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Abstract: - The use of optical manipulations that changes the mechanical properties of light has been crucial
across multiple fields. These techniques are being used in various optics and phonics applications. By following
the same physical theory we can manipulate an atomic sized particle in the quantum domain. We have proposed
an asymmetric configuration model to reverse quantum pulling force on a Xenon atom at a certain angle
resulting from the interaction energy of the matter wave (Helium) near a copper substrate. Several full-wave
quantum simulations and on this quantum mechanical configuration with two counter-propagating plane matter
waves at different angles were performed. By utilizing a solution of time independent Schrédinger equation and
stress tensor formula we calculated the force on the quantum particle. It implies physical adsorption scatterer
phenomena that can be used for the development of modern quantum applications such as particle trapping and
inertial confinement fusion.
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1 Introduction light’s electric field can capture and stabilize
nanoparticles. This concept became popular as
In the two decades since the invention of optical optical trapping in 1986, which later resulted in him
trapping, which is popular as optical tweezers, a receiving the Nobel Prize in Physics in 2018. This is
potential method has been demonstrated to have a well-known fact that light can exert radiation
wide-ranging applications in both biology and pressure on a particle to push towards the direction
physics. The capabilities of this method has of propagation by momentum transfer. Recently
progressed from basic manipulation to exert macroscopic object manipulation by monochromatic
calibrated forces on optically trapped objects and light beams has achieved a new level of
measuring their displacements at the nanometer advancement in technology. Marston et al.
scale. In 1970, Ashkin introduced a physical investigated the axial radiation force by tuning the
mechanism in which the radiation pressure can Bessel beam’s half-cone angle (8), sphere’s size
accelerate and trap particles [1]. Later in 1986 he relative to the wavelength and the refractive index
demonstrated a trapping method in which he utilized contrast between the particle and the surrounding
a single focused laser to manipulate dielectric medium [3]. Chen et al. explored counterintuitive
particles [2]. In this study he highlighted that optical pulling force where light exerts a net force
without any complex setup, gradient force from the that pulls a particle toward the source of photon
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radiation pressure that pushes objects away [4].
Similarly Novitsky et al. demonstrated a new
mechanism where a single gradientless beam can
function as a tractor beam [5]. He showed that
without relying on complex traditional intensity
gradients, this approach exploits tailored momentum
transfer and scattering dynamics to achieve net
backward motion of particles along the beam axis.
At first Brzobohaty et al. presented experimental
realisation of an optical tractor beam which is
capable of complex tasks like transporting, sorting
and dynamically self-arranging particles using a
single structured light field [6]. In addition, Qiu et
al. demonstrated inhomogeneous dielectric mixtures
which have varying optical properties can cause
tractor beam effects by enabling photon momentum
transfer [7]. This study made bridges between
structured media engineering and optical forces,
showing how fabricated dielectric environments can
reverse conventional radiation pressure dynamics.
Chen et al. presented the use of Fano resonance to
induce a negative optical scattering force in
plasmonic nanoparticles [8]. By manipulating
interference between narrowband dipolar and
broadband quadrupole plasmon modes can pull the
particles toward the light source. Sadgrove et al.
optical
mechanism for trapped atoms near a nano
waveguide where atoms are pulled towards the light

explored a quantum manipulation

source through quantum interference and coherent
light-matter interactions [9]. Krasnov et al
demonstrated almost the same thing by introducing
a bichromatic optical tractor beam [10]. The
properties of polarization or spin-projection are
responsible for lateral force in the condition of
circularly polarized light [11, 12]. The main
objective of this research is manipulation of
quantum objects like atoms or molecules at a certain
angle. We have utilized here the Helium atom as a
matter wave instead of light, similar to the optical
trapping mechanism. It is quite similar to optical
pulling force, quantum mechanical matter wave
exerts pressure on an scatterer and pulls that object
towards the direction of matter wave propagation.
This incident occurs by interaction of the quantum
matter wave with the metal surface that generates
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reverse force on the atom. The whole setup is
asymmetric.

2 Set-up Model and Method

A heavy atom is scattered in the presence of external
surface energy by Helium atoms. The heavy atom is
situated at a distance d from the metal surface. The
origin of the coordinate system was defined on the
center of the heavy atom. Two plane matter waves
having the same energy on the heavy atom are
impinged with a slope with X axis. Matter waves
propagate from +X axis to -X axis. We have taken
the Helium-4 as our incident particle, the Scatter as
the atoms of the Xenon gas, and as a metal substrate
Copper was chosen. We have applied several full
wave based simulations. The simulation data was
generated from d = 0.3 nm to d = 1 nm for 45°0f the
incident angle. Furthermore, three specific scenarios
for d = 0.3 nm, d = 0.7 nm and d = 1 nm have been
analyzed varying incident angle from 0° to 90°. Fig.
3 and 4 presents a generic view of the simulation
setup.

Pulling Force - Infinite He-Cu Potential Barrier

a

Matter Wave Matter Wave

Pulling Force = Infinite He-Cu Potential Barrier
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He F He
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Fig 1: 3D Model of Optical Pulling Force Set-up. Here the Dash
line denotes physisorption potential energy barrier. He
Matter-wave was propagated from +X and -X axes. Quantum
pulling force was found towards X-axis.
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In contrast to Ref. [14], the Center of Mass
reference frame is not applicable in our scenario due
to the presence of an external force acting on the
particles so we applied the laboratory reference
frame. In the case of adsorption, the target atom
vibrates with minimal vibrational energy, which
causes low kinetic energy and no time-averaged
If wvibrational kinetic energy is
neglected, the target particle can be approximated as
motionless.For simplicity, we are taking the target

atom to be motionless for all 4. In the simulation,

momentum.

the Schrédinger equation was solved for the incident
particles of the mass of the free particles that are
scattered by the stationary scatterer and the metal
surface. Throughout the entire system, a constant
mass is assumed for the incident particle. The beam
with thermal energy (25 meV) is taken initially for
analysis and further analysis is performed with
varying the energy of the incident beam. A
stationary study was performed taking the potential
energy independent of time and the energy of the
incident particle as a fixed parameter. There are two
types of potential energy in the whole set-up. One is
the He-Cu potential energy and the other is the
He-Xe potential energy.

Force vs Incident Angle ak ditance 1nm
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= Fz (N
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Fig 2: Force at Distance 1 nm plot

The energy of the He-Cu potential depends on the
incident beam energy, Figure 1 was taken for all
simulations with different incident beam energies.
For the second part, the potential energy of
Tang-Toennies is chosen [13]. The shape of the
interaction is simplified by considering it to be a
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step potential energy curve as a result the
complexity of the calculation gets reduced, and it
the

mechanical

allows implementation of the quantum
[14] in COMSOL
Multiphysics. Both the scalar potential energies as
function of position were summed up as the

Hamiltonian of a

stress tensor

system.  Time-independent
potential energy is expressed by the sum of potential
energy and kinetic energy of the incident beam.
Shown in Figure 1 using QM stress tensor the
time-averaged forces was calculated which is acting
on the scatterer atom. In the direction of x,y and Z
force density vectors were calculated and a surface
integration was done at » =9.1 x BR distance which
is slightly larger than the scatterer atom’s radius to
get the respective time-averaged force components
acting on the particle. Any closed surface at a
distance larger than 9 x BR can be used for surface
integration since the He-Xe potential energy is
negligible. In contrast to Ref. [14], the Center of
Mass reference frame is not applicable in our
scenario due to the presence of an external force
acting on the particles so we applied the laboratory
reference frame. In the case of adsorption, the target
atom vibrates with minimal vibrational energy,
which energy
time-averaged momentum. If vibrational kinetic
energy is neglected, the target particle can be
approximated as motionless. For simplicity, we

causes low Kkinetic and no

assume the heavy target particles as motionless
across all other dimensions, given that they are
approximately 32 times heavier than the incident
particles and cold. Therefore, in our simulations, we
solve the Schrodinger equation for the incident
particles, which have the mass of free particles,
under the influence of the stationary scatterer and
the metal surface.
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Fig 3: Geometry Setup in COMSOL

To model the setup, it is necessary to set the data
including the free particle mass of the incident beam
particles, and the total potential energy of the system
and the energy E of the incident beam. The mass of
the incident particle is assumed constant across the
entire domain of the system. The beam’s energy, set
at 25 meV is defined the same as Ref. [14], where a
coherent beam with thermal energy at room
temperature was generated using an energy selector.
For further analysis, the energy ranges from 0 meV

to 100 times of 25 meV.

m

Fig 4: Post Processing in COMSOL

Since the potential energy is time-independent and
the incident particle’s energy is a fixed parameter, a
stationary study could be experimented. Our whole
set-up was divided into two parts of the potential
energy. One is the interaction energy between the
incident particles and the surface (He—Cu potential
energy) and the other is the interaction energy
between the incident particles and the scatterer
(He—Xe potential energy). Values related to the
potential values are tabulated in table 1.
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Table 1: Simulation Parameters

Parameter Name Notation Value
Initial incident EO 1.87e-3 eV
energy
Helium Mass mHE 3.8462*amu
Potential Energy of U0 -37.7*E0
Scatterer
Wave Amplitude A0 sqrt(10e20)

For the first component the shape of the interaction
energy curve typically varies with the incident beam
energy, all
simulations. Here the attractive (long range) part
was not affected due to the far distance between the
the
impact of the impact of scaling the He—Cu potential
energy in the Results and Discussion section. We did
not find any significant variation in the magnitude
of force. The trend of the force related to the
distance between Xe and the infinite barrier of the

and was wused uniformly across

adsorbate and surface. We have discussed

He—Cu interaction energy aligned with theoretical
prediction. It is discussed in the subsequent section.
This agreement with analytical and simulated values
are presented in table 2 in simulations across a broad
range of incident beam energies where multichannel
scattering does not occur because it is out of our
scope. In this study we applied Tang-Toennies’
potential energy [13]. To simplify the computational
complexity and effective use of quantum mechanical
(QM) stress tensor [14], the interaction is modeled
using a step approximation of the potential energy
curve. We computed force along X, Y and Z
directions and applied greater than 9 times of Bohr
radius for particles. According to Ref.[14] stress
tensor can be derived by calculating expected value
of force by incident particle in the total potential
energy is:

F=— [¥VUscydv

mn

where F;

mc

scatterer, i is the total stationary wave function and

is the force on the incident particle by the

Usc is the potential energy of the incident particle
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due to the scatterer. By solving time-independent
Schr'odinger equation (TISE) for the incident
particle in the total energy of the system yields the
wave function y:

if?vdl+-(Usurf + Uso)y = By ........ (2)

where m means mass of incident particle, Usurf
expresses potential energy of incident particle due to
surface and E denotes the energy of incident beam.
By simplifying we get from Equation 1 and
Equation 2,

R A {1 [ 3)
We get,

P—t

F = }\7 . [%(G\p VY + Ty ®Vy) + !((E — U U+ ﬁﬁq;r) av

Because of momentum conservation during leaving
the scatterer by incident particle it acts an opposite
force Fsc on the scatterer. We write Fsc in terms of
quantum stress tensor,

-

e S I B TR

Here () denotes time average of by applying
divergence theorem we get,

— -

=T @ T + Ty @) +1[(F - v, )

From Equation 5 and 6 we get,

P %[rz gS(ZRe[GllJ(G‘IJ* . r;)]) n+ LZUW)NHZ - |€‘IJ|2 dQ

sc h

where TAL is the outward unit vector, Fsc is the
scattering force,  denotes the wave function of the
incident He atom, Usurf is the surface potential,
Usc potential energy of the incident particle, T is the
stress tensor and h cut is the reduced planck’s
constant. Here we find that |Fsc| oc|A[*2, A =By
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applying quantum stress tensor method, we have
compared the theoretical model with simulation
results by running full wave simulation with
COMSOL Multiphysics.

1e-19 Force ws Incident Angle at ditance 0.7nm

e (N)

Fig 5: Force at distance 0.7 nm Plot

3 Result and Discussion

The set-up for simulation with an incident beam is
shown in Fig. 1(a) where the scatterer feels force in
the presence of a copper surface. Fig. 1(b), (c) and
(d) show two incident beams are impinged on the
scatterer making an angle with the Z axis. Fig. 1(c)
shows that the scatterer feels no pushing force
towards +X axis if the Copper surface is 0.3nm
distant from the scatterer.

Table 2 Theoretical and Simulation values of Force
(N) at 0.7 nm

Angles (Degree) | Theoretical Simulated

5 -2.8832E-19 -2.7582E-19
20 -2.03456E-19 | -2.1256E-19
30 -4.5243E-20 -4.6356E-20
40 3.03423E-19 3.1488E-19
45 3.2571E-19 3.1968E-19
50 2.3456E-19 2.2111E-19
60 -1.00543E-20 | -1.2305E-20
80 -1.546785E-20 | -1.6777E-20
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Fig 5 shows that pushing force turns out to be
pulling when the copper surface is 0.7nm distant
from the scatterer when the incident angle of both
beams is 45°aligned with the X axis. We saw that
the magnitude of pulling force for d = 7.0°A should
be 1.46 x 10—20N , which is very close to the lateral
force obtained from the simulation 3.6769 x
10—19N. No pulling force was found to be
experienced by the scatterer up to 0.6nm (see Fig 2
and 5). Maximum pulling force was found for
0.7nm see Fig 5. For 0.3nm, 0.7nm and 1nm force
with angle variation were calculated. For 0.7nm
from the incident beam making an angle with Z axis
from 35°to 45°pulling force was observed and for
Inm from 40°to 65°. Fig 6 shows the dependency of
force felt by the scatterer on the incident beam
energy. For 40 times of 25meV we found the highest
pulling force.

le-19 Force vs n times of 25meV

- Fx(N)

—— Fz(N)

20 40 60 B0 100
n times of 25mey

Fig 6: Force at Difference Energy

le-19 Force vs Distance at theta=45
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Fig 7: Force at different distance where 0 = 45° plot
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4 Conclusion

From the experiment, the existence of Quantum
mechanical pulling force in presence of surface
energy was achieved. From the configuration we
found two different phenomena, while the target
atom was so near the surface the target atom didn’t
feel any pulling force along the opposite direction of
the incident of the matter wave though the incident
angle was varied. The second scattering event was
observed while the target atom was kept at some
distance from the surface, for a particular range of
incident angle of the matter wave the target atom
showed to be pulled by the matter waves. A
significant change in the value of force was found
when energy of the incident matter wave was varied.
Where any kind of background potential energy is
involved and fields like laser trapped fusion, particle
trapping these observations this kind of
manipulation can be further utilized. Further study
can be done using spin dependency and electric
charge involved systems.
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