ȷURNAL F�ZIQNIH DOSL�DȷEN^ t. 6, ˝ 1 (2002) s. 24–39

JOURNAL OF PHYSICAL STUDIES v. 6, No. 1 (2002) p. 24–39

MULTIPLE INTERNAL REFLECTIONS METHOD IN THE DESCRIPTION OF TUNNELING EVOLUTION OF NONRELATIVISTIC PARTICLES AND PHOTONS

S. P. Maidanyuk, V. S. Olkhovsky, A. K. Zaichenko Institute for Nuclear Research, National Academy of Sciences of Ukraine, 47 Nauky Pr., Kyiv, 03680, Ukraine (Received April 21, 2000; in final form September 11, 2001)

The non-stationary solution method for a problem of tunneling of nonrelativistic particles and photons through a barrier on the basis of multiple internal reflections of wave packets in relation of barrier boundaries is submitted. The method is described and proved in solving an one-dimentional problem of tunneling of the particle through a rectangular barrier. For problems of tunneling of the particle through a spherically symmetric barrier and the photon through an one-dimensional barrier the amplitudes of transmitted and reflected wave packets in relation to the barrier, times of the tunneling and the reflection are found using of the method. Hartman’s and Fletcher’s effect is analysed.

Key words: multiple internal reflections, 1D- and 3D-tunneling, tunneling and reflection times, Hartman’s and Fletcher’s effect.

PACS number(s): 03.40.Kf, 03.50.De, 03.65.Nk, 41.20.Jb

I. INTRODUCTION

The approach for description of a propagation of a nonrelativistic particle above a barrier using the account of multiple internal reflections of stationary plane waves between barrier boundaries which describe a motion of this particle in the region of the barrier, was considered in a series of articles and has been known for a long time [1–3]. Thus, stationary solutions were studied only in the previous articles.

To apply this approach for a solution of a problem, one can need in expressions for a wave function (w. f.) in the region of the barrier to separate components having fluxes directed in opposite sides. For a problem of the particle propagating above the barrier it appears primely enough. So, considering an one-dimensional (1D) rectangular barrier, plane waves e^{±ikx} can be taken as such solutions, where k is a wave vector. To receive solutions using this approach for a problem of the tunneling of the particle under such a barrier appears more complicated, because in the consideration of the tunneling as a stationary process the decreasing and increasing components of the stationary w. f. in dependence on x (being analytic continuations of relevant expressions of the waves for the case of above-barrier energies) in a subbarrier region correspond to zero fluxes separately and it is not correct to use them as the propagating waves from a physical point of view. If we define expressions for such waves in another way (for example, having required the existence of the nonzero fluxes in the barrier region at each step of this approach), we receive a divergence of the expressions for the waves for the above-barrier and the sub-barrier cases. However, the flux calculated on the basis of a complete stationary w. f. is not equal to zero and, therefore, the tunneling of the particle under the barrier exists.

As a further development of a time analysis of tunneling processes submitted in articles [4–6], here we represent the non-stationary solution method of a problem of tunneling of a nonrelativistic particle or a photon through a barrier using multiple internal reflections of fluxes in a sub-barrier region in relation to barrier boundaries (we name this approach as the method of multiple internal reflections). In the given article we study an onedimensional and a spherically symmetric problems.

At analysing the tunneling (or the propagation) of the nonrelativistic particle, an important specific feature of this method is a description of a particle motion using non-stationary wave packets (w. p.). Due to this one can determine correctly the packets propagating in different directions in a barrier region, fulfil a time analysis of the particle tunneling (propagation) and study in details this process in an interesting time moment or in relation to a concrete point of space. For obtaining time parameters of the tunneling, this method has shown itself convenient and simply enough.

For the problem with a spherically symmetric barrier the reflected and transmitted w. p. in relation to this barrier are propagating in one direction. Stationary solution methods do not allow to separate the w. p. transmitted through the barrier from the w. p. reflected from the barrier. Using the method of multiple internal reflections, one can find amplitudes and expressions for these w. p. As a result, it appears possible to present S-matrix in a form of a sum of two components corresponding to stationary parts for the reflected and transmitted w. p. in relation to the barrier. The sum of the stationary parts for these w. p. obtained by this method converges with the expression for a scattered wave obtained by an usual stationary method. The spherically symmetric problem with use of given approarch is considered for the first time.

At first we consider the problem of the tunneling of the nonrelativistic particle through the one-dimensional rectangular barrier. This problem is a test one and allows to analyse specific features of this method.

Further the problem of the tunneling of the particle through the spherically symmetric barrier, whose radial part has a rectangular form, is solved. For it amplitudes of the transmitted and reflected w. p., total times of the tunneling and reflection in relation to the barrier are found. Hartman’s and Fletcher’s effect is analysed. An expression for S-matrix is presented in the form of a sum of two components corresponding to amplitudes of stationary parts for the transmitted and reflected w. p. The time parameters using of the method of multiple internal reflections are found for the first time.

One can apply the method to the problem of the tunneling of the particle through a spherically symmetric barrier, which radial part has an arbitrary form, if a general stationary solution for a w. f. is known for this potential. Some problems with various barrier forms are considered. The problems are selected so that to show better features of the method at their solution.

At a finishing of the article a possibility to use the method in a problem of a tunneling of photons through an one-dimensional rectangular barrier is studied. On the basis of a given analysis the method is proved for the problem with the photons. Using the found transformation the results and solutions of the problem with the nonrelativistic particle transform into corresponding expressions for the problem with the photons. Hartman and Fletcher’s effect is analysed.

II. TUNNELING OF A PARTICLE THROUGH AN ONE-DIMENSIONAL RECTANGULAR BARRIER

Let us consider the problem of tunneling a nonrelativistic particle in a positive x-direction through an onedimensional rectangular potential barrier (see Fig. 1). Let us label region I for x < 0, region II for 0 < x < a and region III for x > a, accordingly. Let us study an evolution of its tunneling through the barrier.

Fig. 1. One-dimensional rectangular barrier.

In the beginning we consider a standard approach to the solution of this problem [7,8]. Let us consider a case when levels of energy lay under the height of the barrier: E < V_1.

The tunneling evolution of the particle can be described using a non-stationary consideration of a propagating w. p.

ψ(x, t) = +∞∫ 0 g(E − Ē)φ(k, x)e^{−iEt/ℏ}dE, (1)

where the stationary w. f. has a form:

φ(x) = e^{ikx} + A_Re^{−ikx}, for x < 0; αe^{ξx} + βe^{−ξx}, for 0 < x < a; A_T e^{ikx}, for x > a; (2)

and k =^1_ℏ √ 2mE, ξ =^1_ℏ √ 2m(V_1 − E), E and m are the total energy and mass of the particle, accordingly. The weight amplitude g(E − Ē) can be written in the form of gaussian [4] and satisfies the requirement of normalization ∫ |g(E − Ē)|^2dE = 1, value Ē is an average energy of the particle. One can calculate coefficients A_T , A_R, α and β analytically, using the requirements of a continuity of w. f. φ(x) and its derivative on each boundary of the barrier.

Substituting in Eq. (1) instead of φ(k, x) the incident φ_{inc}(k, x), transmitted φ_{tr}(k, x) or reflected part of w. f. φ_{ref} (k, x), defined by Eq. (2), we receive the incident, transmitted or reflected w. p., accordingly.

We assume that a time, for which the w. p. tunnels through the barrier, is enough small. So, the time necessary for tunneling an α-particle through a barrier of decay in α-decay of a nucleus, is about 10^{−21} seconds [9]. We consider, that one can neglect a spreading of the w. p. for this time. And a breadth of the w. p. appears essentially more narrow on a comparison with a barrier breadth [4–6]. Considering only sub-barrier processes, we exclude a component of waves for above-barrier energies, having included the additional transformation g(E − Ē) → g(E − Ē)θ(V_1 − E), (3) where θ-function satisfies to the requirement

θ(η) = { 0, for η < 0; 1, for η > 0.

The method of multiple internal reflections considers the propagation process of the w. p. describing the motion of the particle, sequentially on steps of its penetration in relation to each boundary of the barrier [1–3]. Using this method, we find expressions for the transmitted and reflected w. p. in relation to the barrier.

At the first step we consider the w. p. in region I, which is incident upon the first (initial) boundary of the barrier. Let us assume that this package transforms into the w. p. transmitted through this boundary and tunneling further in the region II, and into the w. p. reflected from the boundary and propagating back in region I. Thus we consider that the w. p. tunneling in region II has not reached the second (final) boundary of the barrier because of a terminating velocity of its propagation, and consequently at this step we consider only two regions I and II. Because of physical reasons to construct an expression for this packet, we consider that its amplitude should decrease in a positive x-direction. We use only one item β exp(−ξx) in Eq. (2), throwing the second increasing item α exp(ξx) (in an opposite case we break a requirement of a finiteness of the w. f. for an indefinitely wide barrier). As a result, in region II we obtain:

ψ^1_{tr}(x, t) = +∞∫ 0 g(E − Ē)θ(V_1 − E)β^0e^{−ξx−iEt/ℏ}dE,

for 0 < x < a. (4)

Thus, the w. f. in the barrier region constructed in a such way, is an analytic continuation of a relevant expression for the w. f., corresponding to a similar problem with above-barrier energies, where as a stationary expression we select the wave exp(ik_2x), propagated to the right.

Let us consider the first step further. One can write expressions for the incident and the reflected w. p. in relation to the first boundary as follows

ψ_{inc}(x, t) = +∞∫ 0 g(E − Ē)θ(V_1 − E)e^{ikx−iEt/ℏ}dE, for x < 0,

ψ^1_{ref} (x, t) = +∞∫ 0 g(E − Ē)θ(V_1 − E)A^0_Re^{−ikx−iEt/ℏ}dE, for x < 0. (5)

A sum of these expressions represents the complete w. f. in region I, which is dependent on time. Let us require that this w. f. and its derivative continuously transform into the w. f. (4) and its derivative at point x = 0 (we assume that the weight amplitude g(E − Ē) differs weakly at transmitting and reflecting of the w. p. in relation to the barrier boundaries). Consequently, we obtain two equations, in which one can pass from the time-dependent w. p. to the corresponding stationary w. f. and obtain the unknown coefficients β^0 and A^0_R.

At the second step we consider the w. p. tunneling in region II and incident upon the second boundary of the barrier at the point x = a. It transforms into the w. p. transmitted through this boundary and propagated in region III, and into the w. p. reflected from the boundary and tunneled back in region II. For a determination of these packets one can use Eq. (1) with account (3), where as the stationary w. f. we use:

φ^2_{inc}(k, x) = φ^1_{tr}(k, x) = β^0e^{−ξx}, for 0 < x < a,

φ^2_{tr}(k, x) = A^0_T e^{ikx}, for x > a,

φ^2_{ref} (k, x) = α^0e^{ξx}, for 0 < x < a. (6)

Here, for forming an expression for the w. p. reflected from the boundary, we select an increasing part of the stationary solution α^0 exp(ξx) only. Imposing a condition of continuity on the time-dependent w. f. and its derivative at the point x = a, we obtain 2 new equations, from which we find the unknowns coefficients A^0_T and α^0.

At the third step the w. p., tunneling in region II is incident upon the first boundary of the barrier. Then it transforms into the w. p. transmitted through this boundary and propagated further in region I, and into the w. p. reflected from boundary and tunneled back in region II. For a determination of these packets one can use Eq. (1) with account Eq. (3), where as the stationary w. f. we use:

φ^3_{inc}(k, x) = φ^2_{ref} (k, x), for 0 < x < a,

φ^3_{tr}(k, x) = A^1_Re^{−ikx}, for x < 0,

φ^3_{ref} (k, x) = β^1e^{−ξx}, for 0 < x < a. (7)

Using conditions of continuity for the time-dependent w. f. and its derivative at the point x = 0, we obtain the unknowns coefficients A^1_R and β^1.

Analysing further possible processes of the transmission (and the reflection) of the w. p. through the boundaries of the barrier, we come to a deduction that any of the following steps can be reduced to one of 2 considered above. For the unknown coefficients α^n, β^n,A^n_T and A^n_R used in expressions for the w. p. formed as a result of some internal reflections from the boundaries, one can obtain the recurrence relations:

β^0 = 2k k + iξ , α^n = β^n iξ − k iξ + k e^{−2ξa},

β^{n+1} = α^n iξ − k iξ + k , A^0_R = k − iξ k + iξ ,

A^n_T = β^n 2iξ iξ + k e^{−ξa−ika}, A^{n+1}_R = α^n 2iξ iξ + k . (8)

Considering the propagation of the w. p. in such a way, we obtain expressions for the w. f. on each region which can be written through a series of multiple w. p. Using Eq. (1) with the account of Eq. (3), we determine resultant expressions for the incident, transmitted and reflected w. p. in relation to the barrier, where one can need to use the following expressions for the stationary w. f.:

φ_{inc}(k, x) = e^{ikx}, for x < 0,

φ_{tr}(k, x) = +∞∑ n=0 A^n_T e^{ikx}, for x > a,

φ_{ref} (k, x) = +∞∑ n=0 A^n_Re^{−ikx}, for x < 0. (9)

Now we consider the w. p. formed as a result of sequential n reflections from the boundaries of the barrier and incident upon one of these boundaries at the point x = 0 (i = 1) or at point x = a (i = 2). As a result, this w. p. transforms into the w. p. ψ^i_{tr}(x, t), transmitted through boundary with number i, and into the w. p. ψ^i_{ref} (x, t), reflected from this boundary. For the independent of x parts of the stationary w. f. one can write:

φ^1_{tr} exp(−ξx) = T^+_1 φ^1_{inc} exp(ikx) , φ^1_{ref} exp(−ikx) = R^+_1 φ^1_{inc} exp(ikx) , φ^2_{tr} exp(ikx) = T^+_2 φ^2_{inc} exp(−ξx) , φ^2_{ref} exp(ξx)

= R^+_2 φ^2_{inc} exp(−ξx) , φ^1_{tr} exp(−ikx) = T^−_1 φ^1_{inc} exp(ξx) , φ^1_{ref} exp(−ξx) = R^−_1 φ^1_{inc} exp(ξx) , (10)

where the sign “+” (or “−”) corresponds to the w. p. tunneling (or propagating) in a positive (or negative) xdirection and incident upon the boundary with number i. Using T^±_i and R^±_i , one can precisely describe an arbitrary w. p. which has formed in result of n-multiple reflections, if to know a “path” of its propagation along the barrier. Using the recurrence relations Eq. (8), the coefficients T^±_i and R^±_i can be obtained:

T^+_1 = β^0, T^+_2 = A^n_T β^n , T^−_1 = A^{n+1}_R α^n ,

R^+_1 = A^0_R, R^+_2 = α^n β^n , R^−_1 = β^{n+1} α^n . (11)

Using the recurrence relations, one can find series of coefficients α^n, β^n, A^n_T and A^n_R. However, these series can be calculated easier, using coefficients T^±_i and R^±_i . Analysing all possible “paths” of the w. p. propagations along the barrier, we receive:

+∞∑ n=0 A^n_T = T^+_2 T^−_1 ( 1 + +∞∑ n=1 (R^+_2 R^−_1 )^n ) = i4kξe^{−ξa−ika} F_{sub} ,

+∞∑ n=0 A^n_R = R^+_1 + T^+_1 R^+_2 T^−_1 ( 1 + +∞∑ n=1 (R^+_2 R^−_1 )^n ) = k^2_0D_− F_{sub} ,

+∞∑ n=0 α^n = α^0 ( 1 + +∞∑ n=1 (R^+_2 R^−_1 )^n ) = 2k(iξ − k)e^{−2ξa} F_{sub} ,

+∞∑ n=0 β^n = β^0 ( 1 + +∞∑ i=1 (R^+_2 R^−_1 )^n ) = 2k(iξ + k) F_{sub}

, (12)

where

F_{sub} = (k^2 − ξ^2)D_− + 2ikξD_+, D_± = 1 ± e^{−2ξa}, k^2_0 = k^2 + ξ^2 = 2mV_1 ℏ^2

. (13)

All series ∑ α^n, ∑ β^n, ∑ A^n_T and ∑ A^n_R, obtained using the method of multiple internal reflections, coincide with the corresponding coefficients α, β, A_T and A_R of the Eq. (2), calculated by a stationary methods [4,7,15]. Using the following substitution

iξ → k_2, (14)

where k_2 =^1_ℏ √ 2m(E − V_1) is a wave number for a case of above-barrier energies, expression for the coefficients α^n, β^n, A^n_T and A^n_R for each step, expressions for the w. f. for each step, the total Eqs. (12) and (13) transform into the corresponding expressions for a problem of the particle propagation above this barrier. At the transformation of the w. p. and the time-dependent w. f. one can need to change a sign of argument at θ-function. Besides, the following property is fulfilled: | | | | +∞∑ n=0 A^n_T | | | | 2 + | | | | +∞∑ n=0 A^n_R | | | | 2 = 1. (15)

III. TUNNELING OF THE PARTICLE THROUGH A SPHERICALLY SYMMETRIC RECTANGULAR BARRIER

A. Transmitted and reflected wave packets

The problem of the motion of two interacting particles can be reduced to the problem of one particle scattering in a spherically symmetric field. Let us assume that the particle under the action of a central force

V (r) =

−V_0, for r < R_1; (region I);

V_1, for R_1 < r < R_2, (region II); 0, for r > R_2, (region III).

(16)

is incident outside upon an external boundary of the barrier at point r = R_2 (see Fig. 2).

Fig. 2. Spherically symmetric rectangular barrier.

Let us study an evolution of tunneling of the particle through the barrier. We consider a case when the moment l = 0 and levels of energy lay below a barrier height. The tunneling evolution of the particle in time dependence can be described using a w. p. constructed on a basis of a stationary solution of the following form [7]:

ψ(r, θ, φ) = χ(r) r Y_{lm}(θ, φ), (17)

χ(r) = A(e^{−ik1 r} − e^{ik1r}), for r < R_1, (region I), αe^{ξr} + βe^{−ξr} , for R_1 < r < R_2, (region II), e^{−ikr} + Se^{ikr} , for r > R_2, (region III),

(18)

where Y_{lm}(θ, φ) is a spherical function, k_1 = 1 ℏ √ 2m(E + V_0), ξ =^1_ℏ √ 2m(V_1 − E), k =^1_ℏ √ 2mE. For the spherically symmetric problem in a case of subbarrier energies we obtain:

χ(r, t) = +∞∫ 0 g(E − Ē)θ(V_l − E)χ(k, r)e^{−iEt/ℏ}dE, (19)

V_l(r) = V (r) + ℏ^2 2m l(l + 1) r^2

, (20)

where the second item in Eq. (20) is a centrifugal energy, which is equal to zero at l = 0, weight amplitude g(E −Ē) and average energy of the particle Ē are defined similarly to the one-dimensional problem (see Sec. II).

At a stationary consideration of solutions (18) we describe the particle incident upon the external boundary of the barrier by a spherical wave exp(−ikr) convergent to the centre. And we describe the particle scattered on the barrier in the region III by a spherical wave S exp(ikr) divergent outside. The scattered wave takes into account both a possibility of a reflection of the particle from the barrier, which is written by the divergent wave, and a possibility of a penetration of the particle through the barrier, when in the beginning the particle tunnels from region III to region I, and then after some period of time it tunnels back from region I to region III and also is written by the divergent wave. Only one item S exp(ikr) contains the transmitted and reflected divergent waves, and it is impossible to separate them at the stationary consideration.

As non-stationary, the method of multiple internal reflections allows to find a solution of this problem. Let us apply it to this problem. We study a propagation of a w. p. describing tunneling of the particle, sequentially on steps of its transmission in relation to each of boundaries of the barrier (similarly to the one-dimensional problem). As a result of an analysis we come to a deduction that any step in such viewing of the propagation of the w. p. along the barrier will be similar to one of 4 steps independent among themselves. Analysing these 4 steps further, one can obtain recurrence relations for finding coefficients A^n, S^n, α^n and β^n for an arbitrary step n.

As a result of multiple internal reflections (and transitions) in relation to the boundaries of the barrier a total time-dependent w. f. in each region can be written in the form of series composed from convergent and divergent w. p.. Analysing possible “paths” of propagations of these packets, one can calculate expressions for the series of coefficients S^n, A^n, α^n and β^n:

+∞∑ n=1 S^n = 1 F_{sub}

T^−_2 T^+_2 (R^−_1 (1 − R^+_1 R^−_0 ) + T^−_1 R^−_0 T^+_1 ) = 4ikξ ( iξ − k_1 iξ + k_1 − e^{2ik1R1} ) e^{2ξ(R1−R2)−2ikR2} F_{sub}(k + iξ)^2 ,

+∞∑ n=0 A^n =

T^−_1 T^−_2 F_{sub} = 4ikξe^{−ikR2+ik1R1−ξ(R2 −R1)} F_{sub}(k + iξ)(k_1 + iξ) ,

+∞∑ n=0 α^n = α^0

1 − R^+_1 R^−_0 F_{sub} = 2k ( 1 + k_1 − iξ k_1 + iξ e^{2ik1R1} ) e^{−(ξ+ik)R2} F_{sub}(k + iξ) ,

+∞∑ n=0 β^n = +∞∑ n=0 α^n − T^−_2

R^+_2

= α^0

R^−_1 (1 − R^+_1 R^−_0 ) + T^−_1 R^−_0 T^+_1 F_{sub} = 2k ( iξ − k_1 iξ + k_1 − e^{2ik1R1} ) e^{ξ(2R1−R2 )−ikR2} F_{sub}(k + iξ)

, (21)

where

F_{sub} = (1 − R^+_1 R^−_0 )(1 − R^+_2 R^−_1 ) − R^+_2 T^−_1 R^−_0 T^+_1 = 1 + k_1 − iξ k_1 + iξ e^{2ik1R1}

− (k − iξ)(k_1 − iξ) (k + iξ)(k_1 + iξ) e^{−2ξ(R2−R1)} − k − iξ k + iξ e^{−2ξ(R2−R1)+2ik1R1} , (22)

T^−_2 = α^0 = 2k k + iξ e^{−(ξ+ik)R2} , R^−_2 = S^0 = −iξ + k iξ + k e^{−2ikR2} ,

T^−_1 = A^n α^n = 2iξ iξ + k_1 e^{(ξ+ik1)R1} , R^−_1 = β^n α^n = iξ − k_1 iξ + k_1 e^{2ξR1} , T^−_0 = 0, R^−_0 = 1,

T^+_1 = β^{n+1} A^n = − 2k_1 iξ + k_1 e^{(ξ+ik1 )R1} , R^+_1 = A^{n+1} A^n = iξ − k_1 iξ + k_1 e^{2ik1R1} ,

T^+_2 = S^{n+1} β^n = 2iξ iξ + k e^{−(ξ+ik)R2} , R^+_2 = α^{n+1} β^n = iξ − k iξ + k e^{−2ξR2} , (23) where the coefficients T^±_i and R^±_i are defined in relation to the boundary with the number i (i = 0 for r = 0, i = 1 for r = R_1 and i = 2 for r = R_2). They can be calculated using of the recurrence relations between the coefficients S^n, A^n, α^n and β^n.

Now we consider the incident, transmitted and reflected w. p. in relation to the barrier as a whole. Defining them for the region III, one can write:

χ_{inc}(r, t) = +∞∫ 0 g(E − Ē)θ(V_1 − E)e^{−ikr−iEt/ℏ}dE,

χ_{tr}(r, t) = +∞∫ 0 g(E − Ē)θ(V_1 − E)S_{tr}e^{ikr−iEt/ℏ}dE,

χ_{ref} (r, t) = +∞∫ 0 g(E − Ē)θ(V_1 − E)S_{ref} e^{ikr−iEt/ℏ}dE,

(24)

where

S_{tr} = +∞∑ n=1 S^n, S_{ref} = S^0, S = S_{tr} + S_{ref} . (25)

The expression S represents a diagonal element of scattering matrix corresponding to the orbital moment l = 0. Thus, using the method of multiple internal reflections it appears possible to divide the S-matrix into two components corresponding to amplitudes of stationary parts of the transmitted and reflected w. p. in relation to the barrier as a whole. This property having physical sense, is obtained for the first time.

The expressions for coefficients S^n, A^n, α^n and β^n for each step, the expression for the w. f. for each step, the coefficients T^±_i and R^±_i , the series of the coefficients S^n, A^n, α^n and β^n under the substitution (14) (and also at replacement of a sign before argument for θ-function at a consideration of the non-stationary w. p.) transform into the corresponding expressions for the solution of the problem of a w. p. propagation above the barrier. Series (21) of the coefficients S^n, A^n, α^n and β^n coincide with the corresponding coefficients S, A, α and β for Eq. (18), calculated by stationary methods.

B. Tunneling and reflecting times in relation to the barrier

One can determine an equation for a propagation of a maximum of the incident, transmitted and reflected w. p. in relation to the barrier for the spherically symmetric problem. For radial parts of non-stationary w. f. one can write:

∂ ∂E arg χ_{inc}(r, t) = ∂ ∂E arg χ_{tr}(r, t) = ∂ ∂E arg χ_{ref} (r, t) = const. (26)

Let us consider the first step of the propagation of the w. p. Let the w. p. is incident in region III upon the external boundary of the barrier at point r = R_2 in a time moment t_{inc}. Using Eq. (26), we find the time moment t^1_{ref} of leaving outside from this boundary the reflected w. p. in region III:

t^1_{ref} = t_{inc} + 2mR_2 ℏk + ℏ ∂ arg S^0 ∂E . (27)

Similarly, for a time moment t^n_{tr} of leaving outside the external boundary of the barrier the n-multiple transmitted w. p. one can write:

t^n_{tr} = t_{inc} + 2mR_2 ℏk + ℏ ∂ arg S^n ∂E . (28)

Using Eq. (26) at point r = R_2, we find times necessary for the penetration of the total w. p. through the barrier (describing the tunneling of the particle through the barrier) and for the reflection of the w. p. from the barrier (describing the reflection of the particle from the barrier):

τ^{Ph}_{tun} = t_{tr} − t_{inc} = 2mR_2 ℏk + ℏ ∂ arg S_{tr} ∂E , τ^{Ph}_{ref} = t_{ref} − t_{inc} = 2mR_2 ℏk + ℏ ∂ arg S_{ref} ∂E . (29)

For the problem of the w. p. tunneling under the barrier we receive:

τ^{Ph}_{tun} = ℏ ∂ ∂E arg iξ − k_1 − (iξ + k_1)e^{2ik1R1} (iξ + k)^2(iξ + k_1)F_{sub} ,

τ^{Ph}_{ref} = 2m ℏξk . (30)

For the problem of the w. p. propagating above the barrier we write:

τ^{Ph}_{tun} =

2m(R_2 − R_1) ℏk_2 + ℏ ∂ ∂E arg k_2 − k_1 − (k_2 + k_1)e^{2ik1R1} (k + k_2)(k_1 + k_2)F_{above} , τ^{Ph}_{ref} = 0, (31)

where F_{above} can be obtained from F_{sub} using the substitution (14).

Let us consider a particle, which tunnels under a high enough and wide barrier. Then for the time of the tunneling we obtain the following expression (sequence of approaches: ξ(R_2 −R_1) → +∞, ξ → +∞, R_2 −R_1 → +∞):

τ^{P h}_{tun} = 2m ℏkξ + 4mR_1 sin 2k_1R_1(1 − 2 cos 2k_1R_1) ℏξ(1 − cos 2k_1R_1)

. (32)

The tunneling time does not depend on the width of the barrier (Hartman’s and Fletcher’s effect), but depends on k_1 and R_1.

IV. TUNNELING OF THE PARTICLE THROUGH THE SPHERICALLY SYMMETRIC

BARRIER OF A GENERAL VIEW

A. The particle propagates above the barrier

In study of nuclear processes when a tunneling of particles through a barrier is investigated, in most cases the barriers of more complicated form than rectangular are used. So, the spherically symmetric two-humb potential of Strutinski has a sufficiently important role in the problems of fusion and decay of nuclei. A degree of an exactitude of the description of the nuclear process depends on the choice of a form of the potential. Therefore, we shall consider, as far as it is possible to use the method of multiple internal reflections for solving the spherically symmetrical problems with the barrier of a general view.

Let us consider a particle propagating in a spherically symmetric potential field, which radial part has a barrier. Taking into account the behaviour of a radial part V (r) of the potential function in dependence on r, we divide the area of its definition r ∈ [0; +∞[ on the n regions. In each region let us replace the potential function V (r) by a function most closely describing V (r) and for which an exact solution of the stationary Schrödinger equation exists (see Fig. 3). Passing to the problem of the particle propagation in the field of these approximated potential functions, we write the general solution for stationary w. f. in the form (17), where its radial part can be written as

Fig. 3. Spherically symmetric barrier of a general form.

χ(r) = A_1a_1(k, r) + B_1b_1(k, r), for 0 < r < R_1, (region I), A_ia_i(k, r) + B_ib_i(k, r), for R_{i−1} < r < R_i, (region i), A_na_n(k, r) + B_nb_n(k, r), for r > R_{n−1}, (region N ),

(33)

where k =^1_ℏ √ 2mE, a_i(k, r) and b_i(k, r) are the partial solutions of the radial part of w. f. in region i, A_i and B_i are the normalization constants.

Let us find the transmission and reflection coefficients of particle in relation to the barrier, and also the times necessary for transmission and for reflection of the particle in relation to the barrier, using the method of multiple internal reflections. To apply the method to this problem, one can need to present the general stationary solution of w. f. in each region in the sum of divergent and convergent vawes.

Using the Fourier transformation, one can write:

a_i(k, r) = a^−_i (k, r) + a^+_i (k, r), b_i(k, r) = b^−_i (k, r) + b^+_i (k, r), (34)

where

a^−_i (k, r) = 1 √ 2π 0∫ −∞ dq R_i∫

R_{i−1} a_i(k, r^′)e^{iq(r−r′ )}dr^′,

a^+_i (k, r) = 1 √ 2π +∞∫ 0 dq R_i∫

R_{i−1} a(k, r^′)e^{iq(r−r′ )}dr^′, b^−_i (k, r) = 1 √ 2π 0∫ −∞ dq R_i∫

R_{i−1} b_i(k, r^′)e^{iq(r−r′ )}dr^′,

b^+_i (k, r) = 1 √ 2π +∞∫ 0 dq R_i∫

R_{i−1} b_i(k, r^′)e^{iq(r−r′ )}dr^′. (35)

Taking into account the transformation

c^−_i (k, r) = a^−_i (k, r) + B_i A_i b^−_i (k, r), c^+_i (k, r) = A_i B_i a^+_i (k, r) + b^+_i (k, r) (36)

one can write the general solution (33) as

χ(r) = A_1c^−_1 (k, r) + B_1c^+_1 (k, r), for 0 < r < R_1, (region I), A_ic^−_i (k, r) + B_ic^+_i (k, r), for R_{i−1} < r < R_i, (region i), A_nc^−_n (k, r) + B_nc^+_n (k, r), for r > R_{n−1}, (region N ).

(37)

Hence, the general solution in every region i is represented as the sum of convergent waves c^−_i (r) and divergent waves c^+_i (r) (so, in case of a rectangular barrier in the region i such expressions equal to e^{−ikir} and e^{ikir} , accordingly). On the basis of these expressions using Eq. (19) one can construct the non-stationary convergent and divergent w. p.. Writing the general solution for w. f. in every region in the form of linear combination of convergent and divergent w. p., one can apply the method of multiple internal reflections for solving the problem.

At first we study the case, when the general stationary solution for w. f. in every region can be written uniquely as sum of convergent and divergent waves c^±_i (r). Then using of the method of multiple internal reflections for solving the problem, one can find the incident, transmitted and reflected w. p. in relation to the barrier as a whole, and total w. p. in every region. It is enough convenient to use the coefficients T^±_i and R^±_i (as in the spherically symmetric problem with rectangular barrier). We define these coefficients in relation to the boundary with the number i in such a way (for the step j):

A^j_i = T^−_i A^j_{i+1}; B^{j+1}_{i+1} = R^−_i A^j_{i+1};

B^j_{i+1} = T^+_i B^j_i ; A^{j+1}_i = R^+_i B^j_i . (38)

One can calculate these coefficients at the consideration of first 2n + 1 steps:

T^−_0 = 0; R^−_0 = − c^−_1 (0) c^+_1 (0) = B_1 A_1

, (39)

T^−_i = ∂c^−_{i+1}(r) ∂r c^+_{i+1}(r) − c^−_{i+1}(r)

∂c^+_{i+1}(r) ∂r ∂c^−_i (r) ∂r c^+_{i+1}(r) − c^−_i (r)

∂c^+_{i+1}(r) ∂r

| | | | |_{r=Ri} ,

R^−_i = ∂c^−_{i+1}(r) ∂r c^−_i (r) − c^−_{i+1}(r) ∂c^−_i (r) ∂r ∂c^−_i (r) ∂r c^+_{i+1}(r) − c^−_i (r)

∂c^+_{i+1}(r) ∂r

| | | | |_{r=Ri} ,

T^+_i =

∂c^+_i (r) ∂r c^−_i (r) − c^+_i (r) ∂c^−_{i+1}(r) ∂r ∂c^+_{i+1}(r) ∂r c^−_i (r) − c^+_{i+1}(r) ∂c^−_i (r) ∂r

| | | | |_{r=Ri} ,

R^+_i =

∂c^+_i (r) ∂r c^+_{i+1}(r) − c^+_i (r) ∂c^−_{i+1}(r) ∂r ∂c^+_{i+1}(r) ∂r c^+_{i+1}(r) − c^+_{i+1}(r) ∂c^−_i (r) ∂r

| | | |_{r=Ri} . (40)

Further using the method of multiple internal reflections, one can calculate the incident, transmitted and reflected w. p. in relation to the barrier. On the basis of these w. p. one can find the transmission and reflection coefficients and also the transmission and reflection times in relation to the barrier. Thus, the transmitted and reflected w. p. can be written through S_{tr} and S_{ref} , the sum of which is the diagonal element of the scattering matrix S at the orbital moment l.

The value A_n can be obtained from the normalization condition:

A_n = (_{+∞}∫

R_{n−1} |c_n(k, r)|^2dr )_{−1/2} . (41)

Now we study the case, when the partial solutions of w. f. in some regions are not the convergent and divergent waves. In representations (36) and (37) one can need to know the values B_i/A_i. In this case at solving the problem we consider first 2n+1 steps. Let the general solution for w. f. in the first region be expressed through a_1 and b_1. Analyzing the reflection of w. p. from the point r = 0, one can obtain:

T^−_0 = 0; R^−_0 = − a_1(0) b_1(0) = B_1 A_1

. (42)

If the w. f. in the first region is determined through c^±_1 uniquely, then it is necessary to use Eq. (39) instead of Eq. (42). Calculating the value B_1/A_1, one can find the functions c^±_1 . Using the continuity condition for w. f. and its derivative in all boundaries between regions, one can find the recurrent relation for values B_i/A_i:

B_{i+1} A_{i+1} = f_i(r) ∂a_{i+1}(r) ∂r − ∂f_i(r) ∂r a_{i+1}(r) ∂f_i(r) ∂r b_{i+1}(r) − f_i(r) ∂b_{i+1}(r) ∂r

| | | | |_{r=Ri} , f_i(r) = a_i(r) + b_i(r) B_i A_i | | | | |_{r=Ri} = c^−_i (r) + c^+_i B_i A_i | | | | |_{r=Ri} . (43)

Having the values B_i/A_i, we obtain the convergent and divergent waves c^±_i (r) in every region. Then the solution of the problem is fulfilled as in the previous case.

Applying the approach considered above for the solution of the problem of particle propagation, when the potential V (r) is defined only in two regions (n = 2), one can find the incident, transmitted and reflected w. p. in relation to the barrier using Eq. (19) for above-barrier region, where the radial parts from the corresponding stationary w. f. have the form (at r > R_1)

χ_{inc}(r) = A_2c^−_2 (k, r),

χ_{tr}(r) = S_{tr}c^+_2 (k, r) = A_2

T^−_1 T^+_1 R^−_0 1 − R^+_1 R^−_0 c^+_2 (k, r),

χ_{ref} (r) = S_{ref} c^+_2 (k, r) = A_2R^−_1 c^+_2 (k, r). (44)

We find the coefficients T^±_i and R^±_i from Eq. (40). Using Eq. (26) for external boundary, one can obtain the times necessary for transmission and for reflection of particle in relation to the barrier. As a result, we receive:

τ_{tun} = ℏ ∂ ∂E ( arg (_{+∞}∑ n=1 B^i_2c^+_2 (k, R_1) ) − arg A_2c^−_2 (k, R_1) ) = ℏ ∂ ∂E arg T^−_1 T^+_1 R^−_0 1 − R^+_1 R^−_0

+ Δτ ;

τ_{ref} = ℏ ∂ ∂E ( arg ( B^0_2 c^+_2 (k, R_1) ) − arg A_2c^−_2 (k, R_1) ) = ℏ ∂ ∂E arg R^−_1 + Δτ ;

Δτ = ℏ ∂ ∂E arg c^+_2 (R_1) c^−_2 (R_1)

. (45)

For the problem solution when potential V (r) is defined on three regions (n = 3), the expressions for radial parts of stationary w. f., describing the incident, transmitted and reflected w. p. in relation to the barrier, look like (at r > R_2)

χ_{inc}(r) = A_3c^−_3 (k, r),

χ_{tr}(r) = S_{tr}c^+_3 (k, r) = A_3

T^−_2 T^+_2 (R^−_1 (1 − R^+_1 R^−_0 ) + T^−_1 R^−_0 T^+_1 ) (1 − R^+_1 R^−_0 )(1 − R^+_2 R^−_1 ) − R^+_2 T^−_1 R^−_0 T^+_1 c^+_3 (k, r),

χ_{ref} (r) = S_{ref} c^+_3 (k, r) = A_3R^−_2 c^+_3 (k, r). (46)

The transmission and reflection times of particle in relation to the barrier has the form (they are calculated at r = R_2)

τ_{tun} = ℏ ∂ ∂E arg T^−_2 T^+_2 (R^−_1 (1 − R^+_1 R^−_0 ) + T^−_1 R^−_0 T^+_1 ) (1 − R^+_1 R^−_0 )(1 − R^+_2 R^−_1 ) − R^+_2 T^−_1 R^−_0 T^+_1

+ Δτ ;

τ_{ref} = ℏ ∂ ∂E arg R^−_2 + Δτ ; Δτ = ℏ ∂ ∂E arg c^+_3 (R_2) c^−_3 (R_2)

. (47)

As an example of the method application we consider two problems.

The particle propagates above the barrier of the form (see Fig. 4)

V (r) = { −V_0, for 0 < r < R_1, (region I); γ r , for r > R_1, (region II). (48)

We consider the case l ≠ 0. One can obtain the incident, transmitted and reflected w. p. in relation to the barrier from Eqs. (44) and (19), taking into account the sign before argument of θ-function for above-barrier energies, and transmission and reflection times from Eq. (45). At consideration the first three steps of w. p. propagation along the barrier we find the coefficients T^±_i and R^±_i using Eqs. (40) for n = 2. In the solutions one can need to fulfil the substitution c^−_1 (k, r) = χ^−_{k1l}(r), c^−_2 (k, r) = G_l(η, ρ) − iF_l(η, ρ), c^+_1 (k, r) = χ^+_{k1l}(r), c^+_2 (k, r) = G_l(η, ρ) + iF_l(η, ρ), (49)

where

k_1 = 1 ℏ √ 2m(E + V_0), η = μνk ℏ^2 , ρ = k(r), χ^±_{k1l}(r) = ±i √ πk_1r 2 H^{(1,2)}_{l+1/2}(k_1r), (50)

H^{(1,2)}_l (r) is the function of Hankel of the 1st and 2nd sort, G_l(η, ρ) and F_l(η, ρ) are the irregular and regular Coulomb functions [19]. The normalization constant A_2 can be obtained from Eq. (41).

Now we consider another problem when the particle propagates above the barrier of the following form:

V (r) = { αr^2 − V_0, for 0 < r < R_1, (region I); γ r , for r > R_1, (region II). (51)

Let us study the case l = 0. In the beginning we consider region I. The partial solutions for the radial part of stationary w. f. are the parabolic cylinder functions [19]: D_ν (±gr) and D_ν (±igr), where g = (8αμ/ℏ^2)^{1/4}. For the description of above-barrier motion of particle we choose the first two solutions D_ν (±gr), which are independent if ν is non-integer. (Note that one can use the Whitteker’s functions as such two independent solutions [19]. But these two functions can be presented in the form of linear combination of the parabolic cylinder functions D_ν (±gr).) Each of partial solutions can be presented in the form of the sum of convergent and divergent waves:

Fig. 4. Spherically symmetric Coulomb barrier.

D_ν (±gr) = D^−_ν (±gr) + D^+_ν (±gr),

D_ν (±gr)^− = 1 √ 2π 0∫ −∞ dq R_1∫

0 D_ν (±gr^′)e^{iq(r−r′ )}dr^′,

D^+_ν (±gr) = 1 √ 2π +∞∫ 0 dq R_1∫

0 D_ν (±gr^′)e^{iq(r−r′ )}dr^′. (52)

Using such w. f., one can apply the method of multiple internal reflections to the solution of the problem. As a result, we find the incident, transmitted and reflected w. p. in relation to the barrier from Eqs. (44) and (19), taking into account the sign before argument of θfunction for above-barrier energies, and transmission and reflection times from Eq. (45). The coefficients T^±_i and R^±_i can be obtained from Eqs. (40) and (42) for n = 2 at substitution a_1(k, r) = D_ν (k, r), c^−_2 (k, r) = G_0(η, ρ) − iF_0(η, ρ), b_1(k, r) = D_ν (−k, r), c^+_2 (k, r) = G_0(η, ρ) + iF_0(η, ρ), (53) where η and ρ are defined in Eq. (50), G_0(η, ρ) and F_0(η, ρ) are the irregular and regular Coulomb functions at l = 0.

B. The particle tunnels under the barrier

Now we consider the problem of tunneling of particle under the barrier of spherically symmetric potential field. And the radial part of this barrier has a general view (see Fig. 3).

Dividing the range of definition r ∈ [0; +∞[ for potential V (r) on n regions, on each of them we approximate V (r) by function most close to it, for which there are the general solutions of w. f. for stationary Schrödinger equation. We divide the whole range so that the processes of sub-barrier tunneling and above-barrier propagation laid in the different regions.

For regions, in which the energy levels considered by us lay above the potential function V (r) (the particle propagates above the potential), the stationary solution for w. f. is represented as Eq. (37) (if necessary using the transformations (34), (35) and (36)).

For regions, in which the viewed energy levels lay under the potential function V (r) (the particle tunnels under the potential), in the beginning we find the general solution for stationary w. f., assuming that the energy levels lay above the potential function. One can need to present the general solution for w. f. as Eq. (37), separate the components corresponding to fluxes, directed to the opposite sides. Everywhere in expressions for w. f., where the property |E − V_l(r)| = E − V_l(r), at E > V_l(r), (54) is used, one can need to redefine this expression for E < V_l(r), having changed the sign. So, in case of constant potential in dependence on r we obtain the Eq. (14). Such substitution gives the following property: the resultant expressions for w. p. and also for stationary and non-stationary w. f. for the problem of tunneling of a particle under the barrier are the analytic continuation of the relevant expressions for a similar problem, when the particle propagates above the barrier.

Having defined the expressions for stationary w. f. in such a way, one can construct the relevant for them w. p. on each region and apply the method of multiple internal reflections to solution of the problem. A further approach for obtaining the resultant expressions for incident, transmitted and reflected w. p. in relation to the barrier and also the times of tunneling and reflection differs by nothing from the approach for the problem solution in the above-barrier case.

As an example, we consider the problem of tunneling of particle under the barrier (48) (see Fig. 4). We consider the case l ≠ 0. We divide the region II on two at point r = R_2, which defines by requirement E = V_l(R_2). One can find the incident, transmitted and reflected w. p. in relation to the barrier from Eqs. (19) and (46), and the times of tunneling and reflection from Eq. (47).

Analysing the first 5 steps of w. p. propagation along the barrier, we find the coefficients T^±_i and R^±_i using the Eqs. (40) for n = 3. In these expressions on can need to fulfil the substitution

c^−_1 (k, r) = χ^−_{k1l}(r), c^+_1 (k, r) = χ^+_{k1l}(r), c^−_2 (k, r) = G_l(η, ρ) − iF_l(η, ρ) c^+_2 (k, r) = G_l(η, ρ) + iF_l(η, ρ) } for E < γ r , c^−_3 (k, r) = G_l(η, ρ) − iF_l(η, ρ) c^+_3 (k, r) = G_l(η, ρ) + iF_l(η, ρ) } for E > γ r , (55)

where k, k_1, η, ρ, and also χ^±_{k1l}(r), G_l(η, ρ) and F_l(η, ρ) are defined earlier.

V. EVOLUTION OF PHOTON TUNNELING THROUGH ONE-DIMENSIONAL UNDERSIZED RECTANGULAR WAVEGUIDE

We use the analogy between photon and particle 1D propagation and tunneling which consists not only in the formal mathematical analogy between the solutions of the time-dependent Schrödinger equation for nonrelativistic particles and of the time-dependent Helmholtz equation for electromagnetic waves but also in the similarity of the probabilistic interpretation of the wave function for a particle and of a an electromagnetic wave packet being the wave function for a single photon [5] for a hollow rectangular waveguide with variable section (like that used in the Cologne experiment [20], see Fig. 5). The time-dependent wave equation for A, E, H (A is the vector potential with the subsidiary gauge condition div A = 0, E = −(1/c)∂A/∂t is the electric field strength, H = rot A is the magnetic field strength) is

ΔA − 1 c^2

∂^2A ∂t^2 = 0. (56)

For boundary conditions (see, for instance, [5])

E_y = 0 for z = 0 and z = a,

E_z = 0 for y = 0 and y = b (57)

the solution of Eq. (57) can be represented as a superposition of the following monochromatic waves:

E_x = 0,

E^±_y = E_0 sin (k_zz) cos (k_yy) exp [i(wt ± γx)],

E^±_z = −E_0(k_y/k_z) cos (k_zz)

× sin (k_yy) exp [i(wt ± γx)], (58)

where k^2_z + k^2_y + γ^2 = w^2/c^2 = (2π/λ)^2, k_z = mπ/a, k_y = nπ/b, m and n are the integer numbers (for definiteness we have chosen the TE-waves). Thus,

γ = 2π[(1/λ)^2 − (1/λ_c)^2]^{1/2},

(1/λ_c)^2 = (m/2a)^2 + (n/2b)^2, (59)

where γ is real (γ = Reγ) if λ < λ_c and γ is imaginary (γ = iξ_{em}) if λ > λ_c. Similar expressions for γ were obtained for TH-waves [5].

Fig. 5. The rectangular waveguide with narrow-part section (II) of dimension b and length L.

Generally the non-stationary solution of Eq. (56) can be written as a wave packet constructed on the basis of monochromatic solutions (58), similarly to the solution of the time-dependent Schrödinger equation for nonrelativistic particles in the form of a wave packet constructed from monochromatic terms (for the problem of particle propagating above the 1D rectangular barrier). Moreover, in the representation of primary quantization the probabilistic single-photon wave function is usually described by a wave packet (for instance, see [5,6] and the relevant references therein) like

A(r, t) = ∫ k_0 >0

d^3k k_0

K(k)A(k, r)e^{−ik0t}, (60)

where A(k, r) = exp (ikr) for propagation in vacuum and A(k, r) = φ(x) exp(ik_yy +ik_zz) with

φ(x) = e^{ikxx} + a_Re^{−ikxx}, region I, αe^{−ξemx} + βe^{ξemx}, region II, a_T e^{ikxx}, region III

(61)

for propagation in the waveguide (Fig. 5). Here, r =

(x, y, z), K(k) =^2 ∑ i=1 K_i(k)e_i(k), e_ie_j = δ_{ij} , e_i(k)k = 0,

i, j = 1, 2 (or y, z if kr = k_xx), k_0 = w/c = ε/ℏc, |k| = k_0, K_i(k) is the amplitude for the photon with momentum k and polarization i, and |K_i(k)|^2dk is then proportional to the probability that the photon has the momentum between k and k + dk in the polarization state e_i.

Though it is not possible to localize photon in the direction of its polarization, nevertheless, in a certain sense, for the one-dimensional propagation it is possible to use the space-time probabilistic interpretation of Eq. (60) along axis x (the propagation direction) [5]. It can be realized from the following. Usually one uses not the probability density and probability flux density with the corresponding continuity equation directly but the energy density s_0 and the energy flux density s_x (although in general they represent components of not a 4-dimensional vector but the energy-momentum tensor) with the corresponding continuity equation [5] which we write in the two-dimensional (spatially one-dimensional) form: ∂s_0 ∂t + ∂s_x ∂x = 0, (62)

where

s_0 =

EE + HH 8π , s_x = cRe[EH]_x 2π (63)

and axis x is directed along the motion direction (the mean momentum) of the wave packet (60). Note, that for the spatially one-dimensional propagation the energymomentum tensor of the electromagnetic field reduces to the two-component quantity — to the scalar term s_0 and 1-dimensional vector term s_x for which continuity equation (62) is Lorentz-invariant. Then, as a normalization condition one chooses the equality of the spatial integrals of s_0 and s_x to the mean photon energy and the mean photon momentum respectively or simply the unit energy flux density s_x. With this, we can define conventionally the probability density

ρ_{em} dx = S_0 dx ∫ S_0 dx , S_0 = ∫ s_0 dydz, (64)

for the photon to be found (localized) in the spatial interval (x, x + dx) along axis x at the moment t, and the flux probability J_{em,x} dt = S_x dt ∫ S_x dt , S_x = ∫ s_x dydz, (65)

for the photon to propagate through point (plane) x in the time interval (t, t + dt), quite similarly to the probabilistic quantities for particles. Hence, in a certain sense, for time analysis along the motion direction, the wave packet (60) is quite similar to a wave packet for nonrelativistic particles and similarly to the conventional nonrelativistic quantum mechanics, one can define the same form of time operator as for particles in nonrelativistic quantum mechanics and hence the mean time and the distribution variance of times of photon (electromagnetic wave packet) passing through point x in both time and energy representations) [5]. Then, the same interpretation one can use for the propagation of electromagnetic wave packets (photons) in media and waveguides when reflections and tunneling can take place — in particular, for waveguides like depicted in Fig. 5 with spatially decreasing and increasing waves in Eq. (61). The only difference is in the momentum-energy relation (quadratic for particles and linear for photons).

So, from rather simple calculations of J_{em,x} using Eqs. (60)–(65), and using the given above definitions of E and H (see also [6]), one can obtain the following relation:

J_{em,x} = ReF (y, z) ( φ(x) −iw 4π ∂φ(x) ∂x ) , (66)

where the function F (y, z) depends on the boundary conditions of the waveguide (see Fig. 5) and calculated in [6]. Therefore under boundary conditions the flux density for photons can be obtained from the flux density for particles by simple replacing (−iℏ/2m) by F (y, z)[−iw/4π]. At this substitution all results and relevant expressions (approach to the solution of a problem on the basis of consideration of multiple internal reflections of fluxes in the region of the barrier, phase tunneling and reflection times and other results), obtained above for the description of tunneling evolution of the particle through the barrier, also take place at the description of photon propagation.

In the particular case of quasimonochromatic wave packets, under the same boundary conditions as considered for the problem of tunneling of a particle through 1D rectangular barrier, we obtain the identical expression for the phase tunneling time:

τ^{Ph}_{tun,em} = 2 cξ_{em} for ξ_{em}L ≫ 1. (67)

From Eq. (67) one can see that when ξ_{em}L > 2 the effective tunneling velocity

v^{eff}_{tun} = L τ^{Ph}_{tun,em}

(68)

is more than c, i. e., superluminal. This result agrees with the results of the microwave-tunneling measurements presented in [20].

Note, that for sub-barrier energies the nonlocality of a barrier as a whole takes place not only for nonrelativistic particles but also for photons. This property is the physical cause of the superluminality during the tunneling.

VI. CONCLUSIONS

In this work the method of multiple internal reflections describing the process of tunneling of nonrelativistic particles and photons through barriers of the various forms is presented. This method is a further development of a series of articles [4–6] devoted to the time description of tunneling through a barrier. It uses the essentially nonstationary approach constructed on the basis of multiple reflections (and transmissions) of w. p. in relation to the boundaries of barrier. Thus one can describe in dependence on time the process of tunneling of total w. p. describing the considered nonrelativistic particle or photon through barrier and to study specific features of process in any interesting moment of time or in any point of space in details.

The possibility of time description of tunneling through a barrier is one of the principle perspectives of this method in comparison with stationary approaches.

The stationary one-dimensional problem of tunneling (and propagation) of a nonrelativistic particle through a rectangular barrier with accounting of the multiple internal reflections was earlier solved for sub-barrier energies the plane waves in the barrier region (on the basis of which the complete expressions for w. f. were found) had zero fluxes. According to the physical understanding there is a problem of applicability of such an approach to the problem solution. In the given article the substantiation of this approach is given on the basis of using the non-stationary w. p.. For this problem (being the test one) the phase time of tunneling and reflection in relation to the barrier at whole under solving the problem on the basis of the method of multiple internal reflections are introduced.

Using the method of multiple internal reflections the problem of tunneling of a nonrelativistic particle through a spherically symmetric barrier is solved for the first time. Here, using this method it is possible (as against the known stationary approaches) to separate the wave packet, transmitted through the barrier and describing a particle after its leaving outside in the wake of double tunneling through barrier, from the wave packet, reflected from the barrier describing a reflected particle (both packets are spherically divergent). For the diagonal element of scattering matrix with orbital moment l the following property

S^l = S^l_{tr} + S^l_{ref} ,

is fulfilled, i. e., the S-matrix consists of two components corresponding to the transmitted and reflected wave packets in relation to barrier. This property has physical sense and is proved mathematically.

We suppose that the method will allow to describe such properties of nuclear processes, which are not explained by stationary methods. So, some experiments performed recently, have caused an increased interest in a bremsstrahlung in an α-decay of heavy nuclei [9]. This phenomenon is interesting in the sence that includes both a radiation of photons in a propagation of an α-particle in an electromagnetic field of a daughter nucleus, and a tunneling of the α-particle through the decay barrier. Now the effect of the photon radiation in the tunneling of the α-particle under the barrier is investigated in an unsatisfactory way. For the description of this process some stationary methods allowing to calculate a spectrum of the bremsstrahlung are created. But in comparison with the experimental data one can see that each stationary approach describes the phenomenon with a small degree of precision. Besides, the minima and maxima are registered in the spectrum for some nuclei, while the stationary methods give a monotonically decreasing curve for the spectrum. We assume that based on a space-time approach the method of multiple internal reflections will allow to explain the peaks in this spectrum. A preliminary analysis shows that these peaks correspond to resonance levels of the α-decay of the researched nucleus and they can be evaluated using the method.

In this article the possibility of applying the method for 1D problem of photon tunneling through a rectangular barrier is explored. On the basis of the given analysis the analogy (having a mathematical substantiation and physical sense) between wave packets (and also between problem setting, boundary conditions) describing both propagation and tunneling of a nonrelativistic particle and photon, is shown. Consequently, it is possible to apply the method of multiple internal reflections for the problem with photons for the first time. At the found transformation the obtained results for the problem of particle tunneling through a barrier transform into the relevant expressions for the problem of tunneling of photons. The tunneling durations are found. For a sufficiently wide (and high) barrier there is an effect of propagation of wave packet with the velocity higher than that of light (Hartman’s and Fletcher’s effect).

The superluminal phenomena, observed in the experiments presented in [20] and later in other papers (for example, see the relevant references in [5,6,21]), generated a lot of discussions on relativistic causality. And in connection with this, also an interest in similar phenomena, observed for the electromagnetic pulse propagation in a dispersive medium [22], was revived. The known way of usual understanding consists in explaining the superluminal phenomena during tunneling on the basis of a pulse attenuated reshaping (or reconstructing) discussed at the classical limit earlier by [22–24]: the later parts of an input pulse are preferentially attenuated in such a way that the output peak appears shifted toward earlier times, arising from the forward tail of the incident pulse in a strictly causal manner [25].

In has been ascertained for quite some time that the wavefront velocity of the electromagnetic pulse propagation, when pulses have a step-function envelope, cannot exceed the velocity of light c in vacuum [23,24]. Namely in this the principal demand of the relativistic (Einstein) causality consists. This conclusion was confirmed by various methods and in various processes, including tunneling [26–31]. Note, that it is known from the momentum-energy Fourier-analysis of an electromagnetic wave packet with the step-function form of the forward edge, that such a wave packet contains components with large (up to the infinite) energies, i. e., above-barrier energies, for which the superluminality is absent.

One of the problems which are now under discussion consists in the absence of a step-function form of forward edges for realistic wave packets [26,31]. In such cases the conclusions of [23,24] seem to be inapplicable. An interesting approach to analyse the form of causality in particular in such cases was proposed in [32].

Finally, from the analysis of first step in solving the problem by the method of multiple internal reflections one can see that the tunneling process at sub-barrier energies is a non-local phenomenon because during tunneling the entering w. p. fills up the whole barrier at once and w. p. feels immediately both barrier walls (boundaries).

[1] J. H. Fermor, Am. J. Phys. 34, 1168 (1966). [2] K. W. McVoy, L. Heller, M. Bolsterli, Rev. Mod. Phys.

39, 245 (1967).

[3] Arlen Anderson, Am. J. Phys. 57, 230 (1989). [4] V. S. Olkhovsky, E. Recami, Phys. Rep. 214, 339 (1992). [5] V. S. Olkhovsky, Physics the Alive 5, 18 (1997);

V. S. Olkhovsky, A. Agresti, in Proc. Adriatico Research Conf. on Tunnelling and its Implications, Trieste, Italy, July 30 - August 2, 1996, edited by D. Mugnai, A. Ranfagni, L. S. Schulman eds. (World Sci., Singapore, 1997), p. 327.

[6] F. Cardone, R. Mignani, V. S. Olkhovsky, J. Phys. I France 7, 1211 (1997).

[7] L. D. Landau, E. M. Lifxic, Kvantovaffl mehanika, (Nauka, Moskva, 1974).

[8] V. V. Babikov, Metod fazovyh funkciȷ v kvantovoȷ mehanike, (Nauka, Moskva, 1988).

[9] J. Kassagi et al., Phys. Rev. Lett. 79, 371 (1997). [10] A. J. Leggett, Prog. Theor. Phys. Suppl. 69, 80 (1980). [11] D. Mugnai, A. Ranfagni, Europhys. Lett. 6, 1 (1988).

[12] L. S. Schulman, The Wave-Particle Dualism (Reider B Co., Dordrecht, 1984).

[13] M. Buettiker, R. Landauer, Phys. Rev. Lett. 49, 1739 (1982).

[14] M. Buettiker, R. Landauer, IBM J. Res. Dev. 30, 451 (1986).

[15] M. Razavy, A. Pimpale, Phys. Rep. 168, 305 (1988). [16] F. Engelman, E. Fick, Z. Phys. 178, 551 (1964). [17] V. S. Olkhovsky, Sov. J. Part. Nucl. 15, 130 (1984). [18] V. S. Olkhovsky, Nukleonik 35, 99 (1990); Atti Accademia Peloritana dei Pericolanti, Sci. Fis., Mat. e Nat. 70, 21 (1992).

[19] M. Abramowitz, I. Stegun, Handbook of Mathematical Functions with formulas, graphs and mathematical tables (Academic, N. Y., 1964).

[20] A. Enders, G. Nimtz, J. Phys. I France 2, 1693 (1992); 3, 1089 (1993); Phys. Rev. B 47, 9605 (1993); Phys. Rev. E 48, (1993).

[21] J. Jakiel, V. S. Olkhovsky, E. Recami, Phys. Lett. A 248, 156 (1998).

[22] S. Chu, S. Wong, Phys. Rev. Lett. 48, 738 (1982). [23] A. Sommerfeld, Z. Phys. 8, 841 (1907); 44, 177 (1914). [24] L. Brillouin, Wave Propagation and Group Velocity (Academic, N. Y., 1960).

[25] A. M. Steinberg, P. G. Kwiat, R. Y. Chiao, Phys. Rev.

Lett. 71, 708 (1993).

[26] A. Ranfagni, D. Mugnai, Phys. Rev. E 52, 1128 (1995);

D. Mugnai, A. Ranfagni, R. Ruggeri, A. Agresti, E. Recami, Phys. Lett. A 209, 227 (1995).

[27] R. Fox, C. G. Kuper, S. G. Lipson, Proc. Phys. Soc., London, Sect. A 316, 515 (1970).

[28] J. M. Deutch, F. E. Low, Ann. Phys. (N. Y.) 228, 184 (1993).

[29] K. Hass, P. Busch, Phys. Lett. A 185, 9 (1994). [30] M. Ya. Azbel’, Solid State Commun. 91, 439 (1994). [31] W. Heitmann, G. Nimtz, Phys. Lett. A 196, 154 (1994). [32] J. Garrison, M. Mitchell, R. Chiao, E. Bolda, Phys. Lett.

A 245, 19 (1998).

METOD BAGATOKRATNIH VNUTR¨XN¨H V¨DBITT¨V PRI OPIS¨ EVOL“C¨Õ TUNEL“VANN NERELTIV¨STS^KIH QASTINOK TA FOTON¨V

S. P. Maȷdank, V. S. Ol~hovs~kiȷ, A. K. Zaȷqenko ¨nstitut ffldernih dosl˛dıen~ NAN UkraÝni, prosp. Nauki, 47, KiÝv, 03680, UkraÝna

Navedeno nestac˛onarniȷ metod rozv’fflzku zadaq˛ tunelvannffl nerelffltiv˛sts~kih qastinok ta foton˛v qerez bar’‚r, fflkiȷ vikoristovu‚ bagatokratn˛ vnutr˛xn˛ v˛dbittffl hvil~ovih paket˛v, wodo meı bar’‚ra. Metod opisano ta dovedeno pri rozv’fflzuvann˛ odnovim˛rnoÝ zadaq˛ tunelvannffl qastinki qerez prfflmokutniȷ bar’‚r. Dlffl zadaq tunelvannffl qastinki qerez sferiqno-simetriqniȷ bar’‚r ta fotona qerez odnovim˛rniȷ bar’‚r z vikoristannfflm metodu znaȷdeno virazi dlffl ampl˛tud v˛dbitogo hvil~ovogo paketa ta paketa, wo proȷxov qerez bar’‚r, a takoı qasi tunelvannffl ta v˛dbittffl wodo bar’‚ra. Proanal˛zovano efekt Gartmana–Fletqera.