 10° steps. For each
pump-probe angle, we rotate the second wave plate (which
rotates the pump and probe polarizations together) by
360°, in 4° steps. We then fit the polarimetry scan data
using the formula I(a) = acos[2(a — ¢)] + ¢, where «a is
the angle between the polarizer transmission axis and
probe laser polarization. For each polarimetry scan, the
positions of the maximum and minimum intensity [/, (6)
and [,,,(6)] correspond to the orientation angles of the
major and minor axes of the HHG ellipse.
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FIG. 2 (color online). Ratio between the perpendicular (x) and
parallel (y) components of the HHG field 7,(0)/1,(6): (a) for N,
and (b) for CO, molecules.

The extracted orientation angle ¢ of the HHG ellipse for
N, is plotted in Fig. 3(a). For harmonic orders below 19,
the major axis of the HHG ellipse rotates in the same
direction as the molecular axis, while for orders greater
than 19, the major axis rotates in the opposite direction.
The change of orientation angle of the HHG ellipse reaches
20°, indicating that a stronger molecular alignment was
achieved in our sample than was achieved in previous work
[16], where the change in orientation angle was less than
10°.

For elliptically polarized light, the ratio between the
minimum and maximum transmitted intensity of the po-
larimetry scan [,,;,(0)/1,.x(0) is given by [Iinor(6) +
elmajor(e)]/[lmajor(e) + elminor(e)] = Iminor(e)/lmajor(e) +e,
where Ininor and Iy, are the intensity of the minor
and major axis of the HHG ellipse. Therefore, the ellip-
ticity of the harmonic emission, defined as e(w, 0) =

\/Iminor(a), 0)/ Inajor(®, 0), can be extracted from the polar-

imetry measurement. Figure 4(a) plots the extracted ellip-
ticity e for different harmonic orders at orientation angles
6 = 40°, 50°, and 60° for N,. These data show that
harmonics from aligned N, molecules can be strongly
elliptically polarized, with ellipticity up to 0.35 for har-
monic orders near 21. In contrast, for CO, the measured
ellipticity is relatively small (<0.1), only slightly above the
noise. Thus, the perpendicular HHG components of CO,
rotate the predominantly linearly polarized HHG without
introducing significant ellipticity. As shown in Fig. 3(b),
this rotation of the polarization is in the opposite direction
to the rotation of the molecular axis.

We note that the HHG yield is very sensitive to any
ellipticity in the driving laser beam that can be induced by
various optics in the path (e.g., imperfect half-wave plate
or vacuum window) [18]. Experimentally, we minimized
the residual ellipticity by using broad bandwidth wave
plates and thin (I mm), low-stress, glass windows. We
also average two 180° sections of the acquired 360° polar-
imetry scan, which strongly reduces the effect of residual
ellipticity from the imperfect wave plate. Since any resid-
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FIG. 3 (color online). Interpolated map of the orientation angle
¢ in degrees for different harmonic orders and molecular ori-
entations for (a) N, and (b) CO,. The HHG ellipse at § = 50°
for harmonic orders 13-27 is also illustrated. Straight lines
represent the harmonic polarization in CO, since the ellipticity
is small. The uncertainty in this measurement is *=2°.
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FIG. 4 (color online). (a) Ellipticity & for relative angles

between the pump and probe of 6 = 40°, 50°, and 60°, as a

function of harmonic order for N,. (b) Calculated phase differ-

ence 6 between the parallel and perpendicular components of

HHG emission in Nj.

ual driving laser ellipticity will enhance or suppress
Inin/ Imax depending on the sign of alignment angle 6, we
can confirm the fidelity of the data from the small differ-
ence (<0.02 for N,) in the measured I,/ lnac for £6
angles. This difference is significantly smaller than the
experimentally observed change in I,/ I, for most har-
monic orders, and is taken into account when determining
the error bar of & shown in Fig. 4(a). The values of € are
averaged for positive and negative 6 angles to further
reduce errors.

From the measured ellipticity & and orientation angle ¢
of the N, HHG polarization ellipse, we can extract the
phase difference & between the polarization compo-
nents, using the formulae sin(2y) = sin(27y)sin(8) and
tan(2¢) = tan(2y) cos(8) [20]. The extracted value of &
for 6§ = 40°, 50°, and 60° degrees for different harmonic
orders is plotted in Fig. 4(b) for N,. The phase difference is
almost independent of the molecular orientation angle 6,
and gradually increases from 0.27 to 0.87 between har-
monic order 13 and 27. For harmonic order 19, the relative
phase & is nearly 77/2. (Since we do not measure the
handedness of the beam, there is an ambiguity in the sign
of 8.)

As pointed out in [16], for a plane wave recombination
dipole, the phase difference between the y and x compo-
nents of the harmonic emission is either O or 77. Thus, HHG
should be linearly polarized when driven by linearly po-
larized light. Moreover, the position of any phase jump
arising, for example, from a quantum interference effect
should depend on the molecular orientation angle. Using a
recently demonstrated molecular interferometry technique
to measure the phase of the harmonic emission from N,
during a rotational revival with parallel polarized pump
and probe beams, we found that the phase of the harmonic
emission from N, does not depend on orientation of the
molecule, and that there is no angle-dependent intensity
minimum for harmonic orders 19-31. Therefore, the ob-
served significant but smooth variation in phase difference
over 8 harmonic orders cannot be fully explained by as-
suming a plane wave recombination dipole. Our results
possibly indicate a breakdown of the plane wave approxi-

mation, which could result in a phase delay between the
oscillating dipole in the y and x directions. In principle,
both the signature of the HOMO on the ionized electron
wave packet and the influence of the Coulomb potential on
the recolliding electron could generate this phase delay
[21]. The contribution from lower-lying molecular orbitals
is another potential reason for the observed ellipticity [22].
Thus, the observed HHG ellipticity in N, may reflect non-
trivial electronic dynamics.

In summary, we found that elliptically polarized har-
monics can be emitted by N, driven by linearly polarized
laser fields, and that the phase difference between the y
and x components of the HHG field strongly depends
on the harmonic order, but not the molecular orienta-
tion. Thus, although N is a simple diatomic and was used
for molecular tomography experiments, the strong field
approximation and single active electron models cannot
completely describe the behavior of harmonic emission
from Nj.
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