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Overview

o Higher-order interference and Born'’s rule violation in a triple-slit experiment. U. Sinha et. al., Science 329, 418 (2010)
2
Pag = 1A +1¥8|° = Pa +Pg + lag

PROT = |a + ¥p + e |? = Pa+ Pg + Pc + lag + lac + lac
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Pag = [¥a + ¥ |? = Pa +Pg + lap
Born _ 2 _
Pagc = |%¥a +¥B +9¥c|® =Pa+Pg +Pc +lag +Iac + lc

@ Born's rule violation and Sorkin parameter

Born
& = Pasc — Pagc

R. D. Sorkin, Mod. Phys. Lett. A 09, 3119 (1994)
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@ Born's rule violation and Sorkin parameter

— Born
® = Papc — Pagc

R. D. Sorkin, Mod. Phys. Lett. A 09, 3119 (1994)

o Maybe the Born’s rule is not violated. There is exotic path (non-classical path)

Y =1a+ v +¥c +¥aB +¥ac +¥Bat¥ect¥catvcs (A B, Copen)
¥ =P+ Pg +Yap + ¥e,a (A Bopen)

P =1va (Aopen)

# = Piac — Pasc

& & 2Re[yx (v c + vc,8) + g (Yac + ¥c,a) + & (Yas + v¥B,a)l
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Born's Rule Violation versus Exotic Looped Trajectory

@ We confirm the validity of Born’s rule and present the first experimental observation of exotic trajectories as additional
paths for the light by directly measuring their contribution to the formation of optical interference fringes
ARTICLE
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@ An alternative parameter to quantify the Born rule violation [J. Quach, Phys. Rev. A 95 (2017) 042129]
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Q Tp5 =Ppp - Pp, —Ppg — Ppag +2Pp,,Dg
@ Interference on a single spin in solids by F. Jin et. al., Phys. Rev. A 95, 012107 (2017)

Interference with large molecules by Cotter et. al., Sci. Adv. 3, €1602478 (2017)

Departamento de Fisica - FCTUC 12 de/ Sgte\
l

Irismar G. da Paz (DF - UFPI) DF - FCTUC - Coimbra



Gouy phase

When a wave light is focused, it acquires a phase equal to 7/2 for cylindrical
waves (line focus), and = for spherical waves (point focus) [L. G. Gouy (1890)]

%’) i

///\\\\\X |

il
)

H

—_

B. E. A. Saleh, and M. C. Teich, Fundamentals of Photonics p. 86 (John Wiley Sons, New York, 1991)
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Gouy phase and Exotic Looped Trajectory

e Gouy phase and matter waves (. G. da Paz et al. Journal of Physics. Conference Series, 2007)

e Indirect evidence for the Gouy phase of matter waves (. G. da Paz et al. Physics Letters. A, 2010)

e Experimental proposal to measure the Gouy of matter waves (. G. da Paz et al. New Journal of Physics, 2011)
e Visibility and Gouy phase in the double-slit experiment (I. G. da Paz et al. Annals of Physics, 2015)

e Gouy phase for relativistic quantum particles (I. G. da Paz et al. Phys Rev A, 2015)

e Poisson’s Spot and Gouy phase (. G. da Paz et al. Phys Rev A, 2016)

e Gouy phase in nonclassical path interference experiment (I. G. da Paz et al. Phys Rev A, 2016)
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Exotic Trajectory in a Triple Slit Experiment

PHYSICAL REVIEW A 93, 033621 (2016)
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After some algebraic manipulations the wave functions corresponding
to the classical and non-classical paths are given by

P1(x,t,7) = Aexp(—Cix% — Cyx + C3) x
exp(iax? —iyx — i + iuc),

a(X, 1, 7) = Aexp(—Cix2) exp(iax® + ijic),

P3(x,t,7) = Aexp(—Cyx2 + Cox + C3) x
exp(iax? +iyx — i +ipuc),

and
Pnc(X,t,7) = Anc eXIO(—C1ncX2 + ConeX + Canc) X

exp (iomcx2 + iYneX — 10nc + iMnc) .
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Sorkin parameter

The intensity at the screen including non-classical path reads

It = |1+ 2 + U3 + Pncl?
= l¢ + |thnc|? + 2[91[¥nc| COS panc
2|12||1nc| €OS Panc + 2|13]|1nc| €OS danc,

_l’_

where
d1nc = (o — Oénc)x2 — (v +ne)X — (Oc — Onc) + (b — finc)s

Ponc = (04 - OZnC)X2 — YneX + One + (,Uc — Mnc),
and

$anc = (o — anc)xz + (v = e)X — (Bc — Onc) + (e — tinc)
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Gouy phase and Exotic Looped Trajectory

Iﬁlo == IT_IC
= Wnc’2+2’¢l||¢nc|cos¢lnc

+ 2|¢2H7/)nc| cos ¢2nc + 2|¢3|W1nc’ Cos ¢3I’IC’
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Figure: (a) Normalized intensity and (b) Sorkin parameter for electron wave.

Electron parameters: A &~ 50 pm (v, ~ 1.46 x 10" m/s),m = 9.11 x 10~ 3! kg, d = 650 nm, 8 = 62 nm, oy = 62 nm,

t =18 ns(z; ~ 26.3cm)and 7 = 15 ns(z ~ 21.9 cm).
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Exotic Looped Trajectory and Fringe Visibility

Double Slit Experiment

The total intensity is given by

2
bt =111 + P2 + Yenz + Yeptl

The relative intensity is defined by

I+ (x,t,
Ir(x,t,r):M,
F(x,t,7)
where
2 2 2 2
Fx,t,7) = 91l + 920 + [Yen2l” + [vbera|” -
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Fringe Visibility and Sorkin Parameter

At the position x = 0 the relative intensity can be written as*

Ir(o, t, T) ~ 2{1 + Vet(o, t, T) COS[@et + et — (0 + M)]},
where
2[then2(0,t, 7)|
Ver(0,t,7) ® ———1 "~
w0 LTI~ (0, 7))

We can also show that

K = Vet(o, t, T) COS[Het + et — (9 + IU,)]

*A. Bramon, G. Garbarino, and B. C. Hiesmayr, Phys. Rev. A, 69, 022112 (2004).
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Fringe Visibility and Sorkin Parameter

Neutron parameters in the Fraunhoffer regime: m = 1.67 x 10-%7 kg, 09 = 7.0 pm,d =125 pm, B3 = 7.0 um, zy = 5.0 m,

zr = 5.0 mand A = 2 nm. The Fresnel number for these parameters is F = ﬁz /z+ X =~ 0.0049
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Neutron parameters in the Fresnel regime: d = 240 um, 8 = 6.0 um, z- = 5.0 cmand A = 10 nm. The Fresnel number for

these parameters is F = Bz/zﬂ\ ~ 0.072
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Interference of only wavefunctions for exotic looped
trajectories
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Exotic Looped Trajectory Via Quantum Markin

The full composite system state at the screen immediately before
detection is given by

W) = a1]i1) ® [g) @ [10) + az[2) ® |g) @ [01)
—ay2|12) @ |e) ® |00)—az1[v21) ® &) ®]00) ,

where |a1)? + |az|? + |a12|? + |az1]? = 1.
If the atom is found in the ground state we get

(a1|¥1)[10) + az[12)|01)) ® |g)

W) — W)g = :

)

with probability r = Tr[|g)(g| - [W)(V]].
If otherwise the atom is found in the excited state then, we will have

aro|12) + az|21)) @ |00)]e)

\Il—>|\|l>e:—( S

b
with s = Tr[|e)(e]| - [W)(W]].
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Density matrix

1
pet = Trc[[W)e e (V[] = 2 [|312|2|¢12><¢12\ +
|81 |?|th21) (Y21 | + (alza§1|¢12>(¢21\ + h.c.)},

The intensity just before being detected in the screen is obtained from
as follows:

Iet(Xath) = Ne%{|d}12(xvt77_)|2+W}Zl(X?t?T)’Z

2.t ) (x,t,7)| cos(6) |
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Exotic Looped Trajectory Via Quantum Markin

Rydberg atom: m = 1.44 x 10~25 kg, life time 30 mswge = 51.099 GHzwhich is the same of the fields in cavities A and B
(resonant interaction). A = 27¢/wge, Vz = 30m/s t; = 0.1 ms which corresponds to a width vz, t; = 3 mmfor the field on the

cavities. og = 0.3 um, 3 =03 um,d =5 pumt =5msand T =5ms e = 2.9 ms

4

I (x)
I(0)

220 0 20 40

x(pum)

Annals of Physics 387 (2017) 222
Departamento de Fisica - FCTUC 12 de Sete



Conclusions
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Exotic Looped Trajectory Via Quantum Markin

Conclusions
@ We solved exactly a one dimensional model of propagation through a
triple-slit and found analytical expressions for the wavefunctions of

classical and non-classical paths.
o
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@ We observed that the non-classical effects can be increased to values
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double-slit apparatus in the Fresnel regime.

Departamento de Fisica - FCTUC 12 de Sete
Irismar G. da Paz (DF - UFPI) DF - FCTUC - Coimbra /19



Conclusions

@ We solved exactly a one dimensional model of propagation through a
triple-slit and found analytical expressions for the wavefunctions of
classical and non-classical paths.

@ The Gouy phase difference can not be neglected in the three-slit
interference if non-classical paths are presents.

@ Itis possible to observe effects of non-classical paths through the
deviations on the visibility for x = 0

@ We observed that the non-classical effects can be increased to values
experimentally accessible by changing some parameters of the
double-slit apparatus in the Fresnel regime.

@ It is possible to separate classical and non-classical effects by
considering a double-slit experiment with Rubidium atoms and QED
cavities.
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