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We measure multi-orbital contributions to high harmonic generation from aligned nitrogen. We
show that the change in revival structure in the cutoff harmonics has a counterpart in the angular
distribution when a lower lying orbital contributes to the harmonic yield. This angular distribution
is directly observed in the lab without any further deconvolution. Because of the high degree of align-
ment we are able to distinguish angular contributions of the HOMO-1 orbital from angle-dependent
spectroscopic features of the HOMO. In particular, we are able to make a direct comparison with
the cross section of the HOMO-1 orbital in the XUV region.

I. INTRODUCTION

Higher-order harmonic generation (HHG)[1-7] has
been shown to be a powerful spectroscopic technique[8—
12].  One benefit of HHG spectroscopy is that it can
provide a coherent, time-dependent picture of molecu-
lar structure[13]. Because of the short driving pulses,
it can be used to study field-free (free of the impulsive
aligning field), fixed-in-space molecules [8, 14] as well as
excited electronic molecular states[15, 16]. In particular,
by using impulsive alignment [17] we are now able to ac-
cess the molecular frame [18-21]. Impulsive alignment is
achieved by creating a superposition of rotational quan-
tum states which produces a time-dependent observable,
revealed as a revival structure. Measurements like ioniza-
tion [22, 23], non-linear optical methods [24, 25] or HHG
[11, 26, 27] are sensitive to this rotational wave packet
and have been extensively used in the past [28, 29]. Fur-
thermore, recent studies have shown that changes in the
revival dynamics can also occur when orbitals of different
symmetry are involved [30-32]. Of particular relevance to
this current article are previous results where the revival
structure changes due to the influence of multiple orbitals
when strong field ionization occurs from orbitals other
than the highest occupied molecular orbital (HOMO).
Multiorbital contributions are more likely when the en-
ergy gap between the HOMO and lower orbitals is small
compared to the ionization potential[30] and can change
with the molecule’s orientation with respect to the ion-
izing field [33]. Since ionization can arise from multiple
orbitals, the time-dependent harmonic signal will change
accordingly [30, 33-36]. In this paper we measure multi-
orbital contributions to the harmonic yield from aligned
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FIG. 1. Experimental setup, see text for details.

Ns. We show that the change in revival structure in the
cutoff harmonics, when contributions from HOMO-1 are
detected, has a counterpart in the angular distribution
of harmonics at the time of maximum alignment. Fur-
thermore, we can clearly distinguish two contributions
to the angle-dependent harmonic yield. These distin-
guishable contributions are from the HOMO-1 orbital
and the angle- and energy-dependent Cooper minimum
of Ny [18]. Finally, our results represent the first direct
comparison of the HHG yield to photoionization cross
section (PICS) for orbitals other than the HOMO.

II. EXPERIMENTAL SETUP

Our experimental setup is shown in Fig. 1. We
use laser pulses from the Kansas Light Source (KLS), a
home-built chirped-pulse-amplification laser with a cen-
tral wavelength of 785 nm. KLS produces 2 mJ of en-
ergy per pulse with a pulse duration of 30 fs full width
half maximum (FWHM) at a repetition rate of 2 kHz.
Pulses are split by a beam splitter into a probe arm
and two pump arms. We use 40% of the 2 mJ for the



probe, while the rest is split again to form two pulses
for double-pulse alignment. In addition, we use a tele-
scope in the pump arm, placed before the second beam
splitter, to control the pump focus in our supersonic gas
jet and to ensure that the pump beam focus is bigger
than the probe focus. In our setup, all three pulses are
non-collinear and thus overlap only at the focus of an
f = 400 mm lens. To overlap all three pulses, we use a
mask with holes for the pumps and a silver mirror that
reflects the probe at 0° (see [18]). All beams in front of
the focusing lens are aligned to be parallel so that they fo-
cus in the same spot. Still, temporal and spatial overlap
is checked with a CCD camera and by monitoring the
second harmonic generation in a non-linear crystal out
of the vacuum chamber. With this optical arrangement
we only probe the central part of our aligned ensemble.
The two pumps travel different path lengths, so that one
pump is delayed with respect to the other by 8.36 ps.
While the first pump induces molecular alignment, the
second pump kicks the molecule at the rising edge of the
full revival due to the first pump and further increases the
degree of alignment[37, 38]. A kHz Even-Lavie valve [39]
produces a rotationally cold (= 30 K) target by super-
sonic expansion of 70 bar of N5 into the vacuum chamber;
the interaction region is ~ 1 mm away from the nozzle.
The degree of alignment is quantified by the expectation
value <cos2 9>, where 6 is the angle between the molecular
axis and laser polarization. By using two pumps and a
cold target, we have demonstrated up to (cos? ) ~ 0.82
for nitrogen [18]. In this manuscript, we present degrees
of alignment of <cos2 9> ~ 0.67.

Harmonics are generated by the probe pulse, which is
delayed with respect to both pumps by an automated de-
lay stage. The entire harmonic spectrum is recorded as a
function of delay between the first pump and probe pulses
and as a function of the angle between pump and probe
polarizations. We report the yield of each harmonic as
the integral of the image in the spectral (horizontal) and
spatial (vertical) direction . Because HHG is a macro-
scopic, coherent process and therefore very sensitive to
the sample density, the laser focus is placed as close as
possible to the nozzle. However, the throat of the conical
nozzle is ~ 6 mm away from the interaction region. This
configuration ensures a cold target that still has sufficient
density for the generation of harmonics. We estimate the
molecular rotational temperature and the pumps’ peak
intensities and pulse durations using the fitting proce-
dure described in [18]. In short, we fit the entire revival
structure using the temperature of the gas ensemble and
the laser parameters as fitting parameters. Following this
method, we estimate the first pump to have an intensity
of 33 TW/cm? and duration of 80 fs with the second one
at 9 TW/cm? and 100 fs FWHM, while the temperature
is estimated to be 30 K.

In this setup, the probe beam is clipped by a 10-mm-
diameter iris before it is focused, and the gas jet is posi-
tioned 4 mm after the probe focus. Under these condi-
tions we see long and short trajectories in the detector,
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FIG. 2. (color online) Raw spectrum in logarithmic scale of
harmonics generated from N2 as a function of the delay be-
tween the first pump and the probe and of the harmonic en-
ergy. The second pump is present at a delay of 8.36 ps respect
to the first pump. Strong features at times of alignment for
all harmonics are visible. However, further features at times
of anti-alignment before the full alignment revival (delay 16
ps) become more visible as the harmonic energy increases.

which are distinguished by their spatial profile. The pulse
duration of the probe was measured to be 33 fs (FWHM
of the intensity), after compensating for all elements in
the optical path. The probe intensity is calculated to be
190 TW/cm? when the beam is clipped by the 10 mm
iris. A full probe pulse (no clip) had a calculated inten-
sity of 360 TW/cm?. We plan to investigate further the
effect of phase matching conditions in the HHG spectra
of aligned Ny in the future.

Generated harmonics pass through a 1-mm-wide slit
and diffract from a grazing-incident grating with a
groove-density of 1200 groves/mm (Shimadzu 30-001).
The frequency resolved harmonics are detected on a
Chevron stack of micro-channel-plates creating electron
avalanches that in turn induce luminescence in a phos-
phor screen (Photonis APD 2 PS 75 mm). Finally, lumi-
nescence is collected by a Hamamatsu ORCA-Flash 2.8
camera, with a bit depth of 12 bits and a resolution of
1920x1440 pixels. Our final observable in all cases is the
spectral and spatial integral of each individual harmonic,
normalized to its isotropic value. The calibration of the
spectrometer is done with emission lines of helium and
neon [40] and also by following the grating equation.
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FIG. 3. (color online) Yield of harmonics H21, H23, H25, H31,
H35 and H39 from N2, normalized to the respective isotropic
values, as a function of the delay between the first pump and
the probe in 20 fs steps (black). In all cases the second pump
is at a delay of 8.36 ps respect to the first pump. Harmonics 21
and 23 show the same behavior as our calculations of <cos4 0>,
depicted in green (top panel). Harmonics 31 and higher, show
a peak at the anti-alignment dip (16.78 ps)in front of the full
revival (17.04 ps). In particular, for harmonic 39 this peak
becomes brighter than the full-revival peak. There are other
smaller features in the delay scan of harmonic 39 that show a
clear departure from the expected <cos4 0>. Also shown is the
fitting using the procedure outlined in [18] (red). The error
bars are the standard deviation from 18 averages, resulting
in a standard error of the mean that is v/18 smaller than the
standard deviation.

III. EXPERIMENTAL RESULTS
A. Time dependence

In Fig. 2 we show a delay dependent harmonic spec-
trum in logarithmic scale. We observe a pronounced
plateau from 30 to 50 eV, with a rapid drop in yield for
cut-off harmonics with energies larger than 55 eV. All
harmonics show the expected full revival at ~8.5 ps after
the pump pulse, and the half and quarter revivals at cor-
responding times. However, in addition to the expected
revival structure, harmonics higher than H29 (45 eV)
show a distinctive peak at 16.78 ps, where the molecules
are anti-aligned. A more detailed time-dependent pic-
ture is shown in Fig. 3 where we show the normalized
H21, H23, H25, H31, H35 and H39 yields as a function of
time in black. Normalization is done with respect to the
isotropic values for each harmonic. The top panel of the
figure shows the theoretically proposed (cos* ) (t) de-
pendence with time for the harmonic yield from aligned
N [41]. All of the displayed scans start at 7.5 ps, just be-
fore the second pump pulse interacts with the molecular
ensemble at 8.36 ps. It should be noted that the vertical
scale for each harmonic is different, as indicated in the
axis legend, and the data points have been joined by lines

to guide the eye. In the experimental analysis we use the
21st harmonic (H21) as a representation of plateau har-
monics. H21 is in the known shape resonance 304, — ko,
of Ny for the HOMO at 30 eV [18, 19]. It shows a (cos* )
behavior, the dominant term in the revival pattern for
the HOMO of Ny according to Refs. [41, 42]. For har-
monic 21, at = 8.68 ps, the peak for prompt alignment
can be seen, with half revivals and full revivals observed
4.5 ps and 8.4 ps later, respectively. H21 also exhibits
quarter revivals present at 10.5 ps (= 2 ps after the sec-
ond pump) and 1/8th revivals, present at ~ 9.6 ps (=
1 ps after the second pump). Such high-order-revivals in
HHG from aligned nitrogen were first proposed in [41],
measured first for other targets in [42] and recently ob-
served by us experimentally in No [18]. The shape of
these high-order-revivals can be explained by the angle-
and energy-dependent (PICS) of the HOMO in Ny. Fi-
nally, by fitting the entire revival structure of H21 to
our TDSE calculation, as described above and in [18], we
estimate the degree of alignment to be <cos2 9> ~ 0.67.

By comparing the experimental yield of each harmonic
with the top panel we can clearly see that harmonics be-
tween 30 and 40 eV exhibit a revival dynamics following
the trends of (cos?§) (t). As we now look into the time-
dependent behavior of spectral components at higher en-
ergies, we can see a strong feature arise at 16.78 ps. As
previously reported for Ny [30], multi-orbital contribu-
tions add additional features to the revival dynamics for
harmonics in the spectral cutoff region. Such changes in
the time-dependent revival structure are due to differ-
ences in the orbital geometry and are also present in our
current data. This is most apparent at the anti-alignment
feature at 16.78 ps where the molecular axis distribution
of the molecule is an oblate structure with the major
axis perpendicular to the polarization of the probe pulse.
For this oblate angular distribution, on average, electron
trajectories perpendicular to the molecular axis will con-
tribute the most to HHG. Because the HOMO orbital
has a node at 90° and thus a reduced ionization rate,
we expect a dip at this particular delay. However, while
we observe a minimum at 16.78 ps for H21, we observe
a local maximum at the 16.78 ps delays for harmonics
higher than H25. We are only able to explain the peak
at 16.78 ps in H25 and higher orders by including con-
tributions to the harmonic yield from electrons emitted
perpendicular to the molecular axis from the HOMO-
1 orbital. The HOMO-1 orbital has a maximum in its
angular distribution perpendicular to the molecular axis
and thus can explain a relative increase in the harmonic
yield when the laser polarization and the molecular axis
are at 90°. HOMO-1 is a m,-orbital and has a node at
0°. Contributions from lower orbitals to HHG are not
limited to small fractions of the overall yield, however.
For example, in harmonic 39 contributions from HOMO-
1 to the revival structure are higher than any of the other
revival peaks. That is, instead of an anti-alignment min-
imum at 16.78 ps, we observe a peak that is higher than
the signal at the full revival at 17.04 ps. Furthermore,



FIG. 4. (color online) Measured harmonic yield of individual
harmonics as a function of angle between pump and probe
at the full revival of 17.04 ps ({cos’f) ~ 0.67). The ex-
perimental data was generated under the same conditions as
presented in Fig. 3. Each harmonic yield is normalized to
its corresponding isotropic value for an unaligned molecular
ensemble. The red circles represent radial values of 1 and 3
units.

we can see a trace of HOMO-1 also in the anti-alignment
dip after the half revival at 12.86 ps and at the anti-
alignment dip of the quarter revival at 10.6 ps. Finally,
we see a more complex behavior between quarter revivals
(the signal level is well above the noise level of our detec-
tor). More specifically, for harmonic orders beyond 31,
the 1/8th revivals at 9.6 ps and 13.6 ps have an oppo-
site behavior compared to H21. To our knowledge this is
the first measurement that shows the influence of lower
orbitals on high-order-revivals in high-order harmonics.

B. Angle dependence

To further investigate the contribution from HOMO-1
to the HHG process, and the interplay between angular
distributions and revival structure, we measure harmonic
yields as a function of the angle between pump and probe
polarizations at the full revival of alignment after the sec-
ond pump pulse. This corresponds to a maximum in the

total harmonic yield at 17.04 ps. At this time, molecules
are preferentially aligned parallel to the polarization of
the harmonic generating pulse when the pump and probe
polarizations are parallel. In Fig. 4, we plot the angle
dependent yield of harmonics 25-41 with <6082 9> ~ 0.67
under the same macroscopic conditions as the data shown
in Fig. 3. The yields are normalized to the isotropic yield
for each harmonic. For harmonic orders below H25 the
usual elongated yields, with a maximum at 0° and a min-
imum at 90° between pump and probe, are observed.

The local minimum at 0° and 180° is due to the pres-
ence of the angle- and energy-dependent Cooper mini-
mum in the No HOMO [18]. While preserving features
originating from the PICS of HOMO, we observe an ad-
ditional feature at 90° and 270°. This feature becomes
more pronounced with increasing harmonic order. The
relative contribution of this new peak at 90° and 270°
in the harmonic yield reaches, in the 39th harmonic, the
same peak value as the yield at 30 degrees. This is in
agreement with the fact that the revival structure for
H39 in Fig. 3 has a global maximum at 16.78 ps rather
than the expected maximum at 17.04 ps. We should em-
phasize that we are able to generate harmonics, with the
field polarization at 90° respect the molecular axis, with
yields three times larger than the yield from an isotropic
ensemble of Ny molecules. This represents a large en-
hancement for harmonics in the cutoff.

Figure 5 compares the theoretical PICS for HOMO
and HOMO-1 [43] with the experimental HHG signal as
a function of angle for harmonics 35 to 41. In the figure
we can observe that the HOMO PICS (dotted line) for
harmonics 35 and 37 have a non-zero contribution at 90°.
This non-zero contribution from the HOMO is due to the
Cooper minimum [18] and is, however, very small com-
pared to the values close to 0°. For harmonics 39 and 41,
the theoretical PICS of the HOMO predicts a zero contri-
bution at 90°. On the other hand, from the experimental
harmonic yield we observe that harmonics 35 and 37 have
a local minimum at 0° and 180° and a global maximum
at ~ 30° both of which are due to the Cooper minimum.
However the signal level at 0° and 180° is much higher
than predicted by the theory. Despite the fact that we
do not observe zero signal for the Cooper minimum (0°
and 180°)we do observe a fairly pronounced local peak
at 90°. For harmonics 37, 39, and 41 this 90° peaks is
much larger than predicted by the theory for the HOMO
PICS at this angle. As the harmonics increase the signal
at 90° becomes the largest compared to all other angles,
even when the theoretical PICS predicts a zero-value for
the harmonics at this angle. Therefore, we are only able
to explain the large contribution to the harmonic yield
in H39 and H41 at 90° by adding a contribution from
HOMO-1. Because the HHG yield is a convolution of ion-
ization, electron wave packet dynamics and PICS, con-
tributions from the HOMO-1 can arise due to ionization
or due to structural factors in the PICS. This means that
there could be either more ionization from the HOMO-1
than HOMO orbital and/or because at 90° the PICS for
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FIG. 5. (color online) A comparison between the experimen-
tal angle scans (solid red line) at the full revival of 17.04 ps
and theoretical calculations of the photoionization cross sec-
tions of HOMO (dotted line) and HOMO-1 (dashed line) from
Ref. [43]. The cross section is normalized to 1, while the ex-
perimental data is normalized to the isotropic harmonic yield.
The dotted line of the PICS of HOMO shows a strong min-
imum at 0° and 180° that is due to the Cooper minimum
in nitrogen. Without better alignment, this feature cannot
be fully resolved. However, the feature at 90° can only be
explained by the strong contribution from HOMO-1 to HHG
(dashed line). As we then look at the experimental data as a
function of harmonic order, the yield at 90° gets stronger as
we increase the harmonic order, compared to 0° and 180°.

HOMO-1 is higher than the PICS for HOMO at these
particular energies. While we do not know the relative
contribution of ionization from HOMO-1, we can use the
angular behavior of the harmonic yield and compare it
to the PICS of HOMO and HOMO-1. This comparison
in the theoretical calculations leads us to conclude that
even for modest ionization yields we expect to see contri-
butions from HOMO-1 for harmonics higher than H35.

IV. CONCLUSIONS

In this paper we present the first direct comparison of
the HOMO-1 orbital in Ny to PICS in the XUV region.
In our opinion this represents a quantitative improvement
compared to the detection of multi-orbital contributions.

HHG yield (a.u.)

HHG yield (a.u.)

Our results open the possibility for future multi-orbital
spectroscopy using HHG. To achieve the direct compari-
son, distinct contributions from the HOMO and HOMO-
1 orbitals are detected in both the time-dependent revival
structure and the angular distribution of the harmonic
yields, with HOMO-1 contributions starting at harmon-
ics as low as H29. We use two co-linear pumps and probe
aligned Ny molecules observing departures from the the-
oretically proposed <cos4 9> (t) revival structure. For the
angular measurements, we observe a contribution to the
harmonic yield from HOMO-1 in the cutoff harmonics
when the driver polarization and the molecular axis are
at 90°. This signal at 90° is comparable in strength to
0° amplitudes that are expected when only the HOMO
orbital is involved. For some harmonics, the 90° emission
is three times larger than emissions from an isotropic en-
semble. Comparisons to theoretical calculations of the
PICS confirm that the large yields in H39 and H41 at
90° confirm our assumptions of the involvement of the
HOMO-1. However, the observed revival dynamics leaves
a complete understanding of high harmonics generated
from multiple orbitals still open. We propose that time-
dependent phase measurements will help answering these
questions.

Finally, unlike previous work [30, 36], we are able to
distinguish features in the harmonic yield arising from
the shape resonance, Cooper minimum and HOMO-1 or-
bital, thanks in part to our better degree of alignment
than in those references. Furthermore, despite better
alignment and higher peak intensities in the probe pulse
the results in Ref.[18] and [19, 44] show no contribution
from HOMO-1. This is in contradiction with microscopic
arguments that for stronger peak intensities ionization
from lower orbitals (and thus HHG) is more likely. There-
fore, contributions from lower orbitals to HHG must be
determined mainly by phase matching conditions that
benefit higher ionization potential orbitals. In an upcom-
ing publication we will target the effect of phase matching
and how it effects the relative contribution from HOMO-
1in NQ.
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