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electromagnetic and nuclear force, so the observation of quantum states of matter in a gravitational ®eld is extremely challenging. Because of their charge neutrality and long lifetime, neutrons are promising candidates with which to observe such an effect. Here we report experimental evidence for gravitational quantum bound states of neutrons. The particles are allowed to fall towards a horizontal mirror which, together with the Earth's gravitational ®eld, provides the necessary con®ning potential well. Under such conditions, the falling neutrons do not move continuously along the vertical direction, but rather jump from one height to another, as predicted by quantum theory1±3. In order to allow for the experimental observation of gravitational bound states, all interactions of the matter particles with other ®elds must be so small that their interference with the gravitational quantum phenomena can be neglected. The choice of neutrons seemed to us most favourable because (1) they are neutral, (2) they have a long lifetime, and (3) they are elementary particles with low mass. The reasons why these properties are advantageous will become more evident from the following explanations. We now consider how to demonstrate that bound states exist for neutrons trapped in the Earth's gravitational ®eld. The gravitational ®eld alone does not create a potential well, as it can only con®ne particles by forcing them to fall along gravity ®eld lines. We need a second `wall' to create the well. This can be obtained by introducing a re¯ecting mirror. Let us consider a neutron, which is lifted up by a few millimetres and is then dropped vertically onto the mirror. The neutron wave is re¯ected by the mirror and interferes with itself, as illustrated in Fig. 1. This self-interference creates a standing wave in the neutron density: the probability of ®nding a neutron at a given height exhibits maxima and minima along the vertical direction, the position of which depends on the quantum number of the bound states. The neutron that was dropped has gone through quantum `steps'. The classical analogue, the vibrating musical string, gives a visualization of a particle in a rectangular potential well. In this case, strict boundary conditions must be met: both the wavefunction amplitudes of the particles and the displacement amplitudes of the string vanish at the boundaries. In contrast, the gravitational well described above is asymmetric: whereas the re¯ecting mirror (under total re¯ection condition) corresponds to an in®nite sharp n=2, E2=2.5peV
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The discrete quantum properties of matter are manifest in a variety of phenomena. Any particle that is trapped in a suf®ciently deep and wide potential well is settled in quantum bound states. For example, the existence of quantum states of electrons in an electromagnetic ®eld is responsible for the structure of atoms16, and quantum states of nucleons in a strong nuclear ®eld give rise to the structure of atomic nuclei17. In an analogous way, the gravitational ®eld should lead to the formation of quantum states. But the gravitational force is extremely weak compared to the NATURE | VOL 415 | 17 JANUARY 2002 | www.nature.com



Bottom mirror



Figure 1 Wavefunctions of the quantum states of neutrons in the potential well formed by the Earth's gravitational ®eld and the horizontal mirror. The probability of ®nding neutrons at height z, corresponding to the nth quantum state, is proportional to the square of the neutron wavefunction w2n …z ). The vertical axis z provides the length scale for this phenomenon. En is the energy of the n th quantum state.
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~10 cm Figure 2 Layout of the experiment. The limitation of the vertical velocity component depends on the relative position of the absorber and mirror. To limit the horizontal velocity component we use an additional entry collimator. The relative height and size of the entry collimator can be adjusted. 298
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wall, the gravitational ®eld is much softer; as a result, the gravitational well extends in the opposite direction to the gravity ®eld with increasing quantum number. Consequently, as can be seen in Fig. 1, the neutron wavefunctions are deformed upwards, and the energy differences between states with neighbouring quantum numbers become smaller with increasing level number. More detailed discussions, precise analytical solutions and related publications can be found elsewhere1±10. We will here simply summarize the results of these analyses: the energies of the four lowest quantum states of a neutron in the Earth's gravitational ®eld are E1 < 1:41 peV, E2 < 2:46 peV, E3 < 3:32 peV and E4 < 4:08 peV, respectively (1 peV ˆ 10212 eV). It is worth keeping in mind that the classical energy that is needed to lift a neutron by 10 mm against gravitation on Earth (given by mgz) is almost exactly 1 peV. (Here m is the neutron mass, g is the acceleration due to gravity, and z is the height.) Thus the energy E1 corresponds in the classical approximation to the height z1 < 15 mm, at which the ®rst level of the quantum phenomenon for neutrons should be observed. This `macroscopic' height is very advantageous, and helps us to design experiments to demonstrate the existence of gravitational levels for neutrons. In a realistic experiment it is not possible to just lift a neutron, let it drop, and then measure its density distribution as a function of height. But we can take a beam of neutrons and let them ¯y horizontally above a re¯ecting mirror. If all forces can be eliminated except for gravitation and repulsion by the mirror (such as that due to magnetic ®eld gradients, mechanical vibrations and so on), then the motion of the neutrons can be decoupled into independent vertical and horizontal components. The gravitational force acts on the vertical component only, and in this direction we then obtain the potential well that leads to the consequences described above. No forces act on the horizontal velocity component. In order to further characterize our experiment, we have to make use of the uncertainty principle, which relates the Plank constant (~ ˆ 6:6 3 10216 eV s) to the minimal time period Dt, during which quantum states can be resolved with an energy difference DE : Dt < ~=DE. Therefore, the vertical energy scale of the quantum levels E1 < 1:41 peV requires that Dt q 0:5 ms. A compromise has to be found between the length of the re¯ecting mirror and the horizontal velocity of neutrons. We have used mirrors with a length of 10 cm, and neutrons with a velocity of ,10 m s-1. A powerful source of ultracold neutrons (UCN)11±14, which operates at the Institute Laue-Langevin, Grenoble15, provides the neutrons with such velocity. The energy E1 corresponds in the classical approximation to the vertical velocity component v < 1:7 cm s21 , which is signi®cantly smaller than the horizontal velocity component. If we let the neutrons ¯y `slightly upwards' (see Fig. 2), they will follow a parabolic trajectory due to gravity. At the maximum of the parabola their vertical velocity component will be zero in the classical approximation, and will then increase again. To limit the vertical velocity component, we use an absorber parallel to the bottom mirror and placed above it (see Fig. 2). The distance between absorber and mirror can be adjusted.
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Absorber height (µm) Figure 3 The neutron throughput N versus the absorber height. The circles represent the data points. The solid curve is the classical ®t to these data. The slit becomes transparent to neutrons at a ®nite slit opening. The horizontal straight lines indicate the detector background values and uncertainties measured while the neutron source was `off'.



In our experiments, neutrons ¯ow between the mirror below and absorber above, and the neutron transmission N is measured as a function of the width Dz of the slit de®ned by the mirror and the absorber. This width Dz acts as a selector for the vertical velocity component. In order to keep the vertical and horizontal velocity components decoupled, severe restrictions concerning quality and adjustment of the different parts used in the set-up must be met2,3. Ideally, from Fig. 1, we expect a stepwise dependence of N as a function of Dz. If Dz is smaller than the spatial width of the lowest quantum state, then N should be zero. When Dz is equal to the spatial width of the lowest quantum state, then N should increase sharply. Further increase in Dz should not increase N as long as Dz is smaller than the spatial width of the second quantum state. Then, N should again increase stepwise. At suf®ciently large slit width Dz, the classical dependence N,Dz 1:5 should be approached, and the stepwise increase should be washed out. (Naively we might expect that classically N,Dz; this is not the case because we obtain an additional z0.5 due to the fact that an increase in Dz also allows for an increase in the accepted spread of velocities.) The identi®cation of the lowest quantum state is easier than that of the higher states because in this case the relative change in the count rate N is maximal. The effects that we observe, shown in Fig. 3, are consistent with the expectations described above. In particular, the non-transparency of the slit (formed by the bottom mirror and the absorber) is clearly observed for the neutrons when the slit width is smaller than the spatial width of the lowest quantum state. We note that the `diameter' of a neutron is ,10-13 cm, which is much smaller than the width of $15 mm at which the slit starts to become transparent for neutrons. Careful analysis of the experiment has allowed us to rule out any systematic errors. In particular, tests have shown that the shape of the transmission curve (Fig. 3) does not depend on the value of the horizontal velocity component, but that it depends only on the vertical velocity component, as expected. If the slit is opened up to 15 mm, it is just not transparent for neutrons. But it is suf®ciently large that we can observe transmission of visible light, although the wavelength of light (,0.6 mm) is much larger than the neutron wavelength of ,0.01 mm; this observation tells us that the slit is really open and well adjusted. Evidently, the difference in transmission results from the fact that the Earth's gravitational ®eld does not act noticeably on photons within the frame of our experimental set-up. Figure 4 shows on an extended scale the initial part of the transmission curve N as a function of slit width Dz. The dashed
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Absorber height (µm) Figure 4 The neutron throughput versus the absorber height at low height values. The data points are summed up in intervals of 2 mm. The dashed curve corresponds to a ®t using the quantum-mechanical calculation, in which all level populations and the height resolution are ®tted from the experimental data. The solid curve is again the full classical treatment. The dotted line is a truncated ®t in which it is assumed that only the lowest quantum stateÐwhich leads to the ®rst stepÐexists.



curve shows the results of a quantum ®t, in which the level populations and the height resolution are free parameters. The solid line is again the full classical treatment (N,z1:5 ). The dotted line is a truncated ®t to the assumption that only the lowest quantum levelÐwhich leads to the ®rst stepÐexists. Then it continues at the absorber height of z1 < 15 mm with a shifted classical treatment (N,…z 2 z 1 †1:5 ) that is more like a `guide to the eye' curve. Our statistics for large slit width are still not suf®cient, but the existence of the ®rst step due to the lowest quantum level is clearly reproduced. Our experimental observations of the neutron quantum states in the Earth's gravitational ®eld provide another demonstration of the universality of the quantum properties of matter, but at this stage we have only shown a phenomenon that was expectedÐalthough not easy to prove. As the parameters of quantum states are de®ned in such a system mainly by the interaction of the neutron with the gravitational ®eld, the phenomenon we report can now be considered for further investigations of fundamental properties of matter. Thus, as it is evident from the uncertainty principle, the energy resolution DE could be improved signi®cantly by increasing Dt (in principle, DE could be as low as ,10-18 eV if Dt approaches the lifetime of the neutron, so that the level width becomes a million times smaller than the energy difference between levels). The use of resonance transitions between such narrow levels could ®nd applications in physics, such as the precise veri®cation of the proportionality of inertial and gravitational masses of elementary particles (neutrons), and a check of the electrical neutrality of neutronsÐ which is not a trivial fact. Increasing the time that neutrons spend in the gravitational bound states will become one of the main challenges in extending this experiment. When trying to achieve this, it will be necessary to demonstrate that the neutrons are spending a much longer time in the potential well, and a signi®cant increase in the available density of ultracold neutrons will be necessary. M Received 10 October; accepted 22 November 2001. 1. Luschikov, V. I. & Frank, A. I. Quantum effects occurring when ultracold neutrons are stored on a plane. JETP Lett. 28, 559±561 (1978). 2. Nesvizhevsky, V. V. et al. Search for quantum states of the neutron in a gravitational ®eld: gravitational levels. Nucl. Instrum. Methods Phys. Res. 440, 754±759 (2000). 3. Nesvizhevsky, V. V. et al. in ILL Annual Report (eds Cicognani, G. & Vettier, Ch.) 64±65 (Institute Laue-Langevin, Grenoble, 2000). 4. Landau, L. D. & Lifshitz, E. M. Quantum Mechanics 164±196 (Pergamon, Oxford, 1976). 5. FluÈgge, S. Practical Quantum Mechanics (Mir, Moscow, 1974). 6. Colella, R. A., Overhauser, W. & Werner, W. A. Observation of gravitationally induced quantum interference. Phys. Rev. Lett. 34, 1472±1474 (1975).
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One view of the high-transition-temperature (high-Tc) copper oxide superconductors is that they are conventional superconductors where the pairing occurs between weakly interacting quasiparticles (corresponding to the electrons in ordinary metals), although the theory has to be pushed to its limit1. An alternative view is that the electrons organize into collective textures (for example, charge and spin stripes) which cannot be `mapped' onto the electrons in ordinary metals. Understanding the properties of the material would then need quantum ®eld theories of objects
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