acta physica slovaca vol. 49 No. 4, 761 Ű 764 August 1999

ON DECOHERENCE IN NEUTRON INTERFEROMETRY^�

M. Suda^1 ĺOsterreichisches Forschungszentrum Seibersdorf, A-2444 Seibersdorf, Austria

Received 16 March 1999, accepted 10 May 1999

Consistency concerning decoherence in neutron interferometry is achieved by using stochastic differential equations. In interferometry inhomogeneities of the density and/or of the surface roughness of a phase shifter are of great in�uence to coherent beam superposition. The interferometric process is described by Wigner’s quasi-probability which is a solution of the diffusion equation.

PACS: 03.75.Dg

1 Introduction

A quantum-mechanical process such as a beam superposition in a neutron interferometer is not an isolated process. The system interacts with its environment [1]. The results show that the off-diagonal terms of the density matrix which are related to the interference terms become rapidly dephased at a rate governed by the separation of the coherent states.

The in~uence of particle density inhomogeneities and of a phase shifter’s surface roughness in an interferometer result in a coherence loss of the beams’ superposition. In this paper this in~uence is investigated in detail. It is shown that the process can be adapted by the Wigner formalism, which can be interpreted by a diffusion process in ordinary space.

2 Stochastic differential equations

To gain some insight into the physics described by dephasing, the one-dimensional Fokker- Planck equation for the distribution function P (x, t) is a useful starting point [2]: δ δt P (x, t) = [� δ δx A(x) + 1 2 δ^2 δx^2 D(x)]P (x, t). (1) The motion of the mean is governed by A(x). This term is called the drift term. D(x) acts as a source of �uctuations. If A = 0 and D is constant (diffusion constant) the diffusion equation results: δ δt P (x, t) = 1 2 D δ^2 δx^2 P (x, t). (2) �Presented at the 6th Central-European Workshop on Quantum Optics, ChĹateau Chudobť”n, Czech Republic, April 30 - May 3, 1999.

1E-mail address: martin.suda@arcs.ac.at

0323-0465/99 cfl Institute of Physics, SAS, Bratislava, Slovakia 761

This equation’s solution is well known: P (x, t) = ∫ P_1(x, t, x_0, 0) P (x_0, 0) dx_0. (3) Here P_1(x, t, x_0, 0) is the conditional probability (Green’s function)

P_1(x, t, x_0, 0) =

1p_{2πDt} exp[�^{(x} �^{x0)2}_{2Dt} ] (4)

which is a function of the space variable x and time t (Brownian Motion). In Eq. (3) P (x_0, 0) denotes the initial condition. Both functions P_1 and P are solutions of Eq. (2), naturally.

3 Application to interferometry In the case of neutron interferometry the superposition (index s) of wavepackets are produced by means of a phase shifter in one of the arms of the interferometer:

ψ_s(x, Δ_0) = ψ(x) + ψ(x + Δ_0). (5) The phase shift Δ_0 can be expressed by

Δ_0 = 2π k^2_0

Nb_cD_P = (1 � n_0)D_P . (6) N is the particle density, b_c the coherent scattering length, D_P the thickness of the phase shifter, k_0 the mean wave number of the wave packet and n_0 the corresponding mean refractive index of the material of the phase shifter.

It can be shown that the related Wigner function W_s of superposition [3, 4] W_s(k, x, Δ_0) = 1 2π ∫ ψ^�_s (x + x^0/2, Δ_0)ψ_s(x � x^0/2, Δ_0) exp[ikx^0]dx^0 (7) can be expressed as [5]

W_s(k, x, Δ_0) = W (k, x) + W (k, x + Δ_0) + 2W (k, x + Δ_0/2) cos(kΔ_0). (8) The Wigner function of a single wave packet is given by

W (k, x) = A(k) exp[�2(δk)^2x^2] , A(k) = 1 π exp[�

(k � k0)^2

2(δk)^2

]. (9) It is seen that the Wigner function of superposition Eq. (8) is a sum of three terms, the ^rst two describing the two separated wavepackets plus an interference term (off-diagonal terms of the density operator) containing information about coherence properties.

Now if W_s(k, x, Δ_0) is used as an initial condition P (x_0, 0) as in Eq. (3) the following expression can be recorded:

W̄_s(k, x, Δ̄_0) = ∫ P_1(Δ̄_0, t, Δ_0, 0) W_s(k, x, Δ_0) dΔ_0 (10)

On decoherence in neutron interferometry 763

with the following conditional probability in this case:

P_1(Δ̄_0, t, Δ_0, 0) =

1p_{2πDt} exp[�^{(Δ0} �^{Δ̄0)2}_{2Dt} ]. (11)

W̄_s is the mean value of W_s related to a mean phase shifting value Δ̄_0. Equation (10) can be calculated analytically using Eqs. (8) and (11) and one obtains:

W̄_s(k, x, Δ̄_0) = W (k, x) + A(k)p 1 + ϵ exp [ �2(δk)^{2 (x + Δ̄0)2}_{1 + ϵ}^] + +2 A(k) √ 1 +^ϵ_4 cos ( k ϵx 2 �^¯Δ0_{1 + ϵ} 4 ) exp [ �2(δk)^{2 (x + Δ̄02 )2}_{1 + ϵ4} �^{k2}_{2(δk)2}^{ϵ4}_{1 + ϵ4} ] . (12)

Here the parameter ϵ contains the diffusion coef^cient D and the time t, which is the mean transmission time of the beam through the phase shifter:

ϵ = 4(δk)^2Dt. (13) The cosine - term (last term on the right hand side) of Eq. (12) is strongly affected by the decoherence parameter ϵ.

4 Discussion

If we consider Eq. (11) the exponent can be expressed by

(^{Δ0}_{Δ̄0} � 1)^2

2^{Dt}_{Δ̄20} = (^N_{N̄} � 1)^2 2(^{δN}_{N̄} )^2

(14)

taking into account density ~uctuations δN/N̄, for example, according to Eq. (6). The denominators have to be equal and one reaches:

(Dt) = Δ̄^2_0( δN N̄ )^2. (15) If the surface roughness of the phase shifter is additionally taken into account the parameter ϵ is [6, 7]

ϵ = 4(δk)^2Δ̄^2_0[( δN N̄ )^2 + ( δD_P D̄_P )^2]. (16)

Equations (10), (11), (2), (3) and (4) show that the Wigner function W̄_s of superposition meets the following differential equation of decoherence: δ δt [W̄_s(k, x, Δ̄_0)] = 1 2 D δ^2 δΔ̄^2_0

[W̄_s(k, x, Δ̄_0)]. (17)

This equation can immediately be proven by inserting Eqs. (12) and (13) directly in Eq. (17). Equation (17) is a diffusion equation of the Wigner function [8] and in this case diffusion appears as a process in ordinary space. The damping of oscillations in the Wigner function W̄_s of

764 M Suda

Eq. (12) is a general consequence of the non-unitarity dynamics caused in this case by density inhomogeneities and surface roughness of a phase shifter in an interferometer.

It can be concluded that decoherence in neutron interferometry can be formally interpreted very simply by a diffusion process. But it must be emphasized that an interpretation of these dynamics as a result of random kicks (as in classical theory) would mistakenly intermingle classical and quantum concepts.

Acknowledgments This work was supported by the Austrian Fonds zur Fĺorderung der wissenschaftlichen Forschung, Wien, project no P10491-PHY.

References

[1] M. Namiki, S. Pascazio, H. Nakazato: Decoherence and Quantum Measurements (World Scienti�c, 1997) [2] H. J. Carmichael: Statistical Methods in Quantum Optics 1 (Springer, 1999) [3] E.P. Wigner: Phys. Rev. 40 (1932) 749 [4] M. Hillery, R.F. O’Connel, M.O. Scully, E.P. Wigner: Phys. Rep. 106 (1984) 121 [5] M. Suda: Quant. Semiclass. Opt. 7 (1995) 901 [6] H. Rauch, M. Suda: Appl. Phys. B 60 (1995) 181 [7] H. Rauch, M. Suda: Physica B 241-243 (1998) 157-160 [8] D. Giulini, E. Joos, C. Kiefer, J. Kupsch, I.-O. Stamatescu, H.D. Zeh: Decoherence and the Appearance of a Classical World in Quantum Theory (Springer, 1996)