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Abstract; We have described the research process of wave-particle duality of microscopic “particles” over
the past century. The development of the Bohr’s complementarity principle has been shown based on the
wave-particle duality and our theoretical and experimental tests of the principle are introduced. The parti-
clelike information P and the wavelike information V must obey the basic principle of the quantum mechan-
ics shown as an inequality P? +V?<(1. The experiments are done based on not only the single atom but al-
so multiple photons from the coherent light. Both shown that the imbalance losses would cause the “viola-
tion” of the inequality relation. All the experimental results can be completely explained theoretically by

quantum mechanics. The research sheds new light on this fundamental wave-particle duality relation.
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Imaging there is a single photon packet falls on the double-pinhole, we can get the probability of a
single photon passed by each pinhole if detect right after the double-pinhole. And we can
see the interference fringe if detect right after the double-pinhole
Fig.1 Idea of Young’s double-pinhole interference experiment carried out with single photon'
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@ The incident photon can behave either as a particle or a wave, but it never exhibits both extremes of behavior at once. What one usual-

ly sees is neither the one behavior nor the other.
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The beam splitter (BS) distributes the input among the two ways (+1 way and —1 way) ;
if there is a phase shift between the two paths, we can observe the wavelike behavior by
detect the visibility of the inference fringe [ Fig (a)]. If there is a which-way detector (WWD) in each path,
we can observe the particlelike behavior by detect the probability of each path [ Fig (b) ]

Fig. 2 Schematic of wave-particle duality test in the MZI"!
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By randomly controlled the use of either the plate or the photodetectors,
we can’t finger out which behavior will be observed
Fig. 3 The delayed choice gedanken experiment in double-pinhole interference experiment'?’
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(a) Experiment schematic. The MZI is composed of a 50/50 input beam splitter (50/50 BS) and a variable output
beam splitter (VBS). The inference fringe can be obtained by changing the phase shift between the two paths.
(b) Implementation of the VBS. The VBS consists of a polarization beam splitter (PBS) ,an electro-optical
modulator (EOM) and a Wollaston prism (WP). The voltage applied to the EOM is randomly chosen accordingly
to the output of a quantum random number generator (QRNG).

() (d) Experiment result. Here we use the “Visibility” and the “Distinguishability” (same as the “Predictability”
mentioned before) to represent the wavelike behavior and the particlelike behavior. The results obey the
rule of the wave-particle duality when changing the reflection coefficient of the VBS,

Fig. 4 Delayed-choice complementarity-test experiment with the deterministic single photon pulse''* !
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(a) Classical experiment and result. If the second BS is present (BS in), the wavelike behavior can be observed;

if the second BS is absent (BS out), the particlelike behavior can be observed.

(b) Quantum experiment and result. The second BS is “open” for the polarization in a particular direction,and is “closed”

for the polarization perpendicular to it. « indicates the change of the input polarization,with the constant phase shift

between the two paths,the relation between the wavelike behavior and the particlelike behavior can be obtained.
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The comparison between the classical VBS and the quantum beam splitter in delayed-choice experiment!?*]
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experiment shows a “violation” of the relation of wavelike and particlelike behaviors
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(a) Experiment schematic. The MZI is composed of a variable input beam splitter (VBS) and a 50/50 output
beam splitter (50/50 BS), the relative phase of two paths is changed by a piezoelectric transducer (PZT).
(b) Experiment result. The experiment result with pure state (upper) is different from the
mixed state (lower), but they all obey the wave-particle duality relation

Fig. 7 Wave-particle duality test experiment with pre-selection scheme!?*
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(a) Wave-particle duality of the pure state (left:first-order, right:second-order)
(b) Wave-particle duality of the mixed state (left:first-order, right:second-order)
The red dashed lines, blue dotted lines and the gray solid lines stand for the wavelike behavior V*,
the particlelike behavior P* and P*+V*, respectively. The relation between
the wavelike behavior and the particlelike behavior can be obtained
Fig. 8 First-order and second-order wave-particle duality**]
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(a) Losses occurring inside the interferometer. (b) Losses occurring between the interferometer and the detectors.
R, :reflective coefficient of the VBS; u:vacuum state, in:input state; PZT:phase shifter. a(L;) and
b(L,) denote the losses in two paths and a' and b'denote the paths before the detectors
Fig. 9 Experiment with pre-selection scheme
(a) ° <b> ’
VBS R, .u ,in R PZT
dsa b s L, Ly,a b
9
[ 9 (a)] ° 9 ’
3 1D, )
2R (1—R)H(Q—LH(1—1Ly)
V = . (3.3)
(1—RHOAQ—Ly)+R(Q—Ly)
9 R 50/50 BS s (3.2)
P = - (3. 4)
(1 *Rl)(l *Ill) +R1(1*142)
Pr+V:=1. (3.5)
b b 9 ( b) b b b .
(1—RHOA—L)—R1—Ly, |7
P sz[‘ ! R g } 4R, (1—R)). 3.6
+ A—RO—LOFRA—Ly | e X 3.0
’ ’ P2 +Vz 5 ’
) PP4Vi>1 . , PP+VI<2,
3.2
, 10, s

[

(3.7,



_ P +P,

P 5 s (3.7)
p — | <alay)—<ayay) | ‘ (3.8)
' lafay) +<ay ay) path i blocked ’
path 1 path 2 , .
(a) (b}
u u
50/50 BS " 50/50 BS
pathl 45° HR+PZT( &} pathl 45° HR+PZT( )
in in
L
path2 a2, path2
VBS(R,} VBS(R,)
B
\ I :. detector2 \ detector2
45° HR bl L 45° HR
¥ o

detectorl detectorl

(a) Losses occurring inside the interferometer. (b) Losses occurring between the interferometer and the detectors
This scheme can be realized by switching over the position of the 50/50 BS and VBS
while leaving the rest elements unchanged in Fig. 9

Fig. 10 Experiment with post-selection scheme
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Similar to the BS in MZI of single photon [Fig (a)], two microwave pulses MW1 and MW2 are used to change
the state of the single atom in RI[Fig (b)]. the reflective coefficient is related to the length of the microwave pulses

Fig. 11 The comparison between the MZI with single photon (left) and the RI with single atom(right)*?]
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(a) Schematic of experiment. The length of the MW1 is varied from 0 to n(reflection coefficient R,
varied from 0 to 1), while the length of the MW2 is fixed at n/2(reflection coefficient 50 %)
(b) Result without losses. (¢) Result with losses occurring inside the RI (L, =0,L, =50%)
(d) Result with losses occurring between the RI and the detectors (L, =0,L,=50%). The red dots. black squares,
and the blue diamond stand for the wavelike information V? , particlelike information P?,
and P*+V?, respectively and the lines with same color are the theoretical fittings

Fig. 12 Experiment with pre-selection scheme of single atom in RI
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(a) Schematic of experiment. The length of the MW2 is varied from 0 to n(reflection coefficient R,
varied from 0 to 1), while the length of the MW1 is fixed at n/2(reflection coefficient 50 %)
(b) Result without losses. (¢) Result with losses occurring between the RI and the detectors (L, =0,L, =50%).
(d) Result with losses occurring after the RI, before the detectors (L, =0,L, =50%).
The rest of the parameters are the same as Fig. 12,

Fig. 13 Experiment with post-selection scheme of single atom in RI
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and the relative phase of them is changed by a PZT. Point A, B, C, D are the places where the losses are inserted
Fig. 14 Experiment of pre-selection scheme with coherent beam in MZI
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(a) Result without losses. (b) Result with losses occurring inside the MZI (L, =72 7% ,L,=39. 6%).
(¢) Result with losses occurring between the MZI and the detectors (L =72 7% ,L, =39. 6%).
The red dots, black squares, and the blue diamonds stand for the wavelike information V*, particlelike
information P*, and P*+V*, respectively and the lines with same color are the theoretical fittings
Fig. 15 Experiment result of the pre-selection scheme with coherent beam in MZI
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All the element are the same as in Fig. 14

Fig. 16 Experiment of post-selection scheme with coherent beam in MZI
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(a) Result without losses L, =0,L,=0.
(b) (¢) Result of detector 1 and detector 2 with losses occurring inside the MZI (L, =76, 4% ,L,=50. 5%).
(d) Result with losses occurring between the MZI and the detectors (L, =73. 5% ,L,=43. 4%).
The rest of the parameters are the same as Fig. 15

Fig. 17 Experiment result of the post-selection scheme with coherent beam in MZI
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(a) Experiment with single atom: The “violation” can be eliminated by switching the
input states and then averaged the result.

The red dots, black squares, and the blue diamonds stand for the wavelike information V*,
particlelike information P*, and P*+V*, respectively and the lines with same color are the theoretical fittings.
(b) Experiment with coherent state; The “violation” can be eliminated by switching all theelements of the
two arms including the detectors and then averaged the results. The red dots, black squares,
and the blue diamond stand for the particlelike information P? before switching, after switching,
and averaging result. respectively and the lines with same color are the theoretical fittings.

Fig. 18 Elimination of the influence of the losses in pre-selection scheme
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