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Retrieving Angular Distributions of High-Order Harmonic Generation from a Single Molecule
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We present a novel method to retrieve angular distributions of high-order harmonic generation from a
single molecule. This technique uses an iterative procedure based only on experimental results of time and
angle-dependent harmonic signals, and no actual shape of molecular orbital is assumed. The molecular

axis distribution in a target gas can simultaneously be deduced in this procedure. The angle-dependent

signal retrieved for a single N, and O, molecule is demonstrated to reflect the highest occupied molecular
orbital, excluding the ambiguity due to the imperfect alignment.
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High-order harmonic generation (HHG) from nonadia-
batically aligned molecules [1,2] provides an effective
tool for measuring structures and dynamics of gas phase
molecules [3—10]. In aligned molecules, the HHG is very
sensitive to the molecular orbital and its spatial orientation
with respect to the incident field polarization. Owing to
the sensitivity, this technique has represented rich advan-
tages in the study of strong-field interactions with mole-
cules, such as molecular wave packet dynamics [3,4],
imaging molecular orbital structures [5,6], and manipulat-
ing harmonic phase and polarization [7-9]. Furthermore, the
HHG in aligned molecules has recently attracted increasing
attention to understand ultrafast electron dynamics in mul-
tiple orbitals on attosecond and angstrom scales [10—12].

The unique functions of HHG in molecules certainly rely
on the spatial nonuniformity created by the molecular align-
ment [13,14] in a pump-probe experiment, where the pump
pulse aligns molecules while the probe generates the har-
monic emission from molecules. Then, the angle-dependent
harmonic yield around the molecular axis is the key to
deduce structural and dynamic effects of a single molecule
[15,16]. Several experiments have been carried out with
considerable attention to the angle-dependent harmonic
yield [5-9,11,12]. The harmonic distribution observed,
however, always includes some broadening of the molecu-
lar axis distribution that blurs the structural or orbital shape
of a single molecule. This is due to the fact that the HHG is
possible only in an ensemble of molecules that can never be
perfectly aligned. Thus, a deconvolution procedure con-
cerning the observed harmonic signal is crucial to obtain
an angle-dependent harmonic yield for a single molecule
[17]. A similar situation is found in the experiment for
strong-field ionization of aligned molecules [18].

When an ultrashort laser pulse is used for the nonadia-
batic alignment, the spatial distribution of aligned mole-
cules is dominated with the initial rotational temperature
T, [13,14]. For producing low-temperature molecules and
a resulting high degree of alignment, a supersonic gas jet
has been employed extensively. Then the accurate value
of T, in the interaction region can hardly be predicted
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mainly due to a rapid spatial gradient of T, along the
beam flow [19], whereas T, is so important as to charac-
terize HHG from a single molecule [3—12].

In this Letter we report a new method to obtain the
angular distribution of harmonic emission produced from
a single molecule, together with the accurate value of T,
and resulting definite distribution of molecular axes. In this
method, where no theoretical assumption is necessary, we
use two kinds of harmonic signals observed for an identical
harmonic order: one of them is the time-dependent signal
produced from coherently rotating molecules under field-
free conditions, and the other is the signal measured as a
function of the relative angle between pump and probe
polarizations at a fixed time delay.

The experimental setup used was the same as in our
previous studies [17,19]. Briefly, the linearly polarized,
40 fs, 800 nm pump and probe pulses were produced at a
repetition rate of 10 Hz. These pulses were collinearly
focused with a 500-mm focal-length lens into a pulsed
supersonic molecular beam. The laser intensity in the
interaction region was carefully evaluated, since T, is
sensitive to the pump intensity as well as the pulse width.
The pulsed molecular beam was jetted into vacuum from a
I-mm diameter nozzle backed with the source gas pressure
Py = 1-6 atm. The distance z, between the nozzle exit and
the optic axis was varied to change T, [19]. The harmonic
radiation produced was detected by an electron multiplier
mounted on a vacuum ultraviolet monochromator.

The time-dependent harmonic signal was measured as
a function of the time delay At between the pump and
probe pulses. The angle-dependent harmonic signal was
observed at a fixed time delay Az by changing the angle «
between the polarization directions of the pump and probe
pulses, where the pump polarization was rotated while the
probe polarization was fixed to the direction along the slit
of the monochromator. When the degree of alignment is
large, or molecules are highly aligned, the a-dependent
harmonic signal at the time delay At,,, for the peak or top
alignment should be close to the actual distribution of
HHG from a single molecule.
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In the present method, we define the time-dependent
nth harmonic signal Mf,f;i,t(o, At) observed for @ = 0°

and the a-dependent signal Mg'(i,t(a, Aty,,) observed at
At,p, Where the subscript “expt” indicates the experimen-
tal value. We use the laboratory coordinates shown in
Fig. 1(a) for the polarization directions of pump and
probe pulses, the orientation of molecular axis with the
polar angle 6, the azimuth angle ¢, and the relative angle
0’ between the molecular axis and the probe polarization.

The time-dependent nth harmonic signal Mgﬁc(a, Ar)
to be calculated for the angle &« may be approximated by

the relation [20-22]

2 T
M) (a, Ar) = [ [T 006805700, 6. )
=0 J =0
X sinfd6d¢, 1)

where the subscript ““calc” indicates the calculated value,
p(6, ¢, At) is the time-dependent distribution of molecular
axis, and S”(#’) is the normalized angular distribution of
the nth harmonic intensity produced from a single mole-
cule, which we intend to finally deduce from the measure-
ment. Quantum mechanically, S (6) is the nth harmonic
component in the norm square of the Fourier transform of
the induced electronic dipole and should be expressed
by a function of «, 6, and ¢, using the relation cosf’ =
cosa cosf + sina sinf sing between 6 and 6'. For a value
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FIG. 1 (color online). Example of high-order harmonic signals
retrieved for N,. (a) Schematic diagram of the laboratory coor-
dinates used in the calculation. (b) The «-dependent 19th
harmonic signals observed (narrow black line) and calculated
(bold gray line) at Aty,,. (c) The time-dependent 19th signals
observed (upper trace) and calculated (lower trace) for a = 0°.
(d) SU9(¢') retrieved for a single molecule. The pump
and probe intensities used in the experiment are 0.7 and
1.7 X 10" W/cm?, respectively. The calculation uses
T, = 30 K for fitting.

of p(6, ¢, At), S”(8’) can be derived with the deconvolu-
tion of M (@, Atyyp) or M (0, Atr) that are fitted to the

calc calc
observed signal [18]. The iterative procedure to obtain
a self-consistent pair of p(6, ¢, Ar) and S (') may be
exemplified as follows for N, molecules, where the experi-
ment was carried out at zy = 0.7 mm with P, = 6 atm for
a low value of T, [19].

We first calculate p(6, ¢, At) for a test value of T, with
the time-dependent Schrodinger equation [14] under the
same conditions of the pump pulse duration and intensity
as in the experiment. Using Eq. (1) with the distribution
p(6, ¢, Aty,,) obtained, we calculate S™(@’) in the form
$™(9") =¥ a,, cosmf’, where the coefficient a,, is deter-

mined by fitting M)

cae(@, Aty,) to the measured signal

Mg‘(z)t(a, Aty,p). Figure 1(b) shows an example of the cal-

culated 19th harmonic signal M) (a, Aty,p) and compares

it with M&?))[(a, Aty,) observed at At, = 4.00 ps. The
calculated result is in excellent agreement with the
experimental.

In this calculation for N,, we impose two proper restric-
tions on S™(#"), i.e., S"(#') = 0 for the harmonic signal
and dS™(0)/d6’ <0 [0 = 0’ = 7/2). The latter is due
to the fact that the observed signal Mggm(a, Atyop) would
qualitatively be subject to the shape of S (6). To confirm
the accuracy of S”(6'), we calculate the time-dependent
signal MéZ])C(O, A1) and compare its frequency spectrum
with the experimental result, since the spectrum is very
sensitive to the rotational distribution in a wave packet

[4,15,17]. Figure 1(c) shows an example of M(lg)(O, Ar)

calc
(lower trace) calculated for the 19th harmonic, which is in

good agreement with the observed one M, &?,)1(0, Ar) (upper
trace). When the calculated result is not consistent with the
observed result, the calculation is repeated by changing
the value of T,,. This iterative procedure can finally pro-
duce the harmonic distribution S (') for a single mole-
cule, as presented in Fig. 1(d) for the 19th order.

It is noted that a pair of self-consistent values of S (6)
and T, can uniquely be derived from only the measured
harmonic signals. The calculation is made with T, =
30 K, and then the degree of alignment at A, is obtained
as 7,y = ((cos?d)) = 0.653. This value of T, is consis-
tent with those reported in our previous experiment [19].

The harmonic intensity distribution S!'9(#’) shown in
Fig. 1(d) is certainly subject to the o, symmetry of the
highest occupied molecular orbital (HOMO) of N,, which
is consistent with those obtained with detailed quantum
mechanical calculations [15,16]. Comparing the results
of Figs. 1(b) and 1(d), we see that S"'9(¢’) represents a
shape sharper than M&?,)t(a, Aty,p) along the molecular
axis. This is certainly due to the fact that the measurement
always includes a blurred angular distribution arising from
the imperfect alignment of molecules. This blur is success-
fully removed for a single molecule, as seen in Fig. 1(d).
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FIG. 2 (color online). Time-dependent 19th harmonic signals
(a) observed and (b) retrieved for O, as a function of Az for
a = 0°, where the insets represent their frequency spectra.
The pump and probe intensities used in the experiment are 0.7
and 1.6 X 10 W/cm?, respectively. The calculation uses
T, = 60 K for fitting.

To demonstrate the flexibility of the present method,
we tried to retrieve the angular distribution of HHG
from a single O, molecule having a different orbital sym-
metry. The harmonic generation was made at the position
of zo = 1 mm with P, = 6 atm, where the lowest value of
T, was observed in our experiment [19]. An example
of the measured time-dependent harmonic signals,
Mgi,i(O, Ar), is shown in Fig. 2(a), where the inset repre-
sents its frequency spectrum. Compared with the upper
trace in Fig. 1(c), the signal for O, has a double peak
structure around At,. This characteristic signal arises
from the 7, symmetry of HOMO of O,. The effect of
this orbital symmetry on HHG is more clearly seen with
the a-dependent harmonic signal Mg'(;t(a, Aty,p) observed
at Aty,,, as shown in Fig. 3. The angle-dependent signal
for the 17th, 19th, and 21st orders represents a peak
around a = 30°-40°, in contrast with those for N,.
The peak at 0° < a <90° certainly results from the 7,
symmetry of O,.

Based on the observed harmonic signals shown in
Figs. 2(a) and 3, we retrieved S")(#’) with the iterative
procedure described above. In this calculation, we start
with a butterfly-shaped distribution including a peak at
0° < 6'<90°, since the observed «a dependence
Mé’zﬁ(a, Atyp) would reflect the shape of S™(6'). The

calculated result of ME;IQC)(O, Ar) is shown in Fig. 2(b),
together with the frequency spectrum in the inset. The
result reproduces well the observed one including the
double peak structure at At,,,, and the frequency spectrum

strongly supports the validity of the calculation. In
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FIG. 3 (color online). Angle-dependent harmonic signals ob-
served (narrow black line) and calculated (bold gray line) for
different orders in O, at At,, = 5.68 ps. In the insets, the
position of At is denoted with an arrow on the time-dependent
signal. The conditions for the experiment and calculation are the
same in Fig. 2.

Fig. 3, the calculated a-dependent harmonic signals
Mizl)c(a, Atp) also agree well with the experimental re-
sults. The best result is obtained with 7,,, = 60 K, leading
to 7y, = 0.574. This value of T, higher than that of N,
is most likely due to the higher cluster population in the gas
jet [23].

Figure 4 summarizes the results of S"(¢’) obtained for a
single O, molecule. The angular distributions have a peak
around 0’ = 40°—45° and nodes at ' = 0° and 90°, which
are subject to the 77, symmetry, and the angle for the peak
harmonic yield tends to increase with an increase in the
harmonic order. These are consistent with the recent theo-
retical results [15,16]. The sharp angular distribution of
HHG from a single O, molecule has never been observed
in the experiment, as seen in Fig. 3. This is certainly due to
the blurred distribution of molecular axes that arises from
the partial alignment of molecules. This indicates that the
deconvolution of the observed molecular axis distributions
is essential to characterize HHG from a single molecule
with the 77, symmetry.

The validity of this method was further confirmed by
applying S"(¢’) obtained for O, to the reconstruction of
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FIG. 4 (color online). Angular distributions of harmonic in-
tensity S((¢') of different orders retrieved for a single O,
molecule. The inset represents the polar plots of S (¢’). The
conditions for calculation are the same in Fig. 2.
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FIG. 5 (color online). Harmonic signals for O, at a higher
rotational temperature. (a) The time-dependent 19th harmonic
signals observed (upper trace) and calculated (lower) for
a = 0°, where the insets represent their frequency spectra,
and (b) the a-dependent signals observed (narrow black line)
and calculated (bold gray line) for the 17th, 19th, and 21st orders
at At,,, = 5.69 ps. The pump and probe intensities are the same
as in Fig. 2. The calculation uses T, = 200 K for fitting.

the harmonic signal for a different condition of 7. For
this, the HHG was made at z, = 0.1 mm with P, = 1 atm,
where T, was expected to be much higher than 60 K [19].
Figure 5 compares the experimental and calculated results,
where T,,, = 200 K is used in the calculation. The calcu-
lated results agree well with those observed, and then
p(0, ¢, Aty,p) provides n, = 0.470 at Aty,, = 5.69 ps.
This indicates that one is able to not only retrieve the
harmonic distribution for a single molecule but also decode
the rotational coherence at an arbitrary value of 7., once
the self-consistent value of S®(6’) is obtained.

In the present method, the accuracy of S*(8') is mainly
dominated with the uncertainty in the pump intensity.
For O,, a 10% change in the intensity was found to produce
a shift of 10-15 K in T, leading to a change of a few
degrees in the peak position of S (6’). On the other hand,
use of Eq. (1) may produce some error owing to the
incoherent sum included in p(6, ¢, Ar) [20-22]. We esti-
mated the error and found it small for the harmonic orders
concerned [24]. Thus we conclude that the present ap-
proach should be useful for the different harmonic orders
and molecules, when Eq. (1) approximates well the ob-
served harmonic signal.

In summary, we have shown that the high-order har-
monic distribution for a single molecule can be deduced

through the iterative procedure, based on only the observed
harmonic signals that include the effect of the imperfect
alignment. The angular distribution dominated by the
HOMO is successfully retrieved for a single N, and O,
molecule, while no actual shape of molecular orbitals is
used in the calculation.
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