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Light beams carrying orbital angular momentum (OAM) have become over the past few years a subject of widespread interest with unprecedented applications in various fields such as optical communication, super-resolution imaging, optical tweezers, or quantum processing. We demonstrate in the present work that gas-phase molecules can be used as a quantum interface to store an OAM carried by an ultrashort laser pulse. The interplay between spin angular momentum and OAM is exploited to encode the spatial phase information of light beams into rotational coherences of molecules. The embedded spatial structure is restored on-demand with a reading beam by taking advantage of field-free molecular alignment. The strategy is successfully demonstrated in CO 2 molecules at room temperature. Apart from applications to broadband coherent buffer memory, the method opens new functionalities in terms of optical processing and versatile control of OAM fields as well as for a deeper understanding of their role on various molecular processes.

Introduction

Angular momentum is one of the most fundamental physical properties of photons. Besides the spin angular momentum (SAM) associated with the polarization state, light beams can also carry an orbital angular momentum (OAM) related to the wavefront shape. While OAM beams have long been considered as a marginal effect mainly related to multipolar transitions, Allen et al. established in 1992 that beams of transverse phase distributions e i ϕ (with ϕ the azimuthal coordinate in the cross section of the beam) carry an orbital angular momentum of h per photon. [1] The -value, corresponding to the phase winding number, is called topological charge and can take any positive or negative integer values. Due to their unique properties, [2,3] helically phased beams or vortex beams have triggered a broad range of research covering optical communication, [4][5][6][7] transfer of OAM to microscopic particles in optical tweezers, [8,9] rotational Doppler effect, [10] nonlinear interaction [11] and high harmonic generation, [12][13][14] modification of selection rules in atomic transitions due to this additional angular momentum [15] or chirality and optical activity [16] to name a few. While the spin angular momentum of light has only two orthogonal states, the OAM has in principle an unlimited number of eigenstates being of significant interest for quantum technologies [17,18] and data storage of high capacity. A large number of studies has therefore focused on the development of quantum memories for OAM, [19][20][21] storing the phase information into internal states of atoms (usually between two ground states via a resonant three-level excitation). Here we show that the OAM of an ultrashort pulse can be encoded into a superposition of molecular rotational states and readout later on by exploiting the mechanism of laser-induced field-free molecular alignment. This regime of alignment received increasing attention in the past twenty years. [22][23][24][25] It is well-known that molecules exposed to a non-resonant and intense laser pulse can be aligned by the electric field as a result of the anisotropic interaction with the induced dipole. In the case of a short pulse (of duration much shorter than the rotational period), the interaction prepares a broad rotational wavepacket in the vibronic ground state of the molecule by impulsive stimulated Raman transitions. After the pulse turn-off, the quantum beatings of the wavepacket lead to molecular alignment at well defined times under field-free conditions. [26,27] Such a regime of laser-induced molecular alignment has been extensively applied in various fields of physics extending to ionization, [28] harmonic generation and attophysics, [29] rotational Doppler effect, [30,31] collisional dissipation, [32] laser filamentation, [33,34] or in the context of ultrafast imaging technology for optical image storing. [35,36] We show here its potentiality for storing the phase front of an ultrashort light embedding an OAM analogously to holographic imaging. The demonstration is conducted with CO 2 molecules at room temperature. The choice of CO 2 was mo-tivated by its high value of polarizability anisotropy but the method is applicable to all molecules except spherical top molecules. The molecular alignment is probed by polarization technique. [27,37] The non-resonant excitation scheme exploits the interplay between SAM and OAM so as to produce a rotational wavepacket in the vibronic ground state of CO 2 that memorizes the OAM information, this last being restored by the periodical rephasing of the wavepacket leading to field-free molecular alignment. Unlike most previous works, the method provides a coherent buffer memory of OAM carried by femtosecond pulses. We demonstrate the possibility to encode and read out OAM modes with a great fidelity. Besides ultrafast quantum processing, the use of rotational states as a quantum interface could open new attributes and modalities in view of the strong impact of molecular alignment on a wide range of processes. Furthermore, the different well established strategies enabling a versatile control of molecular alignment or unidirectional rotation, such as pulse shaping [38,39] or polarization shaping, [30,31] could also be very valuable for the manipulation of ultrashort optical vortex.

Method

Coupling scheme

In the present experiment, the spin angular momentum and orbital angular momentum are conserved on their own. The weak focusing geometry of the driving field prevents any spin-to-orbital conversion occurring in high numerical aperture lens focusing. [40] Furthermore, since dipole electric transitions are allowed, quadrupole transitions will weakly contribute to the overall signal so that standard selection rules of dipole electric transition can apply without any modifications accounting for OAM. [15] As a result, any combination of spin (or orbital) angular momenta conserving the initial spin (or orbital) angular momentum of light is allowed, namely ∆ = ∑ abs -∑ emit = 0 for the OAM and ∆s = ∑ s abs -∑ s emit = 0 for the SAM (where abs and emit denote the absorbed and emitted photons respectively). We emphasize that the SAM carried by the light acts on the magnetic quantum number M of molecular states while the OAM does not modify the internal states. This set of rules is used to identify the suitable excitation scheme enabling the storage of light's OAM into molecular rotational states. For encoding OAM modes or complex images into internal states of atoms, excitation schemes are usually based on a resonant Λ-configuration using Stokes and anti-Stokes beams of different helical phase fronts. In most cases, a Stokes beam of topologic charge together with an anti-Stokes = 0 beam (called "Gaussian beam" hereafter) are used. With such a configuration, the phase difference ϕ between the beams is stored through the coherences induced between the two ground states and retrieved at will with a reading beam. Direct application of such a strategy in the context of molecular alignment turns out to be ill-suited because the rotational coherences are produced between a great number of states belonging to the same vibronic state using a short and broadband pulse. The Stokes and anti-Stokes field of same central frequency cannot therefore be distinguished leading to unwanted quantum excitation channels. These lasts can be avoided using circularly polarized (CP) fields by means of the spin selection rule. Let's consider a pump field producing the molecular alignment written as:

E(t) = ε 0 (t)e -iω 0 t σ-+ e i ϕ σ+ , (1) 
where σ+ ( σ-) corresponds to the right (left)-handed circular polarization in the (x, y) plane σ± = 1 √ 2 (1, ∓i), called RCP (LCP) hereafter. When interacting with the molecular sample, this pump field induces rotational coherences and field-free molecular alignment. If a time-delayed LCP probe pulse reads the molecular medium at the occurrence of transient alignment, a field of opposite helicity is produced due to the sample anisotropy. This last, called signal field, can be isolated by a circular analyzer and is expected to carry the same topological charge as the one embedded in the σ+ pump component owing to SAM and OAM conservation. This point is illustrated in Figure 1. As it can be seen, the σ- for the first step corresponds to the -value stored by the molecular sample and restored later on into the signal field via the reading process.

probe and σ+ signal field imply ∆J = 0, ±2 and ∆M = -2 transitions, where J and M correspond to the total angular momentum and magnetic quantum numbers, respectively (with the quantum axis chosen along the propagation axis e z ). The SAM conservation therefore imposes the sequence of pump pulses helicity in the overall parametric cascaded process and consequently the topological charge of the signal field by OAM conservation. We point out that the use of linear polarizations would lead to three additional excitation channels: two channels storing = 0 and corresponding to an excitation only driven by the OAM beam or the Gaussian beam and another channel storing -corresponding to the exchange between the Stokes and anti-Stokes fields for the pump [see Section 3, Supporting information]. The SAM conservation and spin constraint therefore enables to get rid of this unwanted superposition. Such an interplay between spin and orbital angular momentum has been exploited to control the OAM states of harmonic fields produced by up-conversion process. [14] 

Theoretical model

In order to go further in the analysis and confirm the previous qualitative approach, we write the time-dependent Hamiltonian describing the coupling of the molecule to a non-resonant external field as introduced in Eq. 1, namely with polarization components in the circular basis written as:

E + (t, ϕ) = ε 0 (t)e -i(ω 0 t-ϕ) (2) 
E -(t) = ε 0 (t)e -iω 0 t . (3) 
Within the high-frequency approximation, one can show [see Section 1, Supporting information] that this Hamiltonian writes as:

H(t) = BJ 2 -DJ 4 - ε 0 (t) 2 2 α ⊥ + ∆α sin 2 θ cos 2 Φ - ϕ 2 , (4) 
where the first term corresponds to the field-free Hamiltonian with B the rotational constant, D the centrifugal distortion constant [B=0.39 cm -1 and D=1.33 10 -7 cm -1 for CO 2 ], and J 2 the angular momentum operator. The second term of Eq. 4 corresponds to the interaction Hamiltonian where ∆α = αα ⊥ is the difference between the parallel and perpendicular components of the polarizability tensor, while θ and Φ are the polar and azimuthal angles of the molecule (θ is the angle between the molecular axis and the laboratory z-axis, and Φ is the angle of rotation of the molecule around z).

The interaction Hamiltonian indicates that the molecules will preferentially be confined in the (x, y) plane (i.e. with θ = π/2) while being aligned along the direction defined by the polar angle Φ = ϕ 2 (with respect to the laboratory x-axis). The molecular axis orientation therefore depends on the azimuthal angle ϕ in the beam's section so that a probe beam E pr (t) interacting with such an inhomogeneous medium will experience a spatially-dependent modification of its ellipticity which is at the origin of the OAM carried by the signal field. This last can be inferred from the expression of the dipole moment induced by the LCP probe field µ pr = 1 2 αE pr (t) σ-. After the circular analyzer selecting the field of opposite handedness, the signal field [see Section 2, Supporting information] writes as:

E sig (t, ϕ) ∝ σ + µ pr ∝ ∆α sin 2 θ e i2Φ E pr (t), (5) 
where .. denotes the quantum averaged value. For a probe pulse time-delayed by τ of the form E pr (t) = ε 0 (tτ)e -iω 0 (t-τ) and a molecular alignment along θ ≈ π/2 and Φ ≈ ϕ 2 , the signal field becomes:

E sig (t, ϕ, τ) ∝ ∆αε 0 (t -τ)e -i(ω 0 (t-τ)-ϕ) ∝ E + (t -τ, ϕ) (6) 
which is a copy of the (pump) Stokes field encoded in the molecular sample. As a result, any topological charge can in principle be memorized by the molecules as expected by SAM and OAM conservation through the diagram of Figure 1.

Experimental set-up

The experimental set-up is depicted in Figure 2. The laser system delivers pulses of 35 fs duration centered around 800 nm at 1 KHz repetition rate and with a maximum energy of 6 mJ. The input beam is split in two parts by a 80/20 beam splitter so as to produce the pump and probe beams. The probe beam is frequency doubled with a BBO-crystal (the remaining fundamental frequency being rejected from the probe beam path with a polarizer). The use of a probe field with a central frequency different from that of the pump allows to reject the pump field after the interaction. The probe is then circularly polarized using a Berek compensator (BC 1 ). The pump passes through a motorized delay line and a beam shaper for imprinting its spatial structuring. Pump and probe beams are colinearly recombined by an optical wedge before being focused by a lens L 1 ( f =30 cm) in a static gas cell filled with 0.7 bar of CO 2 . At the exit of the cell, the beams are collimated by a lens L 2 ( f =25 cm) and a circular analyzer (consisting of a Berek compensator BC 2 and polarizer) analyzes the signal field of interest corresponding to the depolarization of the probe beam. The signal field, isolated from the pump using a dichroïc filter (F), can be measured either by a CCD camera (providing a signal S(ϕ, τ) ∝ E sig (t, ϕ, τ) 2 dt) or by a photomultiplier tube (PMT) giving the spatially-integrated signal. The spatial phase profile and OAM state is obtained by measuring the interference pattern with a reference Gaussian beam of same polarization state. We emphasize that the use of Berek compensators instead of quarter waveplates for the probe beam is motivated by the possibility of inducing a tunable phase shift which can be adjusted as a function of the wavelength and by the possibility of precompensating the birefringence induced by optical reflections. The spatial structuring of the pump beam is realized by means of a q-plate that is used for generating OAM beams via SAM-OAM exchange occurring in both anisotropic and inhomogeneous media. A q-plate is a birefringent material whose slow (or fast) axis orientation varies continuously with the azimuthal angle ϕ according to the pattern defined by [41] α(ϕ) = qϕ, (7) where α denotes the angle between the neutral axis and the x-coordinate axis, and q the topological charge of the plate which can be integer or half-integer. The OAM number generated by a q-plate is = ±2q and the transformation experienced by a σ± beam propagating through a q-plate can be described [41,42] using a unitary operator Û:

Û σ-= cos δ 2 σ-± i sin δ 2 e +2iqϕ σ+ (8) 
Û σ+ = cos δ 2 σ+ ± i sin δ 2 e -2iqϕ σ-, (9) 
where δ denotes the phase retardation of the plate. The sign ± between the two components depends on whether the angle α in Eq. 7 relates to the slow or the fast axis: + (resp.

-) for slow (resp. fast) axis.

The first conducted experiment aimed to store a pure ( = 1) OAM in the molecular sample. In this purpose, a beam shaper consisting of a quarter waveplate and a q-plate has been used. The q-plate was designed with a phase retardation δ = π/2 (quarter waveplate) and an azimuthal distribution of its fast axis as in Eq. 7 with q = 1/2. According to Eq. 8, such a q-plate converts a beam σ-

( = 0) → 1/ √ 2 [ σ-( = 0)-i σ+ ( = 1 
)] which is exactly the overall Stokes and anti-Stokes pump depicted in Figure 1. This qplate therefore enables to produce the global excitation field at once. We emphasize that the relative phase of -π/2 between the two components is not important for our purpose since it only gives rise to an angular rotation of the OAM field.

Results

The alignment signal was first recorded as a function of the pump-probe delay for a pump energy of 15 µJ, the pump beam being composed of two different topological charges with different helicities [ σ-( =0), σ+ ( =1)]. Such an energy corresponds to a weak field excitation regime of the molecular sample. Typical pump-probe signal measured by the PM using this configuration is depicted in blue line of Figure 3. This last reflects a standard field-free alignment trace of CO 2 [27, 43] with transient alignment revival located every T r /4=10.68 ps, with T r = 1 2Bc the rotational period. The structural shape of the revivals is governed by the conditions of rephasing of the rotational wavepacket [see Section 5, Supporting information]. The signal gradually decreases because of the molecular wavepacket decoherence induced by collisional relaxation so that in the present experimental conditions with a pressure of 0.7 bar, the alignment vanishes after approximately 100 ps. [44] It should be pointed out that the storage time can reach several nanoseconds [45] if the gas density is reduced. The intensity pattern of the beam has been measured with the camera for different delays. The result, depicted in insets in Figure 3, displays the typical signature of helically phased beams with the well-known doughnut shape resulting from the phase singularity on the beam axis. This annular intensity pattern is a strong indication that molecules have stored the OAM state ( =1) carried by the Stokes pump field before restoring it when interacting with the delayed probe pulse. In order to verify this claim, the interference pattern with a synchronized reference beam crossing at small angle (0.5 • ) has been measured. The recorded measurement is displayed in Figure 4b for the delay τ = 21.18 ps (labeled 1 in Figure 3). This interferogram exhibits the usual fork-shaped pattern providing after spatial Fourier filtering, the spatial phase of the signal beam. The reconstructed spatial phase, depicted in Figure 4c be interpreted as the production of a "molecular q-plate".
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According to Eqs. 8-9, in order to produce a beam carrying an OAM quantum number = 1, one should use a q-plate with q = 1/2 namely with neutral axis orientation defined by α(ϕ) = ϕ 2 . A quick inspection of Eq. 2-3 reveals that the combination of the two pump components σ-( = 0) and σ+ ( = 1) writes in the ( e x , e y ) basis as:

E(t) = √ 2ε 0 (t)e -i(ω 0 t-ϕ 2 ) cos( ϕ 2 ) e x + sin( ϕ 2 ) e y , ( 10 
)
producing a polarization vector distribution that exactly follows the pattern α(ϕ) = ϕ 2 of a q-plate (q = 1/2). The molecular alignment induced by such a field will therefore follow the same azimuthal pattern, i.e. Φ(ϕ) = α(ϕ) resulting in the formation of a "molecular q-plate". This point is illustrated in Figure 5a depicting the polarization pattern of the pump beam together with the spatial distribution of alignment induced by this last. The modification of a LCP probe beam interacting with the molecular sample (Figure 5b) can be inferred from Eq. 8 using q = 1/2, δ that depends on the degree of alignment sin 2 θ e i2Φ in Eq. 5, and a + sign between the two components due to the orientation of the molecular slow axis. As a result, when the LCP probe field propagates through the medium, the output field consists of a combination of σ-( = 0) and σ+ ( =1) beams, in perfect agreement with the expectation of Figure 1. The circular analysis enables the selection of the last component carrying the OAM mode. The SAM-OAM conversion experienced by the probe beam is allowed by the inhomogeneous anisotropy of the molecular sample associated to the spatial distribution of molecular alignment.

It is well-known that the rephasing of the rotational wavepacket around τ = 21.18 ps correspond to a situation where the molecules realign along the direction of the pump polarization axis so that the configuration matches the one of Figure 5b. Nevertheless, the time-dependent dynamics of molecular alignment is more complex and also contains "planar delocalization" peaks [see Section 5, Supporting in- formation] during which the molecules are preferentially located in a plane perpendicular to the pump polarization axis. [26,27] It is interesting to analyze the effect of such a molecular distribution on the restored OAM. Figures 4(d-f) show the same measurements as in Figs. 4(a-c) but for the adjacent peak of the same revival at τ = 21.55 ps (labeled 2 in Figure 3) and corresponding to an occurrence of planar delocalization. As it can be seen, the phase retrieved from the interference pattern still exhibits a counter-clockwise winding characteristic of a topological charge = 1. This observation indicates that any delay can be used to read out the encoded information. The main difference between the two configurations (measured in the same conditions) lies in a global rotation of 180 • of the spatial phase. This observation can be understood by considering that for a planar delocalization (Figure 5c) the molecular orientation in the (x, y) plane follows the distribution Φ ≈ ϕ 2 ± π 2 (instead of Φ ≈ ϕ 2 for a molecular alignment) leading to a signal field (Eq. 5) carrying a phase ϕ ± π and therefore a helical phase front ( = 1) with a π-angular shift. Note the very short switching time between the two configurations. This property could be exploited (see discussion) to produce an ultrashort pulse carrying a helical phase structure that rotates within the pulse envelope. As a further demonstration of the method, we have also stored an OAM of opposite chirality = -1. Following Eq. 9, a RCP field has been injected into our q-plate [q=1/2, δ = π/2] leading to the transformation σ+

( = 0) → 1/ √ 2 [ σ+ ( = 0)-i σ-( = -1)].
Since the pump components carrying = -1 and = 0 are reversed compared to the previous case, the probe helicity and circular analysis have also been reversed. The coupling scheme is then the one of Figure 1 but with = -1 and circular polarization of opposite handedness for all fields. The retrieved phase for the alignment peak (τ = 21.18 ps) shown in Figs. 4(g-i) turns out to exhibit the clockwise winding distribution characteristic of a ( = -1) OAM state. Finally, as a proof of generality, an OAM state of topological charge = 2 has been stored into the molecular sample. The reconstructed phase of the signal field, depicted in Fig. 4(l), exhibits a continuous counter-clockwise increase from 0 to 4π with two spiral arms as expected for a beam carrying a = 2 OAM number. Another noticeable feature in the doughnut shape intensity pattern of Fig. 4(j) is the larger dark core compared to the previous cases = ±1. This is a further signature of an increase in value, the radial nodes evolving as r | | . This last example confirms the ability of the method to store any OAM state as predicted by the theoretical model (section 2.2). The present result demonstrates the potential of using molecular systems as a quantum interface to store an OAM embedded in ultrashort light. Such a coherent buffer memory is attractive for ultrafast local quantum processing where long storage times are not required. While the storage time is a crucial parameter for long-distance communication, other properties as the bandwidth and multi-mode capacity may be of more interest when local quantum processing applications are concerned. [46] The upper method demonstrating the storage of THz-bandwidth light falls into this category. Additionally, the non-resonant Raman memory of the present coupling scheme allows to re-encode the stored helical phase-front structure to any beams of different wavelength. However, one could emphasize one limitation. When exposed to a moderately intense pump beam, the molecules align periodically during the revivals but the effect remains weak in between so that the signal is hardly readable. We point out that the readout sampling rate depends on the moment of inertia of the molecule and can therefore be controlled by changing the molecular system. Nevertheless, the readout cannot be considered truly on-demand. A similar limitation is known for other quantum memory protocols with multi-mode ability as controlled-reversible inhomogeneous-broadening (CRIB [47] ) or atomic frequency comb (AFC [48] ), which rely on the control of an inhomogeneously broadened optical transition. In CRIB, the atomic polarization has to rephase after the broadening has been reversed, while in AFC the rephasing time is fixed by the comb spacing. In our case, this limitation can be however circumvented by the use of a stronger pump field interaction that manifests itself by the occurrence of a residual alignment between the revivals [see Section 5, Supporting information] called "permanent" alignment. [22,26,27] This steady-state alignment lets envision to consider an on-demand readout of the OAM state. So as to check this property, the same experiment has been repeated with a pump energy of 160 µJ. The result displayed in Figure 6 shows, in addition to the signal obtained during the alignment revivals, a background signal which is the manifestation of the permanent alignment process. Recording the intensity pattern of the signal between two alignment revivals (here at τ =5 ps) indeed reveals that the OAM state embedded within the pump can be restored at any time (up to the coherence time of the memory) confirming the potential of permanent alignment for a truly on-demand readout. An additional advantage of the permanent alignment lies in its robustness against collisional relaxation. Indeed, it has been shown [49] that collisions induce a decay of the permanent alignment about twice slower than that of the transient revivals amplitudes. 

Conclusion and discussion

We have successfully demonstrated the storage of helical phase structures carried by ultrashort pulses into the rotational coherences of a molecular system. The demonstration is conducted in CO 2 molecules at room temperature in which = ±1 or =2 OAM states have been stored and readout on demand with a reading beam. We emphasize that the method is not limited to the use of CO 2 molecules as a quantum interface, similar results to those presented in this work have been obtained with N 2 . The underlying mechanism relies on the production of a gas-phase molecular q-plate resulting from the occurrence of laser-induced field-free molecular alignment. This experimental work constitutes a first step and provides the guidelines before a forthcoming experiment aiming at storing a coherent superposition of OAM states (i.e. qubits) into rotational wavepackets. The present approach is indeed well-suited for encoding both spatial phase and amplitude information of structured light beams. The broad distribution of molecular rotational states could also be exploited to achieve unprecedented storage capability. A real breakthrough in the manipulation of beam light has been recently achieved with the production of space-time wavepackets embedding time-varying OAM characteristics. [50] To reach this goal, different OAM states have been encoded into distinct spectral bands of the laser spectrum (in addition to an overall temporal shaping applied in the frequency domain). The present method could be applied to store such optical waveforms by encoding each part of the laser spectrum into specific rotational components.

Besides applicability as storage medium, the use of molecules as light-matter interface for OAM beams features interesting prospects since molecules have an array of attributes which might be well-suited to specific applications. The major role played by molecular alignment on various physical process such as ionization, dissociation, harmonic generation, or laser filamentation could be very valuable especially in the context of optical OAM processing. For instance, the q-plate of aligned molecules reported here can be exploited to transfer the OAM stored in the molecular sample to a harmonic field [51,52] produced by upconversion process. The advantage of the method relies in the production of a pure OAM harmonic light with no need of further polarization selection. In the same purpose, it would also be interesting to investigate how an OAM can be converted from molecules to light when producing a broadband continuum through laser filamentation. The temporal dynamics of molecular alignment could also be attractive by itself. We have shown in this work that the restored OAM for aligned and delocalized molecules is rotated by π due to the fact that the molecular q-plate is rotated between the two configurations. The switch between the two occurs in few hundred of femtosecond and by combining the present approach with unidirectional rotational motion, [30,31] one could produce a molecular q-plate in ultrafast rotation during the revival. The interaction of a pulse with such a dynamically evolving medium would embed a helical phase structure in ultrafast rotation during the pulse resulting for instance in large rotational Doppler shifts. The strategies developed for controlling the molecular dynamics such as pulse shaping [38,39,53] or polarization shaping [30,31] could also be relevant for an extended manipulation of OAM. The optimization of alignment [38,39] or permanent planar delocalization [54] can first be applied in order to improve the degree of molecular alignment and the efficiency of the molecular q-plate. More than that, the possibility of controlling the angular distribution of molecules in space, and through it, the corresponding molecular q-plate is of great interest for the manipulation of OAM and their tunability. As an example, the storage of different OAM states in distinct molecular systems or rotational levels through a judicious shaping [53] would allow to coherently add or subtract OAM fields directly through the molecular interface. In this case, the addition or subtraction would depend on whether the two sets are aligned or anti-aligned.

Another field of interest relies on the phase-matching of the nonlinear process under consideration and the propagation effects of OAM beams. The interaction involving a long range molecular sample, as investigated here, implies very specific phase matching conditions [see Section 4, Supporting information] that can be exploited for useful ap-plications. We have identified for instance the possibility to design an OAM selector enabling to detect the presence of a given OAM state within an OAM superposition. This can be achieved through a specific coupling scheme for which only the targeted OAM state will be phase-matched so as to provide a significant signal. This will be the subject of one of our future works.

Figure 1

 1 Figure 1Coupling scheme for encoding the phase information of OAM beams into rotational states of molecules by SAM and OAM conservation, the allowed transitions are ∆J = J f -J i = 0, ±2, ∆M = -2 (∆M = +2) for the probe (pump) interaction. ∆ = +

Figure 2

 2 Figure 2 Experimental set-up. BS: beam splitter, QWP: quarter waveplate, VP: vortex plate [δ = π/2, q = 1/2], W: wedge, BBO: type 1 doubling crystal, P: Polarizer, L: plano-convex lens, BC: Berek compensator, PMT: photomultiplier tube, BD: beam dump, F : 400 nm bandpass filter, ND: neutral density filter.

Figure 3

 3 Figure 3 Alignment signal of CO 2 (blue solid line) as a function of the pump-probe delay for a pump energy of 15 µJ recorded with the photomultiplier tube. The insets correspond to the intensity pattern of the signal recorded by the camera around delays corresponding to revivals of alignment.
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 4 Figure 4 First line: (a) intensity pattern of the signal recorded by the camera, (b) interferometric intensity pattern, and (c) retrieved spatial phase for = 1 and τ = 21.18 ps corresponding to a peak of alignment. Second line: same as first line but for τ = 21.55 ps corresponding to a peak of planar delocalization. Third line: same as first line but for the storage of = -1. Fourth line: same as first line but for the storage of = 2.

Figure 5

 5 Figure 5 (a) Illustration of the = 1 storage mechanism: the superposition of ( σ+ , = 1) and ( σ-, = 0) pump fields provides an azimuthal distribution of polarization inducing a molecular alignment with the same pattern (equivalent to a q-plate with q = 1/2 see text). (b) A LCP probe field interacting with this molecular sample at the occurrence of molecular alignment produces a field of opposite handedness carrying an OAM of topological charge = 1. (c) same as (b) but for a delay corresponding to a planar delocalization.

Figure 6

 6 Figure 6 Alignment signal of CO 2 (blue solid line) as a function of the pump-probe delay for a pump energy of 160 µJ recorded with the photomultiplier tube. A zoom on the signal is applied to better visualize the permanent alignment and the signal decay is due to collisional relaxation. The image corresponds to the intensity pattern of the signal recorded at 5 ps between two revivals.
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