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To control molecular scattering, we consider hydrogen molecules prepared in a coherent superposition of m states within a single rovibrational (v, j) energy eigenstate using Stark-induced adiabatic Raman passage (SARP). Specifically, SARP can prepare a bi-axial state of the HD molecule in which the HD bond axis exists simultaneously in two possible alignments at right angles to one another with a well-defined relative phase. We show that scattering from this biaxial state will interfere, resulting in a φ -dependent scattering intensity distribution, where φ is the azimuthal angle about the collision velocity direction. Using the scattering matrix extracted from our experiments on the rotationally inelastic collisions of quantum state prepared HD at low temperatures, we calculate the differential scattering cross-section dσ/dΩ, which shows an interference pattern as function of θ and φ in the image plane perpendicular to the collision velocity. The calculated scattering image shows that scattering from the bi-axial state directs molecules along well-defined angles, corresponding to interference maxima. Thus, the bi-axial state behaves like a double slit for molecular scattering. Moreover, by rotating the polarizations of the SARP preparation lasers, we can control the interference thereby altering the scattering angular distribution. This molecular interferometer, which experimentally measures the relative phases of the scattering matrix elements, allows a direct test of theoretical calculations on important, fundamental collision processes.
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INTRODUCTION

Interference is a fundamental characteristic of the physical world that results from the intrinsic uncertainty in which multiple definite pathways connect the initial and final states of a system [1]. This uncertainty arises because, at the most fundamental level, a physical system is described by a quantum mechanical wavefunction that defines the state variables probabilistically. While interference plays an important role in controlling dynamics at the atomic scale, its effects are generally impossible to discern at the macroscopic level because the presence of many quantum states with randomly fluctuating phases either removes the interference or obscures its effects. Control over the quantum state of the system is therefore a necessary prerequisite for the interrogation of any interference effects in collision processes [2].

The progenitor of the quantum mechanical interference experiment is Young's double-slit experiment, where interference was observed as light passed through two different optical pathways. A long series of more modern experiments has successfully demonstrated interference of this type using collimated monoenergetic beams of electrons, atoms, and molecules [3–5]. In these experiments, constructive, and destructive interference of two coupled pathways connecting the impinging beam and the detector created positional maxima and minima of particle detection probability in much the same way as bright and dark optical fringes appeared in Young's experiment. Interference is only observed whenever the two slits are separated by nearly the De Broglie wavelength of the particles, meaning that finer and finer control is required as the mass of the system is increased.

Quantum interference that arises from the wave nature of matter contributes to the dynamics of many collision systems. Using advanced techniques to prepare the quantum states of isolated atomic and molecular systems, recent experiments have illustrated the effects of these interferences on the integral or differential cross section of the scattering process. In each of these instances the interference effects resulted because of the possibility of two or more pathways connecting the initial and final states of the matter system. One dramatic example exists in the photoionization of a diatomic molecule [6, 7]. Because the electron is delocalized over two atomic centers, the nuclei function analogously to a double slit in creating two distinct pathways for the excited electron to leave the molecule, thus generating an interference effect that has been measured in the angle-resolved double photoionization of H2 molecules. In addition to the photoionization half-reaction, signatures of interference are also present in two-body collision processes when the transformation involved is mediated by two separate pathways [8–10]. Interference effects of this type have been measured in the rotationally inelastic scattering of optically excited states of small molecular systems including Na2 and CO, where the interference occurred between the singlet and triplet pathways [11]. Similarly, such interferences have been observed in the reactive scattering of systems ranging from H + H2 to Li + NaLi [12–16]. However, in most of the prior experimental interrogations of scattering interferences, the multiple pathways were determined entirely by the material properties of the system, and therefore the interferences could not be controlled experimentally.

With even more precise ability to define the molecular quantum state, interference resulting from multiple quantum mechanical pathways can be exploited to control the outcome of a molecular collision [8, 10, 17–20]. This is achieved by preparing the atom-molecule collision system in a phase coherent superposition of quantum states. Because each state in the superposition provides a distinct pathway to the scattering output, control can be achieved by varying the amplitudes and phases of the superposed states. An experimental example can be found in the work of Nichols et al. who prepared NO in a coherent mixture of even and odd Λ-doublet states by the application of a DC field, to study how an inelastic scattering process is influenced by quantum interference between the coherently coupled initial states [8]. In this paper, we will consider the rotationally inelastic collision between a state-prepared H2 molecule and a ground state He atom. Prior to the collision event, the H2 has been placed in a specific target state that consists of a coherent superposition of m states belonging to a rovibrational (v, j) energy eigenstate. Here, the m quantum number defines the projection of the rotational angular momentum j on a suitable symmetry axis of the collision system. Following preparation, collision with the He atom will induce the Δj transition (v, j, m → v, jf, mf). The target state can be expressed as follows:
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where the coefficients Cm are the complex numbers representing the time-independent amplitudes to find the target state in a specific m sublevel. When calculating the probability density of this state, [image: image] gives the population of the various m sublevels, while the terms [image: image] (m ≠ m′) are the off-diagonal elements of the density matrix [image: image] describing the coherences between different m sublevels. As opposed to a rotational wavepacket [21–23], the superposition in Equation (1) evolves with a single frequency Ev, j/ℏ, and so the superposition is a temporally stationary state, which is most desirable in a collision experiment. Optical excitation can be used to prepare a degenerate superposition of m states, thereby injecting optical coherence into the molecular system. To prepare large atomic and molecular ensembles in a coherent superposition of the m sublevels, many coherent optical methods including stimulated Raman adiabatic passage (STIRAP) [24–27], and Stark-induced adiabatic Raman passage (SARP) [28–30] have been developed.

The inelastically scattered quantum state of the H2 molecule can be expressed as:
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where Amf(v, jf, θ, φ) is the probability amplitude to find the scattered product (H2) in a rovibrational m eigenstate |v, jf, mf〉 within a unit solid angle along the direction |v, jf, mf〉 . The polar angle (θ, φ) is defined in the center of mass coordinate system with the Z axis oriented along the relative velocity of the colliding partners. Equation (2) is fully general in that it can describe a pure scattered state as well as one that is coherently generated as a superposition of degenerate m states. In this case, the collision process, be it reactive, inelastic, or elastic, has transferred coherence (information) from the target state defined by Equation (1) to the product state defined by Equation (2). The product state coherence is determined by the off-diagonal density matrix elements ρmfmf′ proportional to [image: image].

In this paper, we consider theoretically a state-resolved scattering experiment where the unpolarized differential scattering cross section is measured as a sum over all sublevels mf:
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The scattering amplitude Amf(v, jf, θ, φ) may be expressed as:
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where q(v, j, m, Ec → v, jf, mf) is the state-to-state reaction amplitude within a unit solid angle defined by [image: image] in the center-of-mass frame. For scattering with well-defined initial momentum, the incoming orbital state is a plane wave described by a superposition of many partial waves. Each of these incoming orbitals is then scattered by the interaction potential to produce multiple orbitals in the outgoing channel. A scattering process can thus be regarded as the diffraction of the incoming matter wave by the colliding partner, where the diffraction efficiency is determined by the strength of the interaction forces. The scattering amplitudes q(v, j, m, Ec → v, jf, mf) are determined by the coherent sum over the contribution of all these outgoing waves. These individual contributions are given by the scattering matrix, which asymptotically connects the incoming and outgoing orbital states and contains information about the dynamics of the molecular interaction.

The measured state-resolved differential scattering cross-section (unpolarized) is given by
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Here, Qmm′ contains the phase information of the state-to-state scattering amplitude q as follows:

[image: image]

The population-driven term in Equation (5) is defined as follows:

[image: image]

Equation (7) shows that without m state coherence, the collision cross-section measured in a scattering experiment is determined solely by the m state population of the target state. This is because without coherence each m state contributes independently to the differential cross-section. As a result, no information about the phase of the state-to-state scattering amplitude q can be determined.

The second term on the right-hand side of Equation (5) contains [image: image] terms, and thus gives rise to the interference effects in the scattering angular distribution. Specifically, the terms Qmm′ defined in Equation (6) give the products of the state-to-state reaction amplitudes for two different initial target states and |v, j, m′〉 that scatter into the same final product state|v, jf, mf〉, thus describing interference between two coherently tied input channels. The interference thus results from the fact that each m state in the superposition provides a possible quantum mechanical pathway connecting an incoming orbital to an outgoing or scattered orbital. The m state superposition thus behaves much like a multi-slit interferometer where the number of slits, or the number of m states, and their separations, or their relative phase, can be varied experimentally. The maxima and minima of the resulting interference are determined by the amplitudes as well as the relative phases of the complex amplitudes Cm. However, if the molecules are not prepared in a phase coherent superposition of m states, the effect of these cross terms vanish, [image: image] for m ≠ m′, where the angular bracket represents the ensemble average.

We show in this paper that the outcome of a collision experiment can be directly controlled using modulation of the superposition of the target state. Further, we demonstrate that the interference in the state-resolved differential scattering cross-section for molecular targets prepared in addressable quantum states is a useful probe for both the magnitude and the phase of the state-to-state reaction amplitudes q(v, j, m, Ec → v, jf, mf). To illustrate these points, we consider the molecular interferometer created by preparing specific superpositions of m states, including an entangled biaxial state, of the HD molecule and show the interference effects in the rotational relaxation of these state-prepared HD by collision with a ground-state He atom. Our work here parallels a recent theoretical study that investigated coherent control using m state superposition in the F + H2 reaction [31].



A MOLECULAR INTERFEROMETER ILLUSTRATED BY PREPARING HD MOLECULES IN A SUPERPOSITION STATE

The molecular interferometer discussed in this work has been previously prepared using SARP [28, 32]. SARP accomplishes population transfer by manipulating the crossings of the optically dressed adiabatic states using a pair of partially overlapping nanosecond laser pulses of unequal intensities. The dynamic Stark shift from the intense laser pulse controls the crossing of resonance. A large population is adiabatically transferred to the target state in the presence of a strong two-photon Rabi frequency as the Stark-shifted detuning slowly passes through the Raman resonance. The molecular axis orientation is controlled by the polarization of the two laser pulses. A comprehensive description of SARP can be found elsewhere [29, 30, 33, 34]. Figure 1 describes the geometry of SARP excitation where the lasers propagate along the Y axis, while their polarizations are confined to the XZ plane. By rotating the pump and Stokes laser polarizations, various molecular axis orientations can be realized as shown in Figure 1B. Throughout this paper, we will consider the Z axis as the angular momentum quantization axis.


[image: Figure 1]
FIGURE 1. (A) The coordinate system used in this paper. The Z axis is the direction of the molecular beam, which defines the collision velocity, while the laser propagates along the Y axis. The polarization of the pump and Stokes lasers are in the XZ plane, and their directions are given by the angles β and α. The scattered particles are imaged in the XY plane. (B) Axis distributions for the three specific alignment states discussed in the paper shown with the plane of the page as the XZ plane.


We consider three specific axis alignments, shown in Figure 1B as well as the top panel of Figure 2 below. The simplest, called HSARP, is prepared when α = 0 and β = 0 and consists of only |m = 0〉. Because HSARP is a pure uniaxial state preferentially polarized along the collision velocity axis, the density matrix has only one element ρmm = 1 . Choosing both polarizations perpendicular to the Z axis (α = 0, β = π/2) creates the superposition state [image: image] with non-zero off diagonal density matrix elements called VSARP. However, it is possible to diagonalize its density matrix by appropriate rotation of the coordinate system because VSARP is a uniaxial state preferentially polarized perpendicular to the collision velocity axis. Rotating only one polarization away from the Z axis (α = π/2, β = 0) produces the state [image: image] called XSARP. The off-diagonal elements are ρmm′ = −1/2 for m ≠ m′, |m| = |m′| = 1. The XSARP state is a biaxial, and so there is no coordinate rotation that transforms it to a pure state. The presence of two simultaneous axis alignments provides two possibilities for the rotationally inelastic scattering. The two distinct pathways connecting the initial and the final scattering states will interfere, making XSARP the molecular scattering analog of an optical double-slit experiment.


[image: Figure 2]
FIGURE 2. Controlling molecular collision using m state superposition of three orientations: (A) HSARP |m = 0〉 obtained with pump and Stokes polarizations given by α = 0, β = 0 in Figure 1. (B) XSARP: [image: image] obtained with α = π/2, β = 0. (C) VSARP: [image: image]. Here the plane of the page is the XY image plane shown in Figure 1A, which is perpendicular to the collision velocity along Z. The top panel gives the axis distributions and the collision geometry. The second panel shows the scattered images of rotationally relaxed HD (v = 1, jf = 0, mf = 0). The third panel shows the φ dependence of the scattering images.


To show the interference effects in molecular collisions produced by a superposition of m quantum states, we consider the specific example of cold, rotationally inelastic hydrogen-helium scattering. We have previously studied cold HD (v = 1, j = 2) → (v = 1, jf = 0) rotational relaxation via collision with a ground state He atom [35]. These collisions were confined within a single supersonic beam moving along the Z axis in Figure 1, thus precisely defining the collision geometry. Figure 2 shows the calculated differential scattering cross-section dσ(θ, φ)/dΩ given in Equation (5), which we also call the scattering image, in the X-Y plane. The scattering image is calculated using the experimentally determined scattering matrix from our earlier work. In this calculation, each of the scattering amplitudes q(v, j, m, Ec → v, jf, mf) is expanded in terms of the outgoing partial waves with complex amplitudes proportional to the scattering matrix element [image: image]. Here, l and lf give the orbital angular momentum of the incoming and outgoing orbitals, respectively, and J gives the total angular momentum, which is conserved in the collision process. A detailed description of the scattering calculation can be found in our publications [32, 35, 36] and is briefly reproduced in the Supplementary Material. Although we have considered here a specific example of Δj =2 rotational relaxation with a single final state (jf = 0, mf = 0), our treatment will remain valid even if there are multiple final states. For example, in Δj = 1 transition with (jf = 1, mf = 0, ±1), the scattered intensity will be just the sum of the intensities for each individual mf state shown in Equation (5).

The second panel in Figure 2 shows the image of scattered HD (v = 1, jf = 0) for the HSARP, XSARP, and VSARP axis orientations. The cylindrical symmetry of HSARP about the collision velocity is readily reflected in the scattering image shown in Figure 2A. The cylindrical symmetry about the Z-axis is broken for the VSARP orientation as seen in Figure 2C. The scattering image for the XSARP orientation in Figure 2B differs drastically from the HSARP and VSARP images. For the XSARP scattering not only is the azimuthal symmetry about the collision velocity broken, two bright interference fringes separated by a dark region in the center of the image are created. The dark center corresponds to a complete absence of the intense forward and backward scattering present for the HSARP and VSARP orientations. We note that the XSARP axis orientation scatters particles in well-defined directions in space much like a grating interferometer for optical waves. The third panel of Figure 2 shows the φ dependence of the scattering images for the three axis distributions. The scattering intensity as a function of φ was calculated by integrating dσ(θ, φ)/dΩ over all polar angles θ . The characteristic interference pattern for the XSARP makes it clear that the scattering of this state acts like a classic double-slit interferometer for molecular scattering. Because of the symmetry about the collision velocity, HASRP does not produce any φ dependency. The VSARP orientation breaks the cylindrical symmetry about the collision velocity axis and modulates the scattering intensity as a function of φ. However, compared to XSARP, the φ dependence is much weaker because VSARP is still a uniaxial state and therefore does not act as a double-slit interferometer.

Figure 3 compares the scattering images for the XSARP and VSARP orientations calculated with and without the coherence terms. For the right-hand images with coherence turned off, the calculation is performed by setting the off-diagonal density matrix elements ρmm′ = CmCm′ for m ≠ m′ to zero. As described by Equation (7), in the absence of m state coherence the scattering angular distribution is determined by the m state populations. The cylindrically symmetric scattering angular distributions shown in Figure 3 prove that the symmetry about the collision velocity can be broken only by introducing m sublevel or Zeeman coherence.


[image: Figure 3]
FIGURE 3. The effect of the coherent interfering terms given in Equation (6) on the scattering images of rotationally relaxed HD (v = 1, jf = 0, mf = 0) for the VSARP and XSARP axis orientations. The scattering images including the coherence terms are given on the left side, while those without are given on the right side. Clearly, the m state superposition breaks the φ symmetry.




TESTING THE S-MATRIX USING THE MOLECULAR DOUBLE-SLIT INTERFEROMETER

An optical interferometer measures the phase shift between two optical waves. Given the direct parallel between the XSARP state and an optical double slit, this molecular interferometer ought to be able to measure phase shift of the scattered waves. The scattering image is generated as the coherent sum of the many partial waves, whose complex amplitudes are determined by the scattering matrix elements. To calculate the images shown in Figure 4, the phase of one of the scattering matrix elements was varied from 0 to π. As the phase of the chosen scattering matrix element is changed by relatively small increments from 0.6 to 0.8π, the calculated image changes dramatically, demonstrating the power of the molecular interferometer as an experimental tool to interrogate the scattering matrix. This tool may be instrumental in resolving the many disagreements between experiment and theory that persist for even the simplest low temperature atom-diatom scattering. This is especially true for all-important scattering resonances, where the phase of the scattering matrix becomes more sensitive to the exact structure of the long-range potential.


[image: Figure 4]
FIGURE 4. Scattering images of rotationally relaxed HD (v = 1, jf = 0, mf = 0) calculated by varying the phase of one of the scattering matrix element [image: image] (see Supplementary Material). From (A)–(F), the six images are calculated using phases of 0, 0.6π, 0.65π, 0.75π, 0.8π, and π.




CONTROL OF MOLECULAR DIFFRACTION BY ROTATING THE POLARIZATION OF THE PREPARATION LASER

Figure 5 shows how the diffraction by the molecular grating can be controlled simply by rotating the polarization of one of the preparation lasers. In these examples the different axis distributions are generated by rotating the Stokes laser polarization angle (α) in the XZ plane, while the pump laser polarization is kept fixed parallel to the X axis corresponding to β = 90° (see Figure 1). The oriented rovibrational (v, j = 2) state can be expressed as:

[image: image]

In Equation (8) [image: image] represents the Wigner rotation matrix for the j = 2 rotational state. Figure 5 illustrates the control of scattering using four specific axis distributions obtained by varying the Stokes polarization according to (a) α = 0, β = 90°, (b) α = 30°, β = 90°, (c) α = 60°, β = 90°, (d) α = 90°, β = 90°. Figure 5 shows that the three-dimensional scattering distribution changes in a spectacular way as the axis orientation changes from VSARP (a) to XSARP (d) with rotation of the angle α by 90°.


[image: Figure 5]
FIGURE 5. Control of molecular scattering by laser polarizations. Here, the pump laser polarization is kept fixed parallel to the X axis, corresponding to β = 90°, while the Stokes laser polarization is rotated from α= 0 (A), 30 (B), 60 (C), to 90° (D). The axis distributions shown in the bottom panel are given with the plane of the page as the XZ plane. The top panel shows the calculated scattering images of rotationally relaxed HD (v = 1, jf = 0, mf = 0), demonstrating that the maxima of the scattering can be directed at different positions.




CONCLUSION

We have shown that a coherent superposition of degenerate m states within a single rovibrational eigenstate behaves like a multi-slit interferometer for molecular scattering. To illustrate this idea, we considered the Δ j = 2 rotationally inelastic scattering of HD prepared in coherent superpositions of m states within a single (v = 1, j = 2) eigenstate using SARP. The m sublevel coherence breaks the symmetry about the collision velocity direction. Each m state in the superposition provides a quantum mechanical pathway connecting the initial and final state in the collision process that gives rise to the interference pattern in the azimuthal angle φ, the coordinate canonically connected to the Z component of the angular momentum. In particular, we showed that the coherently mixed m = ±1 biaxial state of HD behaves like an optical interferometer producing interference fringes for the scattered intensity as a function of φ. The two phase-locked orientations of the molecular axis create two distinct quantum mechanical pathways, and so this molecular interferometer provides a proof of fundamental quantum mechanical principles. The biaxial state has already been prepared and used in scattering experiments in our laboratory, and so demonstration of these interference effects is highly experimentally feasible. We further showed that the phase of the scattering matrix can be measured using such a molecular interferometer. We also demonstrated that the coherent superposition can be used to control molecular scattering by spatially directing the scattered molecules in much the same way a multi-slit grating interferometer diffracts optical waves. Because the polarization directions of the pump and Stokes laser pulses determine the m state superposition, they can be used to control the interference effects in the scattering process. Such control is not limited to inelastic scattering, the m state superposition can control elastic and reactive scattering processes as well [9, 37, 38].
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