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Abstract

Scattering through a double slit potential is one of the most fundamental problems in quantum
mechanics. It is well understood that due to the superposition of amplitudes one observes a spatial
interference pattern in the scattered wavefunction reflecting the superposition of amplitudes coming
from both slits. However, the effect of the double slit on the mean time it takes to traverse the
slit has not been considered previously. Using a transition path time formalism we show that
when a single Gaussian wavepacket is scattered through a double slit potential, one finds not only
oscillations in the scattered density resulting from the spatial interference created by the splitting
of the wavepacket but also an oscillatory pattern in the mean scattering time. Long times are
associated with low values of a suitably defined momentum, short times with higher values. The
double slit thus serves as a momentum filtering device. We also find an interference pattern in the
time averaged momentum weak value profile of the scattered particle implying that the double slit
also acts as a weak momentum filter. These results not only demonstrate the value of considering
transition path time distributions in their quantum mechanical context but also present a challenge

to semiclassical approximations - can they also account for temporal interference?



I. INTRODUCTION

The diffraction of material particles scattered through a double slit potential or a grating
is well documented. For example, Nairz et al [1], using a time of flight experimental setup,
measured the diffraction pattern of suitably prepared Fullerene molecules scattered through
a grating. The process is well understood and a brief history of the milestones in its discovery
and experimental verification for a variety of physical systems may be found in Refs. [1, 2].
Underlying it all is the wave description of matter and the superposition principle. The
superposition of two waves coming from each of the two slits creates a spatial diffraction
pattern with maxima and minima corresponding to constructive and destructive interference
of the two components.

Diffraction in time is also a well known phenomenon, especially in the context of time
dependent perturbations of the system under study. Moshinsky [3] considered ” Diffraction in
time” showing that one may observe transient in time oscillations of the flux associated with
scattering through a shutter that is opened at say t = 0. Experiments have demonstrated
how time dependent modulations [4, 5] or initial temporal separation of beams [6] lead to
temporal diffraction patterns. The common theme that characterizes these studies [7] is
that the interference in time pattern is created either by a time dependent modulation, that
is the Hamiltonian describing the system is time dependent, or by an initial preparation of
wavepackets that are separated in time.

A simple model of the two slit spatial interference phenomenon may be found for example
in Ref. [8]. Two Gaussians originate at two different points and are then propagated as
free motion. They interfere spatially giving rise to the two slit spatial interference pattern.
The same authors also consider two Gaussians originating at the same point but at different
times which then proceed to interfere. Such interference in time processes have also been
considered previously by Nairz et al [1]. The spatiotemporal evolution of two counter-
propagating wavepackets in a suitably vibrationally excited iodine molecule have also been
reported [9].

Another aspect of diffraction in time is associated with transient time observations. In
such cases the Hamiltonian may be stationary. One scatters particles through a grating and
measures the time of flight distribution of the particles as they hit a screen. An example

of such an observation is given in Ref. [10] where the authors observe oscillations in the



arrival time at a fixed point on the screen. We will refer to such measurements as transient
measurements. They reflect the time dependent density of the wavepacket as the particle
hits the "screen”. However, if one considers the mean time of arrival at the screen it is not
clear from such measurements that it too will display oscillatory characteristics with respect
to the location on the screen.

To the best of our knowledge no one has yet undertaken a study of how interference affects
the mean transition time of a suitably post-selected particle. In the context of scattering
through a double slit potential considered in this paper, our interest is in the mean time it
takes the scattered particle to reach a point on a screen positioned either in the reflected or
the transmitted region. Perhaps the reason underlying this lacuna is the fact that for many
years time has been an enigma in quantum mechanics. Pauli [11] noted early on that one
cannot simply define a time operator conjugate to the energy operator with commutator
ih since this would imply an energy spectrum that goes from —oo to co. Hilgevoord [12]
pointed out that time and space play fundamentally different roles in quantum mechanics.
In a later paper [13] Hilgevoord summarized the problematics involved in defining a time
operator in quantum mechanics. He traces the genesis of the problem in the work of six
of the founding fathers of modern quantum theory: Dirac, Heisenberg, Bohr, Schrodinger,
von Neumann and Pauli, covering the period 1925-1933. The more modern history of the
evolution of defining time operators in quantum mechanics may be found in two volumes
edited by Muga and coworkers, devoted to the quantum time problem [14, 15]. From these
works and more recent ones [16-21], it is evident that the operator approach has not yet
been resolved.

Classical mechanical transition path time distributions have been studied rather inten-
sively in the past few years especially in the context of the folding and unfolding of proteins.
In their classic experiment, Neupane et al [22, 23] measured transition times for moving
from the folded to the unfolded and vice versa states of DNA hairpins. The experiments
were subsequently extended [24] to measure a local velocity along the transition path. The
experimental work was followed and sometimes anticipated by intensive theoretical activity
[25-37].  We have more recently introduced the transition path time distribution formalism
within a quantum mechanical context [38-40] which is intimately related to the presence
time distribution approach [41, 42] to time in quantum mechanics. A central advantage of

this formalism in the quantum mechanical context is that now time is not an operator but



a parameter in the Schrodinger equation. In contrast to the previous studies of temporal
interference discussed above, it is this approach which allows us to estimate mean times and
consider their interference patterns. This, for example, has enabled us recently to expose
quantum coherence times in the reflection of above barrier wavefunctions [43].

There is an additional aspect of the study of the temporal time interference pattern.
Semiclassical approximations have been used extensively to analyse and understand quantum
effects in molecular dynamics [44]. One of the central successes of semiclassical theory
has been its ability to account at least qualitatively and often quantitatively for quantum
interference effects. The scattering of a material particle through a double slit potential is
a classic example for the success of semiclassics in obtaining the spatial diffraction pattern
[45]. The work reported here can serve as a benchmark for the study of temporal diffraction
within the semiclassical approximation.

To obtain a clear picture of the quantum temporal diffraction pattern of the mean tran-
sition time we compare the mean time obtained through numerically exact quantum me-
chanical propagation which involves the propagation of amplitudes, with a suitably defined
classical like propagation which involves the propagation of density only. A suitable tool
for this purpose is the classical Wigner approximation [46], also referred to as the Wigner
phase space method [47]. The initial wavepacket is represented in phase space through its
Wigner transform. Since the initial state is a single Gaussian its Wigner representation is
positive. It is then propagated using classical mechanics. By comparing the mean transition
path time obtained from the numerically exact time evolved Gaussian wavefunction with
its classical Wigner approximation, we identify the oscillatory quantum structure for the
mean time it takes the particle to arrive at a point on a screen as resulting from quantum
interference.

Although the oscillatory pattern observed in the mean transition time is we believe of
interest on its own, it also has some remarkable consequences. As considered elsewhere
(38, 48, 49], the mean time of arrival at a point on the ”screen” may be used to ”measure”
a mean time velocity by considering the difference in the mean time it takes the particle to
reach two adjacent points. Not surprisingly, this velocity also exhibits a diffraction related
pattern such that lower velocities are correlated with longer mean times and vice versa. This
implies that the double slit acts as a momentum filter.

The introduction of the weak value concept [50] has contributed significantly to our un-



derstanding of the dynamics of scattering by a double slit potential. It has been established
that the weak momentum value at a post-selected position is identical to the Bohmian
momentum at that point [51]. Since weak values are the results of weak measurements it
became possible to use weak measurements of the momentum to experimentally recreate the
Bohmian trajectories underlying the two slit dynamics [52].

We have recently shown [48] that time averaging of weak values can lead to interesting
results such as a time averaged weak value energy time uncertainty principle. It is therefore
of interest to consider also the transition path time averaged weak momentum measured at
the screen in the context of the two slit scattering problem. In this context we note that
experiments are being developed to measure the weak value of the momentum for material
diffraction [53]. We find that the constructive and destructive interference of the wavefunc-
tion due to the double slit potential also serves as a weak momentum filter. Furthermore,
maxima (minima) in the mean time distribution correlate with minima (maxima) of the real
part of the time averaged weak valued momentum.

The model system we chose to study is the one introduced previously by Miller and
coworkers [45] for the purpose of demonstrating that semiclassical methods may be used to
describe spatial quantum interference phenomena. This model is presented in Section II.
The resulting mean transition times and their oscillatory structure are presented in Section
ITI. The effect of interference on the mean time averaged velocity and the real part of the
time averaged weak value of the momentum is presented in Section IV. We end with a

discussion of these results.

II. SCATTERING ON A MODEL TWO DIMENSIONAL SLIT POTENTIAL

To study the transition path time distribution we use the well established model of Ref.
[45] whereby an electron (m = 1 a.u.) is scattered by the two dimensional double slit
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with V5 = 8000 cm ™!, w = 600 cm ™! and a = 50 a.u.. The potential is displayed in Figure 1.

V(z,y)= Vo — exp(—z?/a?) (2.1)

The parameters used are typical for electron molecule interactions, however their primary
purpose was to create a "reasonable’ potential for the motion of an electron which mimics

a double slit potential but which is smooth, rather than having sharp edges, that is discon-



tinuities which make the numerical propagation of the quantum wavepacket in some sense

more difficult.

V(x,Y)
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FIG. 1: The double slit potential V(x,y). The potential is quartic in the y direction and Gaussian

in the x direction. The axes and the potential are in atomic units.

The particle at time ¢t = 0 is described by the (normalized) coherent state
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where o = —250 a.u. is the mean position in the z direction, located at the “left” of

the double slit potential. As in Ref. [45], the initial mean momentum in the x direction
peo = 0.1366 a.u. is chosen so that the initial x kinetic energy (2048 cm™!) is approximately
25% of the barrier height of the potential, located at x = y = 0.  With this choice and
the width parameters described below, we assure that motion at energies above the central
barrier height and quantum tunneling effects are negligible. The major pathways for passing
through the potential are the two channels, which represent the ”slits” in our model.

The width parameters are chosen to be I', = T', = I' = 25mw?/(16V;). With these
choices the mean spatial widths in the = and y directions are 2/v/2T = 79 a.u.. This implies
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that the spatial width of the incident wavepacket in the y direction is around 3.5 times
smaller than the distance between the centers of the two slits (which is 279.34 a.u.). These
conditions imply that the centers of the slits are located at an angle § = +0.51 radians
relative to the center of the incident wavepacket and the x axis. The initial wavepacket
position and momentum in the y direction are (0, 0).

The probability that the system will be at the position q = (x,y) at time ¢ is

[(a, 1)]? = (il ( — 2)o(y — §)e e, (2.3)

where H is the Hamiltonian operator (H(p,q) = % +V(q) with p = (P, py)) and the hat
notation denotes operators. The transition path time probability distribution for being at

the time ¢ at the point z,y is defined to be [54]:
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The time evolved wavefunction is obtained numerically using the split operator algorithm

(2.4)

[55]. We use a spatial grid of 1x1 a.u. with a time step dt = h/(100V;). The resulting density
(Jv|?) is plotted in panel a of Figure 2 in the spatial domain |z| < 1700 and |y| < 1100, at
discrete space points (x,,¥y,,) separated by steps dex = dy = 1 for the time tg,. = 11340
(all magnitudes are in atomic units). The transmission probabilities are 0.057 and 0.055 for
the quantum and Wigner computations (see below), respectively. To obtain the transition
path time distribution it is necessary that a full passage of the wavefunction through a given
location takes place. The domain we used allows us to get reliable results for the transition
path distribution up to a distance of around 900 a.u. from the slits.

For comparison and to accentuate the quantum interference pattern, we also solve for the
classical Wigner time dependent density using as the initial condition the Wigner quasiprob-

ability distribution of the incident wavefunction (Eq. 2.2), defined as:

1 4
W(I‘, yupmpy) - W // 1/}*<~T + ha/Qv ) + ﬁb/2)7/1<55 - ha/Qv y— hb/2>€l(apz+bpy) da’ db

1
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(2.5)

The Wigner dynamics time dependent density is obtained by propagating the coordinates
x,y to time t using classical mechanics and the classical Hamiltonian with the two slit

potential of Eq. 2.1. The classical equations of motion are solved numerically using a 4th
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FIG. 2: The quantum (left panel) and classical Wigner dynamics (right panel) pattern obtained
for the density [4(z,y,t = 11340)|? in the domain |z| < 1700 and |y| < 1100. The distributions
are normalized to unity so that the color code reflects the probability to find the particle in a box
whose size is the grid size is dz = dy = 1. All quantities are in atomic units. Because reflection is
more probable than transmission, the density of the transmitted part (z > 0) has been multiplied
by 15. Note the extensive interference pattern found for the quantum results which is absent in

the classical Wigner density.

order Runge-Kutta integrator and a Monte Carlo sampling of the initial density. For the
classical Wigner dynamics it is sufficient to use a time step which is a factor of 20 larger than
that used for the quantum solution. The sample size is 2 - 107 trajectories. The results are
histogrammed such that each destination point z,y is attributed to a box x, < z < x,, +dz
and ¥, <y <y, +dy with de =dy =1 a.u. .

The resulting density is compared with the quantum density in panel b of Figure 2.
One notes that the classical Wigner density has two maxima in the transmitted portion
corresponding to trajectories transmitted through the upper or lower slit and an additional
maximum for those trajectories that are reflected off the outer barriers in each of the channels
so that they come out at the center. This center peak disappears if one considers much
longer scattering times. The reflected part has a single broad maximum corresponding to
the trajectories reflected from the middle wall of the potential separating the two slits. The
interference pattern seen in the quantum density has vanished, as expected, in this classical

limit whereby the quantum density is propagated in time so that there are no interference



phenomena.

To further accentuate these differences, we plot in Fig. 3 the angular dependence of the
(normalised) density distribution function |W(6;r,t)|? at a fixed value of the radius r = 1300
a.u.. Panels a and b show the quantum and classical Wigner transmitted distributions
(multiplied by a factor 15) panels ¢ and d show the same for the reflected. Note the extensive

quantum oscillations which are absent from the classical Wigner results.
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FIG. 3: Angular dependence of the probability density distribution at a fixed radius (r = 1300
a.u.) and a fixed time ¢ = 11340 a.u.. Panels a and c¢ show the numerically exact quantum
transmitted and reflected distribution |W(6;r,t)|?, panels b and d show the results obtained using

classical Wigner dynamics, Py (0;7,1).



III. TEMPORAL OSCILLATIONS FOR QUANTUM SCATTERING THROUGH
A DOUBLE SLIT POTENTIAL

As already mentioned in the Introduction, our interest is to understand whether and
how much the quantum interference affects the mean time it takes the particle to reach the
screen. Even though the transient time may be oscillatory, as measured for example in Ref.
[10], it is not clear that this manifests itself in the mean transition time which is a much
more averaged quantity. The n-th time moment of the transition path time distribution at

the point x,y is by definition

(t"(x,y)) = /OOO dtt"P(t;x,y). (3.1)

and we are especially interested in the mean (n = 1). The moments and distribution may
also be expressed using the polar coordinates: r = \/ﬁy2 and 0 = tan~!(y/x).

We note that the transition path time distribution is normalized by N(q) =
I [(a, t)[dt (see Eq. (2.4)) and equivalently for the classical Wigner dynamics. Hence,
for the results to be meaningful, one has to avoid regions in which N(q) is “too small”. With
the parameters we have used, the transmission probabilities are much smaller than the re-
flection probabilities (see Figure 2). Therefore we use separate criteria for the transmitted
region (x > 0) and the reflected region (x < 0). In each region we consider only values of q
satisfying N(q)/ max{N(q)} > 0.001.

The resulting mean times of the transition path time distributions are plotted in Fig.
4. Panels a and b compare the quantum (panel a) and classical Wigner (panel b) mean
times for the transmitted particle to reach the ”screen” located at different fixed values of
the distance r as a function of the angular variable 6.

The results for different distances r are shifted by the time it would take a free particle
with momentum p,, = p,, to move from one radial distance to the other. Given that the
incident velocity is 0.1366 a.u. this means that the different times shown in the panels are
shifted by ~ 732 a.u..

In panels ¢ and d of Figure (4) we present the mean transition times for the reflected
part of the wavepacket (x < 0). Here too, the quantum solution displays a time interference
pattern while the classical Wigner solution does not. The classical Wigner based results

are more uniform than found in the transmitted case (panel b) since the main contribution
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FIG. 4: Angular dependence of the mean transition path time for the transmitted and reflected
scattered particles. Panels a and b show the mean transmitted times for the quantum and classical
Wigner computations respectively. Panels ¢ and d show the same for the reflected distributions.
The angular dependence of the mean times at different radii are scaled by the mean time it would
take a free particle at the incident mean momentum to traverse the distance between the successive

points.

to the reflection comes from the repulsion by the center of the two slit potential. Since
the radial distances at which we probed the mean reflection times are smaller than that
of the transmitted particle, the resulting mean reflected times do not scale as nicely with
the distance as in the transmitted case. For the same reason, the mean transmitted times
are longer than the reflected average times by about 1200 a.u.. The transmitted times
include travel from the initial center of the wavepacket to the slits (in a low potential), of

approximate length /2502 + (279.34/2)2 a.u., while the reflected are dominated by the path

to the barrier at z = 0 and back.
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The results shown in Figure (4) are central to this paper. They show that the mean
quantum time oscillates as a function of the angle while the classical Wigner mean time
does not. This is found for both the transmitted and the reflected particles. As noted
above, the slit angle relative to the initial center of the wavepacket is £0.51 radians. In the
transmitted case, the classical Wigner times maximize in the vicinity of these angles. The
quantum times are relatively indifferent to the angles of the slits and if anything, seem to
minimize in the vicinity of the slit angles.

Both mean transmission and reflection times scale roughly with the incident momentum
and this allows us to present the mean times on a single scale. However, the mean times
do change as a function not only of the angle but also the radial distance. This change is
more noticeable in the reflection times but is found also in the transmission times. Although
the radial distances considered are such that the potential is negligible, the time diffraction
pattern does not scale perfectly with the incident average momentum. This is a reflection
of the fact, that as we shall see, the magnitude of the momentum distribution also oscillates
roughly about the incident momentum. It is this oscillation which shows up as a more
minor fluctuation of the mean time as compared to that expected for motion at the constant
incident average velocity of the wavepacket.

Comparing the quantum reflection times with the classical Wigner reflection times, we
note that for the reflected particles, the mean time obtained from the classical Wigner
computation is almost constant in the paraxial region of small 6, showing later average
arrival times associated with trajectories reflected at larger angles. The quantum mean
reflection times oscillate and do not show the same structure. Furthermore, the mean time
variations in the quantum reflected case are more sensitive to the radial distance than in the
transmitted case as may be seen from a comparison of panels a and ¢ of the Figure. This
is partially due to the fact that the distance of the ”screen” from the initial center of the
incident wavepacket is smaller than in the transmitted case so that the diffraction patterns

are not yet really in the ”far field” region of the scattering.
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IV. INTERFERENCE PATTERN FOR THE RADIAL MOMENTUM

A. Mean velocity diffraction pattern

Since we are dealing with the scattering of an electron whose atomic mass is unity, in the
following we will consider interchangeably the momentum and the velocity - their numerical
value in atomic units is the same. From the mean time it takes to reach a radial distance
r one may infer a mean velocity by considering the difference in the mean time it takes the
particle to reach two adjacent radial distances [48]:

B Ar _Ar 41
U= (t(r + Ar/2,0)) — (t(r — Ar/2,0)) - (At)’ (4.1)

We will refer to this method of determination of the radial velocity as the mean time method.

In practice we used Ar = 0.1r, which is a compromise: it is not too small to prevent the
computation from being too sensitive to numerical noise, yet it is small enough to represent
a local velocity.

In Figure 5 we display the mean time radial velocity for different radii in the transmit-
ted region x > 0 for the quantum and classical Wigner solutions, calculated according to
Eq. (4.1). As noted from the Figure, the quantum mean time radial velocities are almost
independent of the radial distance from the origin, except at rather large deflection angles,
where the probability density is in any case rather small. Comparing the mean transmission
times shown in panel a of Figure 4 with the mean time velocities presented in panel a of
Figure 5, we find that the minima in the plot of the mean time (t(r,0)) as a function of the
angle 6 correspond to the maxima in the mean time velocities. The same is found for the
classical Wigner results: in the paraxial region the velocity is maximal, corresponding to
the shorter arrival time in this region. It becomes clear that the two slit potential serves as
an angular filter for the (mean time) velocity distribution of the incident particle.

The angular dependence of the reflected (z < 0) mean time velocities is shown in Figure 6
for different values of the radial distance. We remark that the 6 dependent fluctuations
diminish with the increase in the distance r. The same phenomenon occurs in the case
of the classical Wigner computation: the reflected velocities are almost independent of the
angle, so the reflection is almost exclusively radial. Here, the classical Wigner results are
much less noisy, due to the fact that the reflection probability is ~ 20 times larger than the

transmission probability so that the number of trajectories sampled is larger by the same
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FIG. 5: Mean time radial velocities for the quantum and classical Wigner cases in the transmitted
region x > 0 at different radii. The left panel shows the results for the quantum solution and the
right panel for the classical Wigner solution. The noise in the classical Wigner solution is due to

the Monte Carlo sampling of the initial points in phase space.
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FIG. 6: Mean time radial velocities for the quantum and classical Wigner cases in the reflected
region x < 0 at different radii. The left panel shows the results for the quantum solution and the

right panel for the classical Wigner solution.
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B. Diffraction of weak momentum values

Given the intense interest in the Bohmian mechanics of the two slit problem [52, 56] and
the ability to measure the Bohmian trajectories experimentally [53], it is of interest to study
also the weak values of the momentum in the context of their structure and how quantum
diffraction affects the structure. It is also of interest since it is well known that the real part
of the weak value of the momentum is identical to the Bohmian momentum [51]. Given the
pre-selected wavefunction 1, the radial weak value of the momentum at the post selected

point r, 0 at time ¢ is defined as

(r01p | the) ., 0
w (1,0;t) = ————— = —ih—1 ,0 : 4.2
(r.0:1) = S5 S = it In (. 610) (42)
The time averaged weak value of the radial momentum is by definition
(0 (1.0)) = [ dePottir.)p (850 (13
0

The imaginary part of the weak momentum can be written as:

9 [, Ol¢n) |
Im (py (r,0)) = —ih dt———, 4.4
o A (1.4

If the normalization N (r,0) = [ |(r, 0[¢) |* dt is independent of r then the imaginary part
vanishes. In practice N(r,0) depends weakly on r, so that in the regions of interest the
imaginary part of the time averaged weak momentum is 2 orders of magnitudes smaller
than the real part of the time averaged weak momentum and therefore we do not consider
it here.

The real part of the weak value of the momentum is plotted in Figure 7. The qualitative
similarity of this Figure to the results for the mean time velocity shown in the left panels
of Figs. 5 and 6 is evident. One notes that the weak value oscillates as a function of the
angle, having minima and maxima at the same regions as the mean time velocity. We also
note that the radial weak momentum fluctuates around the average value of the incident
momentum p,o = 0.1366 a.u. and is almost independent of r in the transmitted region
(x > 0). As in the previous cases for the mean time and the mean time velocity, one notes
a greater variability of the time averaged weak value momentum distribution as a function
of the radial position for the reflected part, which is due to the fact that the final radial
position for the reflected part is much closer to the origin of the incident wavepacket. One

does note that the dependence on the radial distance diminishes as r > 700 a.u..
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FIG. 7: Time averaged real part of the weak value of the momentum for the transmitted (left
panel) and reflected (right panel) parts of the scattered wavefunction is plotted as a function of

the angle at a few different values of the radial coordinate.

V. DISCUSSION

In this work we applied the quantum transition path time distribution formalism to the
double slit scattering experiment. In addition to the known spatial interference pattern,
we found also a temporal interference pattern for the mean transmission and reflection
times. The numerically exact quantum solution for the motion of a wavepacket initiated
"behind” the double slit potential and moving towards it shows minima and maxima in
the mean transition time. These oscillations are absent when one replaces the quantum
time evolution of the wavepacket with a classical time evolution using the classical Wigner
dynamics framework. This mean temporal structure is thus a reflection of the quantum
interference created by scattering through the two slits. It will be interesting to see whether
the semiclassical approximation can account at least qualitatively for this phenomenon.

An oscillatory pattern is also found when considering the angular dependence of the mean
time velocity of the scattered particle in both the transmitted and reflected regions. The
minima and maxima in the mean time velocity distribution correlate with the maxima and
minima in the mean time distribution, implying that the two slit interferometer is actually
a velocity filter.

The real part of the time averaged weak momentum value was also shown to be oscillatory

in its angular dependence and similar to the mean time velocity. The filtering effect thus
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manifests itself also through the real part of the weak momentum values. In this context
we note that at least in principle, a flux and density measurement is sufficient to establish
it [57]. This means that the momentum real value distribution is accessible experimentally
without need of a weak measurement apparatus.

The oscillations in the mean time and the associated velocity filtering phenomenon are
due to the fact that the incident wavefunction has a breadth of momenta. The narrower the
incident momentum distribution, the smaller will be the time oscillations and vice versa.

We have studied here a specific case with a specific potential. However the qualitative
results should hold in general. As long as the two slits lead to a splitting of the incident
wavefunction into two parts, one should expect both spatial and temporal interference. The
same temporal interference should also show up in quantum diffractive scattering from a
surface. As long as the spatial width of the incident wavepacket is larger than the lattice
length [58], quantum interference will set in and its effect should also be observable in the
time domain.

Arguably though, the most important question which should be addressed is whether the
temporal oscillations can be measured experimentally. We believe that the answer is positive.
From Fig. 4 one notes that the magnitude of the mean time oscillations is of order of 10%
of overall time. Consider a dielectric barrier discharge source of He atoms with a velocity of
1000 m/sec and an achievable temporal width of 20 usec [59]. The pulse is scattered on a
grating with 100 nm spacing and then detected by time of flight on a screen which is a meter
away from the grating. The typical time it takes to reach the screen after the scattering
event would be 1 msec. A ten percent oscillation would imply a temporal resolution of 100
pusec which is a factor of five greater than the temporal width of the incident pulse. This
should then be possible especially when considering recent time of flight experiments on
matter wave diffraction [60].
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