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Abstract — In the interaction between a quantum mechanical electron wave and a wall, loss of
interference contrast is observed. It is of general interest to identify the mechanism and catego-
rize its nature as dephasing or decoherence. Decoherence is of fundamental importance for the
transition between the classical and quantum boundary, while dephasing is often an experimental
detriment that needs to be understood and overcome. We find that the loss of contrast is at-
tributed to a local charge distribution induced by secondary emission: a dephasing mechanism.
This mechanism is expected to be present for many materials, is clearly visible for copper oxide,
and can mask decoherence mechanisms. The local charge distribution on the wall causes a loss
of contrast and electron beam deformation. A model based on Coulomb interaction with the sur-
face charge gives good agreement for both features. Our model can thus be used to improve the
experimental design and lead to separate out decoherence phenomena in the electron-wall system.

Copyright @© EPLA, 2020

Introduction. — In matter-wave interferometry, loss of
contrast falls into two broad classes: that due to dephasing
or decoherence. Dephasing is time-reversible while deco-
herence is time-irreversible [1]. Even though decoherence
is ubiquitous, it is hard to create a simple and isolated en-
vironment where it can be observed [2-8|. Understanding
conditions of decoherence may help to reach diffraction-
limited electron microscopy [9-11] and to find solutions
to its deleterious effect on quantum computing [12-14].
Coherence of electrons close to a surface in electron-
on-a-chip systems [15,16] or in a quantum electron mi-
croscope [17,18] can also be affected by electron-wall
decoherence. Our goal is to find an experimental system
for electrons that provides a decohering environment for
tests related to the quantum measurement problem [8,19].
Decoherence has been studied theoretically [9,10,20-25]
and experimentally [26-30] for the electron-wall system.
Hasselbach [26] reported the observation of decoherence.
Decoherence can happen when imprinting which-way in-
formation onto electrons by interacting with an introduced
environment [31]. In [26] the environment was a silicon
surface in close proximity to the electrons. We extended
this work by using silicon and metal surfaces, and mod-
ified this system by using electron diffraction instead of

interferometry [27]. Our experiments on a conductive sur-
face (gold) failed to show loss of contrast, while a semi-
conductive surface (silicon) produced a loss of contrast
when electrons are close to the surface [27]. We compared
the experimental results to a variety of theoretical mod-
els of decoherence and established that the decoherence
rate was about 100 times smaller than predicted by some
of the theoretical models, shedding doubt on the earlier
claim [26]. The question remains, what is the physical
nature of the process that causes the loss of contrast. If
this mechanism can be identified and is due to dephas-
ing, its effect may be corrected for and assist in the hunt
for the decoherence mechanism. In this paper, we provide
evidence that one mechanism that explains the loss of con-
trast is the interaction of the free electron with a charge
distribution on the surface. When hit by electrons, sur-
faces can become positively charged by secondary emis-
sion. In this way, electrons can experience deflecting
forces. The charge distribution on the surface mimics the
spatial shape of the electron beam pattern and the forces
act in both the vertical and horizontal directions. A semi-
classical model is used to simulate diffraction and the effect
of the forces. The electron diffraction is treated quantum
mechanically by Fourier transformation of the position
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Fig. 1: Schematic experimental setup. Electrons are produced
by an electron gun and are collimated by two collimation slits.
The beam propagates along the longitudinal direction (y) to
the diffraction grating and gets diffracted. Subsequently, the
diffracted beam passes over the sample surface, half is gold
coated, and half is copper oxidized. By moving the surface,
the diffracted beam can interact with gold or copper oxide.
An electric quadrupole lens is used to magnify the diffraction
pattern in both directions. A multi-channel plate receives the
electrons and produces fluorescent light which is captured by a
camera. An experimental image is presented (top right) which
shows a distorted diffraction pattern. The simulation result is
presented at the bottom center.

distribution, while the propagation after passage through
the grating is treated classically. We present the results
of our model and the experimental data. Our model re-
produces the features of the experimental data including
the loss of contrast and distortions of the diffraction pat-
tern. We conclude that a charge distribution that is simi-
lar to our electron beam profile causes the loss of contrast
and that the charge distribution is caused by secondary
emission.

Experimental setup. — Our experiment is similar to
that reported in [27], except that a copper oxide surface
is used to maximize possible charging effects. The rele-
vant schematic summary of the experimental setup is now
given. A coherent electron beam with energy E = 1670 eV
from a tip source is collimated by two collimation slits
that are 25cm far apart (fig. 1). The first slit is 12.7 ym
wide and the second slit is 2 um wide. The collimated
beam propagates 6.5 cm to a diffraction grating and has a
transverse coherence length of about 400 nm (and is 3.3 um
wide at the grating). The diffraction grating has open slits
with widths ¢ = 50 nm and periodicity b = 100 nm. Thus,
the electron beam coherently illuminates about 4 slits and
is subsequently diffracted by the grating. After passing
through the grating, electrons continue to propagate over
a surface. The surface has multi-layers: the bottom layer
is a square (I = 1cm side) of magnesium oxide; the mid-
dle layer is a gold coating; on the top of gold, half of the
surface is sputtered with copper in an oxygen atmosphere

(a) Top View (b) Side View
secondary emission
Au e- e-
100 nm ¢
e positive charge area

e-beam

Fig. 2: Surface and secondary emission. Three different views
of our sample surfaces are presented. Top view (a): the orange
area is copper oxide, and the yellow area is gold for comparison.
Side view (b) and 3D view (c¢): yellow curves represent electron
trajectories and secondary emissions. Electrons hit copper ox-
ide and cause secondary emissions which leads to a positive
charge distribution on the surface. Grey lines indicate positive
charge areas and mimic the diffracted electron beam pattern.

to make copper oxide. Electrons interact with the surface
and pass through a quadrupole lens and a deflector. The
electrons are imaged with a micro-channel plate (MCP)
and camera. The whole system is contained in a vac-
uum of 3 x 10~7 torr and is shielded by two layers of high
permeability metal to minimize the effect from the local
magnetic field.

In this setup, by moving the surface vertically and hor-
izontally, the distance between beam and surface, and the
location where the beam passes over the surface can be
controlled. The surface can be pulled out to characterize
the undistorted beam. The angle of the surface is ad-
justed to make the surface nominally parallel to the elec-
tron beam and thus increase the interaction strength. The
CCD camera monitors the MCP during the experiment to
observe electron beam distortion and loss of contrast. A
counter monitors the electron detection rate. Images and
corresponding digital data from the camera are captured
and processed with a LabView program.

During the experiment, electrons propagate at a veloc-
ity of v = 2.4 x 10"m/s over a total length of 105cm
from the source to the detector. At our count rate of
3 kHz, there is only one electron in the system at any time
which avoids interaction between electrons. Given that the
height of the electrons above the surface ranges from 0 to
10 microns, Coulomb interaction with the image charge is
expected [32]. Also, theoretical models predict that de-
coherence due to image charge entanglement may play a
role. Apart from electrons inducing image charges on the
surface, electrons can also hit the surface and cause charg-
ing (fig. 2). Leakage current from the surface can remove
this charge. Thus charging is not expected for a good
conductor, and data for copper oxide can be compared to
data for gold for which no distortion is observed. For a
continuous electron beam close to a copper oxide surface,
a steady-state charge distribution is reached. The field
of this steady-state charge distribution can dephase the
passing electrons via the Coulomb force, which is the main
mechanism discussed in this work. On the other hand, the
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Fig. 3: Distorted diffraction pattern. The left top image
is a simulated distorted diffraction pattern with the surface
present, and the left bottom image is experimental data. Both
diffraction patterns match each other in general shape. On the
right side, line profiles (yellow cross-lines) are presented. The
experimental results and simulation agree well.

image charge can decohere the electrons if entanglement
is induced between the passing electrons and parts of the
wall. The idea of the experiment is to compare the exper-
imental diffraction image with a simulation that includes
a reasonable electric field above the surface. Knowledge of
the field can be used to correct the diffraction image and
help to search for small decoherence effects that remain.

In fig. 3, the height of the surface is adjusted vertically
(z-axis) in the electron beam so that the electron count
is reduced to half. The surface is positioned horizontally
so that a “clean” spot on the surface is found. At some
locations a dust particle causes significant distortions,
which are easily avoided by this horizontal adjustment.
Right after the surface has been placed in the electron
beam, the electrons hit the copper oxide surface, and
the diffraction pattern starts to deform. After about
ten minutes, the diffraction pattern becomes steady. We
interpret this as a charging process that has reached its
steady state and the diffraction pattern is recorded at
this time. It is not possible to measure immediately upon
placing the surface in the electron beam, as the diffraction
pattern takes time to reach sufficient spatial resolution to
measure the loss of contrast.

Since the diffraction pattern changes gradually for
about ten minutes, and the flight time is ~1079s, the
image charge is not dominating this process. We hypoth-
esize that when the surface is close to the beam, electrons
are attracted due to image charge and part of the elec-
trons crash into the surface causing secondary emissions,
as shown in fig. 2, which leaves charged areas. During the
surface charging, the electron beam is gradually attracted
more to the surface from which we conclude that the ar-
eas become more strongly positively charged. These areas
mimic the electron diffraction pattern above the surface,
like a footprint, and can bend electron trajectories both
in the vertical and horizontal direction.

The charged surface changes the diffraction pattern
which is shown in fig. 3; the electrons passing closer to the
surface are more distorted than the electron passing fur-
ther from the surface. Lines are drawn at varying heights
above the surface, crossing the diffraction pattern, and the
corresponding intensity profiles are presented in fig. 3(a)
to 3(e). Comparing those line-profiles, it is clear that the
diffraction pattern’s contrast declines and the peak sepa-
ration reduces with the distance above the surface. Note
that the noise on the experimental data is less than that
in the simulation results.

Semi-classical model. — To verify our assumption
that the diffraction pattern distortion is due to charging,
we simulated this process using a semi-classical model.
The electrons’ classical trajectories, in the electric field
created by positive charges on the surface, are calculated
using the equation of motion

(1)

i

where m is the mass, e is the elementary charge, ¢y is
the vacuum permittivity, ¥ = (z,y, z) is the passing elec-
tron’s position vector, 7, = (z;,v;) is the position vector
of the charge on the surface, z is the height of the passing
clectron, and d; = 7 — 7% is the vector from the charge
distribution to the passing electron. The first term on the
right-hand side of eq. (1) is the image charge attraction,
and the second term is the force from the charge distribu-
tion on the surface. The electron initial position is cho-
sen randomly according to a Gaussian distribution with a
width of 12.6 pm in the vertical direction and 3.2 pm in the
horizontal direction. The electron momentum distribution
is described as

sin?(8;) sin?(Nds)

0) = 2
p( ) Po 6% sin2(52) ) ( )
with
01 = ga sin(#),
T (3)
9y = Xb sin(6),

where pg = 2.2 x 20" % kg - m/s is a constant, N = 3 is the
number of coherently illuminated slits, A = 3 x 10~ "' m
is the electron wavelength, 6 is the angle of the initial
electron momentum with respect to the y-direction in the
2-y plane. The positive charge distribution is simulated
by a point matrix with assigned charge values at every
location (x,y) = (zi,y;). The matrix grid has Az = 2 x
10~"m and Ay = 10~%m, and the distribution is

q(z,y) = @N(y)h(z,y) [(y + é) ek(y*”},

sin? (0,) sin? (N 6p) @)

h<$>y) = 52 sin2(5b)
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with

1\ 2
(5(1:;@35/ x2+<y+§) )

. (5)
5y = ~bx/y|22 + +£
b= br/\ @ y+3)

where x and y are coordinates shown on fig. 1 with the
origin at the center of the surface. The constant g¢g
has a value of 1.1 x 1073*C, the exponential factor k is
4x103m~! and N(y) =1/ fi/l% h(z,y)dx is a normaliza-
tion factor which insures that the beam contains the same
amount of charge at different locations y. The charge dis-
tribution described in eq. (4) shows that the most highly
charged area on the surface is located at the far end of the
surface (with respect to the passing electron). The maxi-
mum charge density in the simulation is ¢(0,1/2)/AzAy,
or about 1xC/m?, which is below the maximum charge
density of a metal surface [33]. Propagating the electron
momentum distribution over the surface, eq. (2), leads
to an electron position distribution that leaves a charge
footprint on the surface, eq. (4). Other than the lat-
eral charge distribution that mimics the diffraction pat-
tern, there is an extra exponential function to adjust the
charge distribution in the propagation y-direction. The
experimental functional dependence in the y-direction is
not known. The question we want to answer is, if any rea-
sonable charge distribution can be found to explain the
distorted diffraction pattern. The answer is affirmative,
and thus we cannot claim the presence of decoherence,
but only dephasing, which is the main claim in this work.
The exponential shape of the charge distribution was mo-
tivated by the increased exposure of the end part of the
surface to the incoming electron beam, as it takes time
for the image charge (and the steady state charge distri-
bution) to attract the beam to the surface. A part of the
beam collides mostly with the end part of the surface and
causes charging by secondary emission, and a part of the
beam passes the surface. The electron that passed the
surface freely propagate for 24 cm to the detector plane to
yield a distorted diffraction pattern.

We compared experimental data and simulation for the
conditions that the surface is far from and close to the
beam. When the surface is far from the beam, the position
distribution is tilted from the horizontal. Given that the
diffraction grating is nominally aligned vertically, an hor-
izontal diffraction pattern is expected. In the simulation,
a tilt correction of 0.04 rad was applied. Additionally, the
image of each diffraction order is not perfectly aligned with
the vertical direction. In the simulation, the oval shape of
the electron beam is tilted by 0.1rad. In the experiment,
the quadrupole lens is not perfectly aligned. To over-
come this problem, a coordinate transformation (correc-
tion) is made on the experimental image. To determine the
transformation, a TEM grid of 127 um square is inserted
in and illuminated with a larger beam. The distorted
shadow of the grid is captured and one linear coordinate

Simulation —— Experimental Data
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Fig. 4: Diffraction pattern without surface. In the figure, the
top left and bottom left images are the simulation and experi-
mental data. On the right side, line profiles (corresponding to
the yellow lines on the left) are presented. Experimental data
and simulation agree well except for small deviations between
the zero and first-order peaks (see text for explanation).

transformation exists to make the grid shadow rectangu-
lar. The transformation corrects and calibrates the length
scale of the image. After applying the correction to the ex-
perimental data, the diffraction patterns found are shown
on the left side in fig. 3 and fig. 4. Lines are drawn
perpendicularly to the center peak across the distorted
diffraction pattern. The resulting line profiles are also
presented in the figure. The experimental data and simu-
lation agree well. A difference between the simulated and
experimental diffraction line profiles in fig. 4 is the small
peak between the zero and first-order. The simple ana-
lytical formula, used in eq. (2) to simulate the diffraction,
represents equally illuminated multiple slits. However, in
the experiment, the slits in the grating are not illumi-
nated equally due to the finite electron beam width. A
Gaussian-shaped envelope on slits amplitude can be used
to eliminate the small peaks in the diffraction pattern.

With the surface close to the beam, the diffraction pat-
tern shown in fig. 3 is stretched and distorted. From top to
bottom, the electrons pass closer to the surface and corre-
spondingly the distortion of the pattern increases. In the
line profile on the top, the peak distance and width are
mostly undisturbed. As the height of the electron above
the surface is reduced, the resulting peaks converges and
obscure. The line profiles are in reasonable agreement with
the experimental data; right part of fig. 3. Peaks width
and distance follow the same trend.

Conclusions. — In the current charge distribution
model, the parameter k in eq. (4) can be adjusted. The
simulated patterns are sensitive to this parameter, and
only for a positive value of k, where most charges accu-
mulate at the end of the surface, a good match with the
experiment is found. Other charge distributions may also
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lead to good agreement, which would lead to the same con-
clusion that the electron interaction can be described by
dephasing, and no decoherence is needed. Given that this
work is part of a search for decoherence phenomena, our
current result is useful because charging due to secondary
emission is likely to affect electron-wall interaction exper-
iments with electrons in close proximity to walls made of
other materials. For other materials the effect may be
smaller, but should not be ignored. Dephasing due to
charging can mask decoherence, if at all present, and thus
needs to be identified. To learn how to do this was the ob-
jective of this study. The charging effect is expected to be
strong for semi-conductors, which is why we chose a copper
oxide surface. For metallic surfaces, one would expect that
the steady-state charge distribution is much weaker given
the high conduction. Nevertheless, continuous secondary
emission remains. Metallic surface are of particular inter-
est as decoherence theory is better established for them
and an experimental study would be valuable. However,
in a previous study on gold we demonstrated that the in-
teraction between the electron and the wall is significantly
weaker [27], and the identification of the mechanism was
problematic. Our present study provides a pathway to
identify and quantify dephasing, so that the dephasing
contribution may be removed and the decoherence contri-
bution may be measured when studying the interaction
between electrons and a metallic wall.
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