PhysComp96 Full paper Draft, 4 April 1996

Quantum Smart Matter

Tad Hogg and J. Geoffrey Chase

Xerox Palo Alto Research Center 3333 Coyote Hill Road Palo Alto, CA 94304, U.S.A.

hogg@parc.xerox.com, chase@parc.xerox.com

The development of small-scale sensors and actuators allows for constructing \smart matter" in which physical properties of materials are actively controlled in a distributed manner. In this paper, we describe how quantum computers could provide an additional capability, programmable control over some quantum behaviors of such materials. This emphasizes the need for spatial coherence, in contrast to the more commonly discussed issue of temporal coherence for quantum computing. We also discuss some possible applications and engineering issues involved in exploiting this possibility.

1 Introduction

Distributed control using many sensors, computers and actuators, can improve the performance of systems at many scales. Examples include controlling traffic flow in cities [29], regulating office environments [24], active strengthening of structural materials [6], structural vibration control [23], reducing fluid turbulence [7] and adjusting optical responses [31]. The continuing development of micrometer-scale machines [10] and proposals for even smaller devices [19] constructed with atomically precise manipulations [3, 20, 25, 35] offer further possibilities for designing materials whose properties can be modified under program control, giving rise to so-called “smart matter” [26].

Smart matter is a material that locally adjusts its response to external inputs through active control. Such control is enabled by embedding sensing, computation and actuation ability within the material. Specifically, control laws are designed to use measurements of the system response to compute appropriate control inputs, such as forces or electric fields, which are then imposed on the system by the actuators. This operation is known as closed-loop control because the control inputs are determined by feedback from system response measurements. Distributed control in smart matter contrasts with more conventional controlled systems where there is a single, global control mechanism.

There are two primary considerations in the creation of any type of controlled system. The first, is the general type of control method to be employed: global or decentralized. The second, is the behaviors that it is desired to control: classical or quantum. Global control is an extremely well researched field [9, 18, 38, 39] in which the basic methodology requires a single centralized controller that receives measured data, and delivers control inputs. A large majority of the control applications implemented today fall into this category. This approach requires global knowledge of the system to create the controller, which is self-limiting in that control design for large systems becomes mathematically intractable. There is also a communication difficulty of providing all the relevant system measurements to the global controller in a timely manner. Distributed, or decentralized, control systems, consist of controllers that are designed and operated with limited knowledge of the complete system. This approach can allow control to be applied to more complex systems, however, global performance cannot be guaranteed as with global controllers. Some applications include regulating: office environments [24], traffic flow [29], and structural vibrations [23].

The control examples mentioned above all involve acting on classical behaviors. However, small, precisely constructed devices can also exploit quantum behaviors, which is the second consideration mentioned previously. For example, quantum behavior can be engineered through the detailed design of structures [1, 33, 34]. It is also possible to provide global control of quantum systems through the use of external fields or lasers to manipulate the behavior of molecules [14, 40], and adjusting these inputs based on measurements of the system response. However, as with classical systems, global controllers are limited in their ability to rapidly meet a variety of specific local needs in a large system. In addition, designing effective global control becomes intractable due to the difficulty of modelling the quantum behavior of large heterogeneous systems.

Thus, an interesting open question is the extent to which the demonstrated abilities to globally modify quantum behaviors, together with distributed computation, can be used to provide a much finer level of control of the properties of a material. In this context, classical computers have a limited role due to their use of a measurement process which necessarily disrupts the quantum behavior.

Instead, control of the quantum behavior of materials is a possible application for quantum computers [4, 8, 15, 16, 17, 21, 28]. This contrasts with most studies of such machines, with their focus on purely computational questions such as whether they can compute classically intractable functions, although there has been some work on distributed, parallel quantum computers [30]. Quantum computers are distinguished by their ability to operate simultaneously on superpositions of many classical states (“quantum parallelism”), and their restriction to unitary linear operations on such superpositions which can be used to produce interference among different computational paths. In particular, this restricts the programs to be reversible, and hence requires development of reversible devices [32].

In this paper, we discuss coupling the programability of quantum computers to properties of materials, to give quantum smart matter. Both classical and quantum smart matter share the basic idea of using a large number of locally controlled sensors, computers and actuators. However, they differ in that using quantum computers as the controllers avoids the need to perform measurements on the system. In the remainder of this paper, we first present an idealized example, then discuss a number of possible applications.

2 Programmable Quantum Behavior

The most extreme case of smart matter is when the computation needed for the control is fast compared to any relevant changes in the physical configuration of the material. This allows for a decoupling of the slow physical degrees of freedom, which we denote by P , from the rapid computational degrees of freedom, denoted by C, in the same way that molecular or solid-state dynamics can often be approximated by considering separately the behavior of the electrons and the atomic nuclei. For example, this could be achieved by using light particles for the computation while heavy ones determine the relevant physical response. Viewed another way, within a given implementation, this requirement also limits the number of computational steps that the control program can perform to determine its result, thus, defining the maximum desired latency of the control system.

To be used in a control context, the forces acting on the physical degrees of freedom must also depend on the computational ones. This is the analog of actuators in classical smart matter where results of a computation can change the forces acting on the physical system. Thus the potential acting on P must be a function V (P, C). Within the range of variation of this function, the control program can adjust C, based on the value of P , to produce an effective physical potential defined by the equation:

V_{eff}(P ) = V (P, C(P )) (1)

Because a quantum computer can perform this operation on quantum superpositions, it can produce a system whose relevant physical behavior is governed by V_{eff}(P ). Note that classical computers won’t work at this level of detail since they would require a measurement of the state, hence collapsing the wavefunction.

Figure 1: Example potentials V (x, C) for use with quantum smart matter. Two cases, V (x, 0) and V (x, 1), are shown by the solid and dashed curves respectively, corresponding to a system with two computational states.

For example, consider a one-dimensional system with a single extra binary degree of freedom. In this case the physical degree of freedom is the position, i.e., P = x, and the computational degree of freedom C is 0 or 1. A simple potential would be to have two distinct functional forms V (x, 0) and V (x, 1), as shown in Fig. 1. Suppose the system is initially prepared in the state |ψ⟩ = P ψ(x)|x, 0⟩ and then acted on by a quantum computer whose program sets C to 0 or 1 depending on whether x ≤ 0 or x > 0, respectively. This gives |ψ⟩ = X xˇ0^{ψ(x)|x, 0⟩ +} X_{x>0 ψ(x)|x, 1⟩ (2)} As this state evolves, amplitudes from positive and negative values of x become mixed and the control computation acts to readjust C. Provided this computation is fast compared to the physical evolution, this gives in effect the behavior governed by the programmed potential. Other effective potentials could be constructed with different programs.

In this example, the result is an asymmetric potential as has been studied in the context of second harmonic generation in optics [34]. This illustrates the trade-off between smart materials and direct construction of materials with the desired effective potential. On the one hand, the properties of smart materials can be readily modified simply by changing the program in the control computers. On the other hand, direct implementation in materials allows for a faster response but becomes more difficult as more complex or time-variable potentials are considered.

As a final comment on this example, note that it made use of quantum parallelism but no use of interference. The latter capability of quantum computers is crucial for their possible improvement on classically intractable problems, and provides additional possibilities for designing behavior of smart matter. For instance, the use of destructive interference could be used to cancel the amplitudes of certain undesirable behaviors, a feature that is not possible with classical computations, even if they are probabilistic.

Figure 2: Example potential Veff (x1, x2) obtained from a control program that couples two one-dimensional systems. This potential introduces correlations in the behavior of the two systems.

So far, we have described the behavior of a single quantum controller. For use in smart matter, we would have a system consisting of a large number of such devices to allow distributed control over some quantum behaviors of the material. This can include programs that provide different behaviors at different spatial locations, as well as changing with time. Furthermore, the control computation could make use of some of the computational states of its neighbors, providing a way to build correlations among different regions of the material. An example of how simple programmed couplings can lead to more complex potentials is shown in Fig. 2. In this case, we start with two independent one-dimensional systems whose individual potentials take the form V (x, C) shown in Fig. 1. The overall system potential is then

V (x_1, C_1, x_2, C_2) = V (x_1, C_1) + V (x_2, C_2) (3)

We can couple the behaviors together with a control program that, for instance, sets C_1 to 0 or 1 depending on whether the other system state satisfies x_2 ≤ 0 or x_2 > 0, respectively, and vice versa for C_2. The resulting V_{eff}(x_1, x_2) is shown in Fig. 2.

In summary, quantum smart matter relies on potentials that can be adjusted by their dependence on some degrees of freedom that can be rapidly changed under program control. To maintain superpositions, the control computations must rely on quantum computers.

3 Applications and Control

Quantum smart matter consists of actuators, sensors and computers integrated to operate on quantum behaviors, in contrast to the usual emphasis on classical behaviors in smart matter [6, 26]. Intuitively, applying control to quantum behaviors elegantly extends the capabilities of smart materials, since the active elements can operate with the full quantum state of the material. Realizing this possibility requires translating classically based control methods to quantum systems. These methods include closed-loop or controlled behavior based on either feedback or modelling [9, 18, 38, 39]. The difficulty of applying these control techniques will depend to some extent on the way the system is constructed.

At one extreme, precise construction [19] simplifies the control problem by allowing accurate modelling of the environment of each device and individually tailored programs, but imposes severe difficulties for fabrication. On the other hand, more readily manufactured devices will exist in a statistically variable environment, making the control issues more difficult. It is this case that we mainly focus on here, as it raises a number of engineering control issues.

The first, and most obvious, is that creating macro effects with microscopic controllers will require literally billions of these controllers. An immediate consequence is the requirement that these controllers be relatively homogeneous in design and function to simplify their construction. Furthermore each controller will be required to act either autonomously, or in concert with only a few others, since the design of billions of controllers using a global model and algorithm becomes intractable. Thus, an immediate conclusion is that quantum smart matter be based on controllers, designed with local knowledge and behavior, which are homogeneous and act autonomously to achieve a desired macro effect.

A secondary result of this observation is that global simulation and performance predictions will be statistical in nature due to the inability to pinpoint position, or perform simulation and optimization for billions of discrete variables. That is, location of the devices would be described according to a probability distribution rather than known a priori, as assumed by standard control methods. This fact will require different types of systems analysis than are typically employed with classical systems.

A second, equally important, issue is that of stability, the ability of controllers to achieve the desired macro result in the presence of perturbations or uncertainties. Here it is important to note that each individual system has an open loop, or uncontrolled, potential V (P, C), and a closed loop, or controlled, potential V_{eff} = V (P, C(P )) as defined in (1). Applying standard system analysis methods [9, 18, 38, 39], it is straightforward to note that if V_{eff} is convex and has a non-positive total derivative with respect to time (i.e., including the time dependence introduced by adjustments made by the control program based on changes in the system state), then the entire system under consideration will be stable in the closed loop state. This result suggests a direct link between the quantum potentials V (P, C), and standard control theory in which there are several synthesis methods which guarantee stability and performance of the closed loop system. Such synthesis techniques would be employed to design the control program acting on C such that it is reversible and satisfies the stability conditions for V_{eff}. Thus, closed loop stability could be guaranteed for individual systems employing appropriate (convex) potential functions. However, it is important to note that stability of each individual system does not guarantee stability of the entire macro system under consideration, unless each system is entirely autonomous.

The above results indicate that while design, and synthesis of individual controllers may be put into a form which guarantees local stability and performance, global stability is not as straightforward a problem. Such global stability measures would likely differ from those of standard control theory in being a statistical expectation of stability, rather than a specific proof. Stability in this sense is particularly desirable under the assumption that the undesirable interaction of enough elements could reduce the expectation of stability for the entire macro system, and introduce undesirable behavior. Hence, the interactions present at the microscopic scale to which control is being applied would have to be determined or estimated, because the application of localized controllers to achieve global results is inherently affected by the strength of (potentially) unmodelled interactions.

The final issue involves the construction of the devices. While some progress has been reported on the basic components of quantum computers [2, 13, 37], quantum smart matter also requires sensing and actuation abilities that can be coupled to such computations. Thus progress in the development of quantum based sensing and actuation is needed before applications, such as those presented in this paper, become possible. In addition, it is also important to understand the relative time scales possible for quantum computing and various physical behaviors that might be controlled. This knowledge is required to develop effective sensing and actuation mechanisms for any particular application. Only when the computing is relatively fast can we hope to construct smart matter for the behavior in question.

To illustrate the concept of quantum smart matter, for active control, several potential applications are presented. All of these examples are based on applying microscopic decentralized or local control to create a desired macro result. A brief listing of these applications includes: active camouflage; custom manipulated material properties; active control of certain chemical reaction rates; and nonlinear, active springs for quantum machines.

The key idea is to be able to operate on the full quantum state through program control so as to produce a desired behavior. In some cases, this will amount to adjusting the amplitudes of various states to achieve a high probability of a desired configuration.

3.1 Active Camouflage

The active camouflage idea takes advantage of the ability to create asymmetric, optical potentials within materials [34]. Manipulating these potentials allows the controller to manipulate the optical response to light striking that material and, thus, for example, change the color with which it appears to an external observer. This would allow quantum smart matter to determine the color of its exterior surroundings, and modify the material potentials to reflect a matching color. The end result is a material capable of actively blending in with its surroundings like a chameleon.

There are several different time scales involved in this example. First is the fast interaction of light with the material. This is likely to be much faster than the time scale governing computational speed. However, for this application, the relevant physical time scale is the rate at which environment conditions change, which is much slower. Hence substantial time could be available for computation, perhaps using feedback to gradually adjust the potentials to achieve a desired result.

3.2 Active Materials

Active materials employ quantum smart matter to manipulate their lattice structure to customize their mechanical properties. This could also be used to locally adjust the propagation of phonons or the specific heat of the material, as well as to actively adjust the material’s mechanical behavior. These abilities would enable the development of active thermal and acoustic isolators. In addition, such behaviors could be employed to manipulate the displacement of a structure under specific disturbance inputs, or to direct the thermal stresses in a material to a desired location, similar to the way in which a photocopier directs paper along a specific path.

We should note that there are several applications that could be accomplished using classical computers for control. For example, a signal might be sent to a portion of the material to change the state of its control on the lattice structure, modifying the stiffness, ductility, and strength of the material as a result. Such control inputs create a material that (at different times) is both stiff and flexible, depending on what properties were required, and where they were required. One important application of such a material is the forming of high strength alloys. In this instance, a high strength alloy could actively be made more ductile for forming, and then actively restrengthened once in the proper shape. Such an approach provides an elegant solution for the typical difficulty encountered in industrially forming high strength materials such as titanium.

Similar to the previous example, the relative time scales of physical interaction and computational action are important. In this case, the physical interaction occurs only as fast as the actuator bandwidth, while the computational bandwidth is a function of the quantum computers. The relevant time scale in this example is related to the speed at which it would be desirable to adjust the material properties, which is in turn dependent on the specific applications. However, the applications mentioned can generally operate slowly compared to compuational speeds.

3.3 Adjusting Reaction Rates

Active control of chemical reaction rates takes advantage of the fact that for certain chemical reactions, the reaction rate is affected by the presence of specific charged ions. Quantum smart matter (neutrally charged) could be dispersed throughout solutions containing the reactants to actively control the amount of these charged ions that are (locally) present, thus, actively controlling the reaction rate. A more subtle control would use the local electric fields generated by the active devices in a distributed version of controlling reactions through external fields which can also exploit quantum interference [14, 40]. One possible application would be the control of certain enzyme reactions.

Since reaction rates are generally quite rapid, this application would not involve active feedback response during reactions. Rather the control would take place by modifying the conditions for the reactions at a slower time scale, leading to changes in the overall reaction rate or the mix of products. This could be done both through the reduction of critical reaction elements and by using open-loop field changes previously determined to be useful.

3.4 Active Quantum Springs

Actively controlled nonlinear springs could be created by using quantum smart matter to control the bond strength between two (or several) molecules. Active control of molecules has been discussed in [14] for control of molecular motion. Specifically, electric fields could be generated to control the bond strength between two molecules, creating an active spring which might be utilized in quantum machines.

The relevant time scale in this case is dependent on the application of the active spring created. Specifically, any application of such a spring will have a maximum bandwidth that is necessary. As in the active material example, the bandwidth of any particular application will be dependent on the bandwidth of the actuator. As long as the application bandwidth is slow, relative to the computational bandwidth of the quantum computers, there should be no problem in exerting such control.

4 Conclusions

We have described an application of quantum computers to control the behavior of materials. Even fairly small computers, involving only a few bits, may be able to produce useful new behaviors that would otherwise be difficult to fabricate directly. The use of such programmable materials could allow for experiments on the behavior of many possible structures before deciding which few to actually attempt to fabricate. In this way, quantum smart matter could be used as a simulator for different quantum structures. It could also serve as an experimental platform for examining a range of macroscopic quantum effects by introducing programmable correlations in the overall quantum state of the material.

However, quantum computers face serious implementation difficulties of decoherence and error control [27], especially for programs that require many steps. While substantial difficulities remain before such devices can be constructed, there is encouraging progress in the development of the basic components needed for quantum computation [2, 13, 37]. The simple individual programs useful for smart matter may be less susceptible than others proposed for difficult computational problems, but on the other hand any requirement for communication over large distances will increase the difficulty of avoiding undesired coupling to the environment. This provides another reason to favor local, distributed control methods over the use of global controls. Some local communications among the devices may provide an application for proposals to transmit quantum states [5].

We have suggested some possible applications of such capabilities, but it remains to be seen whether the capacity to operate on superpositions provides enough of an improvement over classical computers to justify the difficulty in maintaining coherence. Finally, if the promise of quantum computing is realized to improve combinatorial search, e.g., for factoring [36, 12] or more general cases [11, 22], this capability could also be used to give very complex potentials for the behavior of matter.

Acknowledgements

We thank B. Huberman and R. Merkle for helpful comments on this work.

References

[1] Alivisatos, A. P. (1996), “Semiconductor Clusters, Nanocrystals, and Quantum Dots”, Science 271, 933–937.

[2] Barenco, Adriano, David Deutsch, and Artur Ekert (1995), “Conditional Quantum Dynamics and Logic Gates”, Physical Review Letters 74, 4083– 4086.

[3] Bell, Thomas W. (1996), “Molecular Trees: A New Branch of Chemistry”, Science 271, 1077–1078.

[4] Benioff, P. (1982), “Quantum Mechanical Hamiltonian Models of Turing Machines”, J. Stat. Phys.

29, 515–546.

[5] Bennett, Charles H., Gilles Brassard, Claude Crepeau, Richard Jozsa, Asher Peres, and William K. Wootters (1993), “Teleporting an Unknown Quantum State via Dual Classical and Einstein-Podolsky-Rosen Channels”, Physical Review Letters 70(13), 1895–1899.

[6] Berlin, A. A. (1994), Towards Intelligent Structures: Active Control of Buckling, PhD thesis, MIT, Dept. of Electrical Engineering and Computer Science.

[7] Berlin, A. A., H. Abelson, N. Cohen, L. Fogel, C. M. Ho, M. Horowitz, J. How, T. F. Knight, R. Newton, and K. Pister (1995), “Distributed Information Systems for MEMS”, Technical report, Information Systems and Technology (ISAT) Study.

[8] Bernstein, Ethan, and Umesh Vazirani (1993), “Quantum Complexity Theory”, In Proc. 25th ACM Symp. on Theory of Computation, 11–20.

[9] Boyd, S. P., and C. H. Barrat (1991), Linear Controller Design: Limits of Performance, Prentice Hall, Englewood Cliffs, NJ.

[10] Bryzek, Janusz, Kurt Petersen, and Wendell McCulley (May 1994), “Micromachines on the March”, IEEE Spectrum 20–31.

[11] Cerny, Vladimir (1993), “Quantum Computers and Intractable (NP-complete) Computing Problems”, Physical Review A 48, 116–119.

[12] Chuang, I. L., R. Laflamme, P. W. Shor, and W. H. Zurek (1995), “Quantum Computers, Factoring and Decoherence”, Science 270, 1633–1635.

[13] Cirac, J. I., and P. Zoller (1995), “Quantum Computations with Cold Trapped Ions”, Physical Review Letters 74, 4091–4094.

[14] Dahleh, Mohammed, Anthony Peirce, Herschel A.

Rabitz, and Viswanath Ramakrishna (1996), “Control of Molecular Motion”, Proc. of the IEEE

84(1), 7–15.

[15] Deutsch, D. (1985), “Quantum Theory, the Church-Turing Principle and the Universal Quantum Computer”, Proc. R. Soc. London A 400, 97–117.

[16] Deutsch, D. (1989), “Quantum Computational Networks”, Proc. R. Soc. Lond. A425, 73–90.

[17] DiVincenzo, David P. (1995), “Quantum Computation”, Science 270, 255–261.

[18] Doyle, J. C., B. A. Francis, and A. R. Tannenbaum (1992), Feedback Control Theory, Macmillan, New York.

[19] Drexler, K. Eric (1992), Nanosystems: Molecular Machinery, Manufacturing, and Computation, John Wiley, NY.

[20] Eigler, D. M., and E. K. Schweizer (1990), “Positioning Single Atoms with a Scanning Tunnelling Microscope”, Nature 344, 524–526.

[21] Feynman, R. P. (1986), “Quantum Mechanical Computers”, Foundations of Physics 16, 507–531.

[22] Hogg, Tad (1996), “Quantum Computing and Phase Transitions in Combinatorial Search”, J. of Artificial Intelligence Research 4, 91–128, Available online at http://www.cs.washington.edu/research/jair/abstracts/hogg96a.html.

[23] How, Jonathan P., and Steven R. Hall (1992), “Local Control Design Methodologies for a Hierarchic Control Architecture”, J. of Guidance, Control, and Dynamics 15(3), 654–663.

[24] Huberman, Bernardo, and Scott H. Clearwater (1995), “A Multi-Agent System for Controlling Building Environments”, In Proc. of the 1st International Conference on Multiagent Systems (IC- MAS95) (Lesser, V., ed.), 171–176, Menlo Park, CA, AAAI Press.

[25] Jung, T. A., R. R. Schlittler, J. K. Gimzewski, H. Tang, and C. Joachim (1996), “Controlled Room-Temperature Positioning of Individual Molecules: Molecular Flexure and Motion”, Science

271, 181–184.

[26] Kersey, Alan D. (1996), “Prolog to the Special Section on Smart Structures”, Proc. of the IEEE 84, 57–59.

[27] Landauer, Rolf (1994), “Is Quantum Mechanically Coherent Computation Useful?”, In Proc. of the Drexel-4 Symposium on Quantum Nonintegrability (Feng, D. H., and B-L. Hu, eds.), International Press.

[28] Lloyd, Seth (1993), “A Potentially Realizable Quantum Computer”, Science 261, 1569–1571.

[29] Mahmassani, H. S., J. C. Williams, and R. Herman (1987), “Transportation and Traffic Theory”, In Performance of Urban Traffic Networks (Gartner, N., and H. Wilson, eds.).

[30] Margolus, Norman (1990), “Parallel Quantum Computation”, In Complexity, Entropy and the Physics of Information (Zurek, W. H., ed.) 273–287.

[31] Mcmanamon, P. F., et al. (1996), “Optical Phased Array Technology”, Proc. of the IEEE 84(2), 268– 298.

[32] Merkle, Ralph C. (1992), “Towards Practical Reversible Logic”, In Proc. of the Workshop on Physics and Computation (PhysComp92), 227–228, Los Alamitos, CA, IEEE Computer Society Press.

[33] Nguyen, Tu N., Patrick A. Lee, and Hans-Conrad zur Loye (1996), “Design of a Random Quantum Spin Chain Paramagnet: Sr_3CuPt_{0.5}Ir_{0.5}O_6”, Science 271, 489–491.

[34] Rosencher, E., A. Fiore, B. Vinter, V. Berger, Ph. Bois, and J. Nagle (1996), “Quantum Engineering of Optical Nonlinearities”, Science 271, 168– 173.

[35] Shen, T. C., C. Wang, G. C. Abeln, J. R. Tucker, J. W. Lyding, Ph. Avouris, and R. E. Walkup (1995), “Atomic-Scale Desorption Through Electronic and Vibrational Excitation Mechanisms”, Science 268, 1590–1592.

[36] Shor, Peter W. (November 1994), “Algorithms for Quantum Computation: Discrete Logarithms and Factoring”, In Proc. of the 35th Symposium on Foundations of Computer Science (Goldwasser, S., ed.), 124–134, IEEE Press.

[37] Sleator, Tycho, and Harald Weinfurter (1995), “Realizable Universal Quantum Logic Gates”, Physical Review Letters 74, 4087–4090.

[38] Slotine, J. E., and W. Li (1991), Applied Nonlinear Control, Prentice Hall, Englewood Cliffs, NJ.

[39] Vidyasagar, M. (1993), Nonlinear Systems Analysis, Prentice Hall, Englewood Cliffs, NJ.

[40] Zhu, Langchi, Valeria Kleiman, Xiaonong Li, Shao Ping Lu, Karen Trentelman, and Robert J. Gordon (1995), “Coherent Laser Control of the Product Distribution Obtained in the Photoexcitation of HI”, Science 270, 77–80.