
All-optical molecular orientation of OCS state-selected
molecules and high order harmonic generation from aligned

benzene molecules in a circular polarized field

Asmae Benhemou1, 2

1University of Glasgow, School pf Physics and Astronomy, University Avenue, G12 8SU, UK
2University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

compiled: September 5, 2017

This report addresses the experimental process and results of research conducted in order to observe all-optical
molecular alignment and orientation of state-selected OCS molecules in the first place using phase-controlled
two-color ω + 2ω laser pulses, and ultimately describes a second experiment with the aim of achieving high-
order harmonic generation from benzene molecules in a circular polarized field in order to observe the specific
spectrum associated with the selection rules in this particular case. Molecular orientation was observed with
< cosθ >= 0.039 with relative phase control at low configuration and < cosθ >= −0.033 at high phase
configuration which was distinct from a background value of < cosθ >= 0.018. The harmonic spectrum from
aligned benzene was tested to follow the odd harmonic selection rule under linear polarized light, and had yet
to be tested under a circular polarized field.

1. Introduction

Controlling the spatial orientations of atoms and
molecules is a key parameter in physics and chemistry
studies, from scanning probe microscopes to achieving
a better understanding of chemical reactions. Specifi-
cally, the interaction of matter with intense electromag-
netic radiation is a long-standing field of scientific inter-
est with considerable technological relevance, and con-
stitutes the contextual framework of the two separate
experiments presented in this report.

In fact, molecular alignment techniques are reasonably
well-understood and used in experiments on alignment
dependence of multi-photon ionization, structural defor-
mation, and high-order harmonic generation. However
in comparison, molecular orientation does present a chal-
lenge. Essentially, in the absence of any external fields,
a sample of linear molecules is randomly distributed in
space. Molecular alignment refers to the confinement
of a molecular axis to a laboratory-fixed axis, as de-
fined by the direction of an applied electric field. The
molecular fixed axis may align parallel or anti-parallel
with respect to the lab-fixed axis. This implies that
the molecular ensemble will remain inversion symmet-
ric. Molecular orientation occurs when the external field
preferentially selects either the parallel of anti-parallel
configuration, the inversion symmetry of the distribu-
tion is broken as illustrated in figure 1. First approaches
to achieve this state were based on electrostatic fields,
namely hexapole focusing [1] and brute force orienta-
tion [2] [3]. In hexapole focusing, an inhomogeneous
electrostatic field is used to select a single rotational

Fig. 1. Molecular alignment vs orientation.

state of a molecule based on the first order interaction
between the external field and a permanent dipole mo-
ment of the molecule whilst in brute force orientation,
a strong electrostatic field interacts with the perma-
nent dipole, with an interaction energy much stronger
than the field-free rotational energy, which orients the
molecules along the direction of the electrostatic field.
For some molecules with large permanent dipole mo-
ments, brute force orientation is employed, which re-
quires fields of the order of 100 kV/cm constituting an
experimental challenge. Unfortunately, these methods
are inefficient for a large range of molecules, namely non-
polar candidates. Subsequent techniques introduced the
combination of electrostatic and intense non-resonant
laser fields. In 1999, Friedrich and Dudley [4] intro-
duced the concept of one dimensional orientation using
a combination of the induced molecular dipole moment
and the anisotropic polarizability interaction with an in-
tense non-resonant electromagnetic field. Alignment us-
ing this technique was experimentally demonstrated by
the Hirofumi SAKAI group in 1999 with neutral iodine
molecules [5] with high degree of alignment. Later in
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2003, this group also demonstrated one and three dimen-
sional orientation by use of the combination of a weak
electrostatic field and a respectively linear and ellipti-
cal polarized laser fields [6]. In the existing techniques
relying on the permanent dipole interaction with an elec-
trostatic field, the spatial direction of molecular orien-
tation is determined by the electrostatic field created by
the space-fixed electrodes, and virtually non-polar asym-
metric molecules cannot be oriented. In this experiment,
the aim is to demonstrate an alternative and versatile
approach to (align and) orient neutral OCS molecules
through the use of a two-color laser field which consists
in the superposition a fundamental pulse, and its sec-
ond harmonic, following the theoretical calculations and
simulations as proposed in the respective past papers
[8], [9], [10], and demonstrated in [11] and [12]. In the
second section of this report we present a high harmonic
generation experiment. High-order harmonic generation
in atomic gases has been extensively studied in the past
decades, both experimentally and theoretically [13]. The
harmonic spectra are typically found to have a charac-
teristic shape with a decrease in intensity of the har-
monics followed by a plateau and a sharp cutoff beyond
which no further emission is recorded. Generation of odd
harmonics with orders exceeding 100 has been demon-
strated in several cases. Mastering techniques in har-
monic radiation presents interesting properties of high
brightness, coherence and short pulse duration, which
makes it a source of radiation in the extreme ultraviolet
(XUV) region useful in a number of technological im-
plementations [16]. The three step model quasi-classical
interpretation of high-order harmonic generation sheds
light on the fundamental processes involved. Accord-
ing to it, the electron tunnels from the ground state
of the atom, propagates, gains momentum and recom-
bines with the atom upon which radiation is generated.
This model provides a reliable explanation for the lo-
cation of the cutoff in the harmonic generation spectra
[13–15]. In 2003, Baer and al. presented a first prin-
ciples study of ionization and high-order harmonic gen-
eration in aligned benzene by a short circular polarized
laser pulse [17]. Their study shows that the harmonic
generation spectra are characterized by two distinguish-
able plateaus, where the structure of the first plateau
is dominated by the (6 + −1)ω, (12 + −1)ω, ... selection
rule where ω is the incident laser frequency. The num-
ber of harmonics in the second plateau is insensitive to
the duration of the pulse. The peaks appear in pairs or
in threesomes, depending on the pulse duration.These
symmetry-allowed harmonics were predicted to be dom-
inating the spectrum even within a 5% deviation of the
laser polarization from the ideal circular one. The cur-
rent experiment is aimed at experimentally demonstrat-
ing this odd behaviour particular to benzene due to its
six-fold symmetry.

2. Molecular orientation of OCS state-selected
molecules

2.A. Theoretical Background

The two-color field technique presented in this report
relies on the superposition of two laser pulses to consti-
tute an asymmetric field which will yield an asymmetric
potential. This electric field takes the form

E(t) = E0(t)[cos(wt) + γcos(2wt+ φ)] (1)

where E0 is the field amplitude, γ and φ respectively
define the relative field strength and phase. If we ap-
proximate the molecule as a rigid rotor with rotational
constant B and angular momentum operator J subject
to the asymmetric field (1), the Schrodinger equation is
given by

[BJ2 +Wµ(θ) +Wpol(θ) +Whyp(θ)]Ψ(θ) = EΨ(θ) (2)

where E represents eigenenergy values. The first inter-
action potential is due to the permanent dipole moment
Wµ (3) and averages to zero over a cycle (or pulse du-
ration τP ) due to the fact that the electric field changes
direction every half optical cycle, Wpol(θ) and Whyp(θ)
respectively correspond to the polarizability and hyper-
polarizability components (4) and (5).

Wµ(θ) = −µEcos(θ) (3)

W(θ) = −1

2
[(αpl − αpp)cos

2θ + αpp]E
2 (4)

Whyp(θ) = −1

6
[(βpl − βpp)cos

3θ + 3βppcosθ]E
3 (5)

In order to achieve adequate orientation, the asymmetry
of the potential must be maximized, which corresponds
to maximizing the following term

< E3 >=
3

4
γE3

0cosφ (6)

For practicality, maximal asymmetry is chosen at φ = 0
and γ = 1, and therefore the total interaction potential
takes the form of equation (7):

Wtot(θ) = −1

2
(αppE

2
0 − 3

8
βppE

3
0cosθ

−1

2
(αpl − αpl)E

2
0cos

2θ − 1

8
(βpp − 3βpp)E

2
0cos

3θ

(7)

where in all preceding equations, θ is the angle be-
tween the polarization axis and the molecular axis, µ a
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permanent dipole moment along the internuclear axis,
αpl and αpp the parallel and perpendicular polarizabil-
ity components and βpp and βpp the parallel and per-
pendicular hyperpolarizability components. In figure
2, the asymmetric potential equivalent to Wtot is plot-
ted against polar angle θ and shows that orientation is
achieved for energy levels confined to the minimum low
potential found at θ = 0, and figure 3 illustrates how
the relative phase between the two colors is a critical
parameter to break the potential symmetry and allow
orientation. Indeed, a phase of φ = π

2 corresponds to
alignment since the symmetry is unbroken.

Fig. 2. Schematic of the asymmetric potential V (θ) as a
function of polar angle θ.

The Schrodinger equation to be solved becomes

SJ,M (θ)[
d

dz
[(1 − z2)

d

dz
] − M2

1 − z2

+λJ,M + a1z + c2z2 + a3z
3] = 0

(8)

where z = cosθ, λJ,M eigenvalues and SJ,M eigenfunc-
tions with other constants appearing to simplify the
equation. The parameters corresponding to alignment
and orientation are respectively

< cosθ >J,M= −δλJ,M
δa1

(9)

and

< cos2θ >J,M= −δλJ,M
δc2

(10)

which we average over all possible molecular rotational
states. These are the parameters measured in this ex-
periment. Precisely,

< cosθ2D >=

∫ 2π

0
cosθ2Df(θ2D)dθ2D∫ 2π

0
f(θ2D)dθ2D

(11)

with f(θ2D) the distribution of fragment ions (S+ in
this case) observed at the angle θ. The laser pulses used
in the experiment (as well as the following one) should

Fig. 3. Potential and relative phase dependency.

suitably have a spatial and temporal Gaussian profile
with intensity following:

I(r, t) = I0 exp(−2r2

w2
) exp(−4ln2t2

σ2
)

where σ refers to the full width half maximum. An im-
portant theoretical principle to be mentioned here is the
Stark effect, (which is what previous methods used to
rely on as seen before). It refers to the shifting and
splitting of spectral lines in atoms and molecules in the
presence of an external electric field. A force acting on
a molecule in an electric field is given by the negative
gradient of the Stark energy Wstark

F = −Wstark(E) = µEstark

where µ is the permanent dipole moment coefficient of
a neutral molecule. In this experiment, the Stark effect
is exploited during the state deflection which aims at
selecting rotational states close to ground level in order
to increase the success probability of achieving satisfying
orientation levels.

2.B. Experimental procedure

The generic optical set-up for this experiment is shown
in figure 5. Three laser beams are displayed, an 800nm
Ti:Sapphire pulse (duration of 35 ns) is used to probe
the achieved degree of alignment and orientation by trig-
gering Coulomb explosion of the OCS molecular beam,
and two Nd:YAG lasers at respectively 1064 nm (dura-
tion of 12 ns) and 532 nm (duration of 8,5 ns) are used to
respectively align the molecules and then break the sym-
metry of the fundamental pulse to achieve orientation.
The second harmonic is generated by harmonic genera-
tion using a non-linear BBO crystal. The Ti:Sapphire
and Nd:YAG laser beams take separate paths following a
series of mirrors and lenses and half-wave plates guiding
the beams and ensuring that they are respectively hori-
zontally (Ti:S) and vertically polarized (Nd:YAGs) upon
arrival at the interaction chamber. The relative phase
between the fundamental 1064 nm laser and its second
harmonic was controlled using a fused Silica plate in-
serted in the optical path. Three vacuum chambers con-
stitute the experimental ground. The OCS molecules
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seeded in helium are pumped with an Evan-Lavie valve
and particles escaping through the orifice collide fre-
quently with the carrier gas, therefore adiabatic cooling
of all degrees of freedom takes place in the expansion
region, and upon passage through a skimmer, a cold
well-collimated supersonic molecular beam is produced.
This beam enters a strong inhomogeneous electric field
created by a 15 cm-long molecular deflector as seen at
the bottom of figure 5. While the electric field is very
homogeneous along the horizontal direction, its gradi-
ent along the vertical direction is large and nearly con-
stant over a large area. This vertical gradient forces
each rotational quantum state to be deflected vertically
according to its Stark energy dependence on the field
strength. Finally the molecular beam passes through
the detection chamber in which it is irradiated with the
pump and probe pulses at right angles and their focus
located between electrodes and on the molecular beam
path. Measuring the degree of alignment and orienta-
tion of the OCS molecules has to be done while the
pulse is still on because the molecules evolve back into
field-free rotational states when the non-resonant laser
field is switched off. This is performed by photodisso-
ciating the molecule and measuring the direction of the
photofragments with a two-dimensional detector. In-
deed, while the Nd:YAG pulse orients OCS molecules,
the femtosecond probe pulse triggers Coulomb explosion.
When passing through the electrodes, fragment ions are
accelerated towards a time of flight spectrometer. Ions
reach a multi-channel plate (MCP) consisting of elec-
tron multipliers in which the multiplication takes place
after a particle that enters the channel hits the wall of
the channel and triggers the ejection of electrons which
reach a phosphor screen, trigger fluorescence which is
then imaged by a CCD camera. The final output is a
2D distribution of S+ ions (arbitrarily chosen for this
experiment) at the instant of Coulomb explosion, which
happens so rapidly that we can correctly assume this
will give accurate information on the degree of molecu-
lar orientation.

When measuring this spectral profile of the ions pro-
duced by the Ti:Sa laser, the choice was made to image
singly charged sulfur through temporal separation of the
different fragment ions present in the interaction cham-
ber, and identification of the time at which each species
impacted the phosphor screen (time of flight). Upon
this, the MCP can be gated accordingly through a high
voltage power supply. To briefly mention the technique,
after Coulomb explosion the fragment ions were accel-
erated towards the TOF drift tube by the electrostatic
field generated by the surrounding electrodes, gaining
energy W = qEr where E is the electric field strength,
q the charge of the fragment ion and r the distance from
the point of ejection to the TOF drift tube. Assuming
zero kinetic energy in the direction of motion prior to
acceleration, the time of flight is given by

tOF = k
√
m/q (12)

Fig. 4. OCS fragmentation in vacuum chamber.

where k is a constant depending on the length of the
drift tube and particle energy. In figure 6, a screenshot
of the digital oscilloscope image of the species abundance
in time is shown, which ideally would only display sig-
nals corresponding to the resulting particles ejected from
the fragmentation of OCS due to the reaction shown
in figure 4, but due to imperfect vacuum in the cham-
bers, other species were identified. Moreover, the TOF
data did not enable the direct identification of a peak
with respect to an ionized species therefore a specula-
tive series of candidate molecular species present in the
chamber and their corresponding charge to mass ratios
were computed. With H+ having the smallest charge to
mass ratio OCS+ having the longest TOF by the same
argument a linear fit could be extrapolated, from which
present species and in particular singly ionized sulfur
were identified.

The success of this experiment heavily relied on the
spatial superposition of the laser pulses. This was done
using a glass plate on the optical paths of both laser
beams which transmitted 90% of the beam intensity into
the chamber and the reflected 10% was used to check
superposition. Namely, the beams were sent through
a pinhole mounted on an automated stand, placed on
the optical path. The light passing through the pinhole
was detected by the photodiode and the signals were
displayed on an oscilloscope and imaged using an ade-
quate software. The overlapping beam profiles enabled
assessing whether the pulses were overlapped. Through
a repeated process of lense/mirror manual adjustment
and checking beam profiles, the overlap was obtained,
after which the glass plate was removed and the set-up
ready. Throughout the experiment, the aim was to con-
trol the relative phase between the fundamental pulse
and its second harmonic which was done using a fused
silica plate. The phase was controlled and ”locked” by
controlling the inclination of the plate and therefore the
interaction potential perceived by the molecular beam.

2.C. Results and Analysis

The alignment parameter < cos2θ > and orientation pa-
rameter < cosθ > were computed from the S+ 2D dis-
tributions after Coulomb explosion. On figure 6 such
a distribution is plotted using only the Ti:Sa probe
pulse, therefore as expected the outputted distribution is
isotropic, with < cos2θ >= 0.502 and < cosθ >= 0.017
and distribution radii r1 = 88 in the x-direction and
r2 = 120 in the y-direction. On figure 7 the results cor-
respond to the case when the Ti:Sapphire and Nd:YAG
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Fig. 5. Optical (top) and vacuum chamber (center) exper-
imental set-up and schematic description of the molecular
deflector (bottom).

laser pulses were used, but the relative phase between
the Nd:YAGs was allowed to fluctuate. Alignment was
clearly achieved, with < cos2θ >= 0.544, higher than
the previous background value, but no distinct proof of
orientation with < cosθ >= 0.017 equal to the back-
ground value, and distribution radii still r1 = 88 in
the x-direction and r2 = 120 in the y-direction. Fig-
ure 8 corresponds to the case in which both Ti:Sapphire
and Nd:YAGs are used, and the relative phase locked
and kept high from 17 minutes to 22 minutes. Align-
ment was achieved with < cos2θ >= 0.546 and orien-
tation at < cosθ >= −0.033, and the 2D distribution
shows a downwards molecular orientation with distribu-
tion radii r1 = 83 in the x-direction and r2 = 120 in
the y-direction. Subsequently, figure 9 also corresponds
to the case in which both Ti:Sapphire and Nd:YAGs

Fig. 6. Ion population in the interaction chamber.

are used, and the relative phase locked and kept low
from approximately 6 minutes to 11 minutes. Align-
ment was achieved with < cos2θ >= 0.537 and orien-
tation at < cosθ >= 0.039, and the 2D distribution
shows an upwards molecular orientation with distribu-
tion radii r1 = 83 in the x-direction and r2 = 120 in
the y-direction.Hence, as expected these results show
that a phase-controlled ω + 2ω optical field discrimi-
nates between parallel and anti-parallel configurations
of an aligned molecular beam of neutral molecules.

Fig. 7. Isotropic distribution.

Fig. 8. Alignment only.

The results can be interpreted by taking into consid-
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Fig. 9. Upwards molecular orientation.

Fig. 10. Downwards molecular orientation.

eration the parameters affecting the degree of success of
the experiment. Notably, it is important to recognize
that due to the complexity of the experimental set-up,
and the numerous components that need to be function-
ing coherently, many elements could affect the outcome.
Amongst key parameters were the respective polariza-
tions of the Nd:YAG and Ti:Sap probe pulses, which had
to be respectively vertically and horizontally polarized
upon arrival at the interaction chamber, and which was

controlled through the optical set-up. This was a deter-
mining factor in maintaining the angle θ during imaging.
Another essential criterion was to ensure the precise spa-
tial overlap of the three laser pulses. This process was
the longest and highly satisfying overlap was extremely
hard to achieve, which hindered the experimental out-
come. Molecular orientation was therefore attempted
several times, adjusting the overlap in between for bet-
ter results. Orientation was achieved when controlling
the relative phase between the fundamental tone and
its second harmonic, but phase fluctuations were con-
siderably high and followed a roughly Brownian motion
which limited the duration over which the phase could
be locked.

3. High harmonic generation

3.A. Theoretical Background

High harmonic generation can be accurately described
by a three-step semi-classical model as illustrated by fig-
ure 11. The electron within an atom is confined to the
region of space surrounding the nucleus by the attrac-
tive Coulomb potential. During ionization, an incident
laser field modifies the molecule’s potential well trigger-
ing strong field multi-photon ionization through quan-
tum tunneling of the electron in the well whenever the
laser pulse reaches its maximum intensity. The electron
in the continuum is still subject to the influence of the
laser field and is accelerated in the polarization plane of
the radiation following a trajectory that leads first away
from the atom, then back in the vicinity of the ion, which
gives a high probability of recombination. The excess en-
ergy gained during acceleration corresponds to the sum
of the kinetic energy gained from the laser field and the
ionization energy of the molecule and is released through
harmonic photons. In the 1993 paper on a plasma per-
spective on strong-field multiphoton ionization [14], a
semi-classical model is introduced for non-perturbative
nonlinear optics involving continuum states, which pro-
vides a solid ground for high harmonic generation. A
dual procedure is depicted, the first part being the de-
termination of the probability of ionization as a function
of the laser electric field using tunnel ionization models
which describe the sequential formation of wave-packets,
one near each peak of the laser electric field. The second
part uses classical mechanics to describe the evolution
of an electronic wave packet. Ignoring the ionic electric
field and the laser magnetic field, and taking initial con-
ditions of zero position and velocity at ionization, the
electron motion after tunneling is described by

x = x0[−cos(ωt)] + v0xt+ x0x (13)

y = ax0[−sin(ωt)] + v0yt+ y0y (14)

vx = v0sin(ωt) + v0x (15)
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vy = −av0cos(ωt) + v0y (16)

where a = 0 for linearly polarized light, and a = + − 1
for circularly polarized light, v0 = qE0/mew, x0 =
qE0/mew. For circularly polarized light, equation in-
dicates that the electron trajectory never returns to the
vicinity of the ion. This explains the drastic drop in yield
upon deviation from linear polarization as confirmed ex-
perimentally. A consequence of the electron-ion inter-

Fig. 11. Schematic of the three-step model.

action is harmonic generation since assuming negligible
ground state depletion, the wave packet will pass the
ion in a similar manner during each laser cycle which
means any light that is emitted will be at a harmonic
of the laser frequency. The emission can be calculated
from the expectation value of the dipole operator (which
we will omit in this report). Moreover, the order of the
highest frequency that can ultimately be generated is
limited by a cut-off approximated by

Nmax =
IP + 3UP

ω
(17)

where ω is the harmonic frequency, IP the atomic ion-

ization potential and UP = E2

4ω2 the ponderomotive en-
ergy in the laser field of strength E and frequency ω.
Generally, high-order harmonic spectra from isotropic
media display odd-order harmonics only. However, this
selection rule is no longer obeyed when a medium has
a certain symmetry. In the case investigated here, ben-
zene molecules have six-fold rotational symmetry when
aligned in a circularly polarized field of the form

E(t) = E0sin
2(πt/T )(xsinωt+ ycosωt) (18)

where T is the pulse duration, E0 the maximum elec-
tric field and ω the central frequency) which results in a
selection rule such that only the (6n+−1) order harmon-
ics are observed. This is described theoretically in [17]
where simulations result in the spectrum in figure 12. It
is apparent that peaks are seen at odd harmonics, yet
the 6n + −1 harmonics are considerably stronger. The
theoretical calculations being quite intricate and long for
the scope of this report, they omitted here but can be
found in reference [17] [18].

Fig. 12. The HHG spectra for 10 and 20 cycle pulses from
benzene molecules aligned in a circularly polarized field.

3.B. Experimental Set-up

The first part of the experiment consisted in using nitro-
gen molecules supplied through an Evan-Lavie valve in
a linear polarized laser field in order to confirm that the
set-up was working well and produced the expected re-
sult that under this regime, the harmonic spectrum con-
sists in odd harmonics until cut-off, and as the intensity
of the field increases, so does the order of the harmonics.
Next, the nitrogen molecular beam was irradiated with
a circular polarized laser field to verify that harmonic
generation is not achievable in this regime as seen in fig-
ure 14. Following this, benzene molecules seeded in a 20
atm Helium buffer gas were supplied through an Evan-
Lavie valve. A first Nd:YAG laser at 1064 nm and pulse
duration 12 ns were used to align benzene molecules adi-
abatically, and a Ti:Sapphire laser at 800 nm and pulse
duration 50 fs was employed to generate high harmon-
ics as seen in figure 15. The polarization of the field
was varied from linear to circular in order to show that
under a linear regimen the odd harmonic known output
is verified, and under a circular (and elliptical within a
certain range) polarization, a six-fold symmetry of ben-
zene leads to the peculiar selection rule sought in the
experiment, as seen in figure 15.

The spatial overlap between the Nd:YAG pulse and
the Ti:sapphire pulse was confirmed by observing the
sum and difference frequencies between the two wave-
lengths, generated in a gas jet of nitrogen produced
through a pulsed valve in a vacuum. This technique fol-
lows the theoreticaldescriptions given in references [19–
21]. Pulses from the Ti:Sapphire laser system were used
at a repetition rate of 10 Hz and combined with Nd:YAG
laser pulses. The overlap was done using a dichroic mir-
ror and the lasers were focused with a planoconvex lens
into the gas jet. The focal spot size of the Ti:Sapphire
beam was adjusted with respect to the Nd:YAG beam
such that the combined Nd:YAG field covers the inter-
action region of the Ti:Sapphire beam with the gas jet.
This was achieved using by a telescope inserted in the
path of each laser beam. A grazing-incidence monochro-
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mator was used to spectrally disperse pure harmonics
ans sum and difference frequencies which were then de-
tected by an electron multiplier tube (EMT) and their
signals accumulated by a digital oscilloscope and pro-
cessed in a computer.

Fig. 13. Experimental optical set-up and detection system.

Fig. 14. Experimental approach for HHG using nitrogen
molecules and a respectively linear and polarized light.

Fig. 15. Experimental approach for HHG using benzene
molecules and a respectively linear and polarized light.

3.C. Results and Analysis

In the first part of the experiment, using a nitrogen
molecular beam and linearly polarized light, the har-
monic spectrum obtained contains odd order harmonics
as seen on figure 16 from the blue curve. When using a
circular polarized field, no harmonic generation results
as illustrated on the same figure by the orange curve. On
figure 17, the harmonic spectrum by benzene molecules
in a linearly polarized field is displayed, and contains add
order harmonics, starting from the 5th harmonic. Un-
fortunately, the duration of the internship did not allow
time to observe the harmonic spectrum from benzene
molecules in a circular polarized field, but the expected
spectrum would follow the (6n + −1) harmonic order
selection rule.

Fig. 16. Harmonic spectrum from nitrogen molecules. The
blue curve was obtained under a linear polarized light, and
the orange curve is obtained under a circular polarized field.

Fig. 17. Harmonic spectrum from benzene molecules in a
linear polarized field.

4. Conclusions and discussion

In the first experiment, alignment and therefore orienta-
tion of OCS molecules was achieved (after state-selection
of rotational quantum states of the molecular beam) us-
ing a two-color laser field composed of a 1064 nm fun-
damental tone and its 632 nm second harmonic. The
values of the orientation parameter with the relative
phase between the two color YAG pulses kept respec-
tively high and low were found to be < cosθ >= −0.033
and < cosθ >= 0.039 . This leads to the conclusion that
orientation was observed and therefore demonstrates the
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efficiency of the two-color field technique for molecular
orientation. Performing this method was positive be-
cause it proves orientation can be achieved by all-optical
fields, the direction of orientation is easily switched by
changing the sign of the quantum interference, and the
technique is free from any resonance constraint and can
therefore be applied to any molecule. However, the de-
gree of orientation achieved was lower than expected due
to experimental purposes. The prevalent explanation is
the failure to maintain the level of stability of the rela-
tive phase between the two pump pulses. From theory,
optimal orientation was expected for a relative phase of
0 or π, but controlling the phase proved to be hard to
achieve due to strong phase fluctuations. The candidate
reason for this was understood to be the Michelson in-
terferometer delay line. Therefore, as seen in figure and
the phase could only be locked for a duration of approx-
imately 5 minutes. Better orientation will be achieved
if this duration could be extended for longer time pe-
riods. The alternative solution currently investigated
is to use a technique relying on the use of interferom-
etry in order correct for the fluctuations introduced by
the delay line. Another solution would be to remove
the delay line and exploit the intensity ratio between
the laser pulses instead. The advantages of the tech-
nique demonstrated in this experiment is that since it
does not rely on the interaction between the permanent
dipole moment and an electrostatic field, it can be ap-
plied to virtually non polar molecules with a small per-
manent dipole moment as long as the sample molecule
has anisotropic hyperpolarizability and polarizability,
and it can even be extended to achieve completely field
free orientation as seen in [22, 23]. In the second ex-
periment, high harmonic generation was observed using
nitrogen and benzene molecular beams under linearly
polarized light. The resulting harmonic spectra both
agreed with theory given that they displayed odd or-
der harmonics only. However, due to limited time, the
harmonic spectrum from benzene under circular polar-
ized radiation was not yet observed. The overlap of the
Nd:YAG and Ti:Sapphire laser beams was successfully
verified by obtaining a spectrum of sum and difference
frequency harmonics. An interesting additional feature
of the experiment was the opportunity to also investi-
gate the ellipticity dependence of some harmonic inten-
sities from randomly oriented benzene molecules, which
reveals the dependence of the half width half max of
the intensity profile on the harmonic order, as well as
the ellipticity dependence with the Nd:YAG laser field
combined (and therefore an aligned sample of benzene
molecules). The intricate process of harmonic genera-
tion by circularly polarized radiation shining on aligned
ring molecules has yet to see experimental results but
does rely on numerous papers as ”road maps” for its
procedure which means success is only a matter of time.
Concerning future perspectives, it would be interesting
to investigate the mechanisms behind the existence of a
second plateau on the expected harmonic spectrum from

benzene in a circular polarized field.
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