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Young's 1D-dimension-double-slit experiments represent the basic mystery of quantum world and was extended to which-way-1D-double-slit experiment. To explore the mystery, 2D-cross-double-slit diaphragm have been proposed, which consists of more than one double-slits intersecting to each other at the same spot. In this article, the extended which-way 2D cross-double slit experiments are presented to test the normal interpretation of the which way experiments. The experimental results show that photons passing through the detected double-slit behave as particle, while photons passing through other undetected double-slit(s) distribute as wave in the same experiment with the same diaphragm. Namely the particle nature and wave distribution coexist, which violates Bohr's complementarity principle. It is a challenge to interpret those observations consistently.

Introduction

Young's 1D-double slit experiment was performed, the first time, in 1801 [START_REF] Ananthaswamy | Through Two Doors at Once[END_REF] [2] and interpreted as that each photon has arrived by both slits at the same time and created interference pattern. 100 years later, 1D-double-slit experiment led to wave-particle duality. Feynman called it "a phenomenon […] has in it the heart of quantum mechanics. In reality, it contains the only mystery [of quantum mechanics]" [START_REF] Feynman | The Feynman Lectures on Physics[END_REF]. J. Taylor states: "And yet we have no clue how any of the fundamental facts of quantum mechanics including wave-particle duality, […], or the double-slit experiment -that disarmingly simple setup -actually work." [START_REF] Taylor | [END_REF]. Moreover, the nature of photons really puzzled Einstein.

He wrote to M. Besso: "All these 50 years of conscious brooding have brought me no nearer to the answer to the question: What are light quanta?" [START_REF] Rashkovskiy | Is a rational explanation of wave-particle duality possible?[END_REF].

To explore the nature of photon further, Young's 1D-double slit experiments were extended to which-way-double slit experiments by observing which slit a photon would pass through. Technically feasible realizations of which-way experiment were proposed in the 1970s [START_REF] Greenstein | The Quantum Challenge: Modern Research on the Foundations of Quantum Mechanics[END_REF] [START_REF] Bartell | Complementarity in the double-slit experiment: On simple realizable systems for observing intermediate particle-wave behavior[END_REF]. A photon is observed near a slit by utilizing a photoelectric-detector to register the photon.

Practically, to register a photon absorbs it, i.e., blocks the path of photons, and is equivalent to cover the slit [START_REF] Frabboni | Ion and electron beam nanofabrication of the which-way double-slit experiment in a transmission electron microscope[END_REF] [START_REF] Müller-Kirsten | Introduction to Quantum Mechanics[END_REF]. Once which slit a photon passing through is determined/detected, the wave-like interference pattern disappears.

The operational definition of "wave/particle" stands for "ability/inability to create interference". [START_REF] Greenstein | The Quantum Challenge: Modern Research on the Foundations of Quantum Mechanics[END_REF] [10] [START_REF] Ionicioiu | Proposal for a Quantum Delayed-Choice Experiment[END_REF]. The 1D-double-slit experiment has also been performed with varying numbers of slits, e.g., parallel-triple-slit and parallel-multi-slits [START_REF] Eibenberger | Matter-wave interference of particles selected from a molecular library with masses exceeding 10 000 amu[END_REF].

Based on the which-way-1D-double-slit experiment, it is concluded that photons can behave as either particles or waves, but cannot be detected as both at the same experiment. The which way experiments were considered as the confirmation of Bohr's complementarity principle. Namely, the particle nature and wave nature cannot manifest in the same time in the same experiment. However, the light is always found to be absorbed at the screen at discrete points, as individual particles; the interference pattern appears via the varying density of these particle hits on the screen.

Recently, to studying both the mystery of double-slit experiments and nature of photon further, the 1D-double slit experiments are extended to 2D-cross-double-slit experiment [START_REF] Peng | Cross-Double slit Experiment and Extended-Mach-Zehnder Interferometer[END_REF] [14] [START_REF] Peng | Comprehensive Double Slit Experiments---Exploring Experimentally Mystery of Double Slit[END_REF], in which more than one double slit cross to each other at the same spot. The experimental results challenge the standard interpretation of 1D-double-slit experiments.

The which-way-1D-double-slit experiments show the particle nature of photon only. It is nature to ask that, when one performs which-way experiment by utilizing 2D-cross-double-slit, what patterns would we expect? Namely, since a 2D-cross-double-slit apparatus consists of two or more double-slits, when we observe at one slit of one double-slit photons passing through, would we detect particle nature of photon passing through all double-slits, or would we detect wave distribution of photons passing through other un-observed double-slit(s)? According to the complementarity principle, we can detect only one nature of photon, either particle or wave, but not both. If we observe both natures, it would be a paradox.

The varieties of which way double slit experiments have been proposed and performed at classical level and quantum level. At the classical level, i.e., using a laser light source, the which way 2D-cross-double slit experiments have been proposed (Figure 1a) [START_REF] Peng | Cross-Double slit Experiment and Extended-Mach-Zehnder Interferometer[END_REF] and performed [START_REF] Peng | Observation of Which-Way-2D-Cross-Double-Slit Experiments: Violation of Bohr's Complementarity Principle[END_REF]. The dashed slit-A (Figure 1a) represent an observer is behind the slit-A. At the quantum level, the double-double slit apparatus (two separate double slits) is utilized to perform which way double slit experiments with quantum entangled photons (Figure 1b) [START_REF] Kaur | Quantum double-double-slit experiment with momentum entangled photons[END_REF]. Note that at both the classical and quantum levels, the cross-double slit and double-double slit are macroscopic devices.

Figure 1 Two which way experiments

In this article, more classical which-way-2D-cross-double slit experiments are presented.

2D-Cross-Double Slit

The diaphragms of the 2D-cross-double slit contain the following: double slit crossing double slit/triple-slit, single-slit crossing double slit/triple-slit, two single slit crossing double slit/triple slit.

Hereafter, denoted all as "cross-double slit" (Figure 1). We argue that, if we shift the focus from detecting photons at one slit to observe the final patterns (to see whether the pattern show the particle nature or wave distribution), then detecting a photon behind the slit of the double slit is equivalent to using a single slit, the logic chain is the following (Figure 5): A) To observe photons behind/in front of a slit is equivalent to block photons after/before passing through the slit;

A (A)
B) To block photons after/before passing through the slit is equivalent to cover that slit; C) To cover the slit is equivalent to using a single slit instead of using a double slit and covering one slit. Thus, to perform which-way experiments with the diaphragm of the cross-double slit, we made one of the double slits as a single slit (Figure 2).

Which-Way Cross-double slit Experiments: Same Spacing

Figure 6 shows the standard which-way experiment with an "observer" at slit-A and its pattern.

Figure 7 shows the cross-double slit with an "observer" at slit-A, and the right is the pattern.

The significant difference is that, for the standard which-way experiment, remaining photons must go through slit-B, while for the which-way cross-double slit experiment, remaining photons can go through either slit-B or slit-C or slit-D.

Since it is known that the "observation" would make the interference pattern disappear, we are not focus on observation of "which way". So, in the following experiments, one can use an object to block the propagation of photons coming out from slit-A (represented by dotted slit-A in Fig. 7).

We observe the following.

(A) The interference pattern due to slits-C and slit-D still exists, which implies that photons acting as wave goes through slit-C and slit-D.

(B) However, at the same time, the photons acting as particles pass through slit-B and are blocked at

A B C slit-A.
In this situation, photons are manifesting both nature of particle (passing through slit-B) and wave (passing through Slit-C and slit-D) simultaneously in the same experiment, which is a paradox.

Note that in optics, the single slit creates the diffraction pattern, it is explained that the diffraction pattern shows the wave behavior of photons. However, in the which way double slit experiment, one slit opens and other slit is covered. So, the photons cannot pass through the covered slit and reach the screen, the photons passing through the open slit create the diffraction pattern. There is no interference pattern as that created by the double slit.

The operational definition of "wave/particle" stands for "ability/inability to create interference" [START_REF] Greenstein | The Quantum Challenge: Modern Research on the Foundations of Quantum Mechanics[END_REF] [10] [START_REF] Ionicioiu | Proposal for a Quantum Delayed-Choice Experiment[END_REF]. According to this definition, it is stated that the which the way experiments, i.e., with one covered slit of the double slit experiments, present the particle nature.

Therefore, in the following which way cross-double slit experiments, one slit of the double-slit is closed, i.e., the single slits instead of the double slits (with one slit covered) are utilized to perform the which way cross-double slit experiments. Now the which way experiments are easily performed.

Experiment-1 (Figure 8): which way double slit experiment (single-slit crossing double slit).

Figure 8 Figure 9 The pattern of the single-slit crossing double slit experiment (Figure 8) is the same as that of Figure 7.

According to the operational definition of "wave/particle" standing for "ability/inability to create interference", the "particle nature" and "wave distribution" of photons coexist in the same experiment.

The horizontal pattern shows the particle nature, while the vertical interference pattern shows the wave distribution.

Experiment-2 (Figure 9): which way double slit experiment (single-slit crossing tilt-double slit).

This experiment leads to the same conclusion of the experiment-1. The photons have to "measure" the angle of the tilt-double slit to form the interference pattern accordingly. And the photons need to judge which slit they will pass through and behave accordingly.

Experiment-3 (Figure 10): which way cross-double slit experiment (single-slit crossing two double slits of the same spacing).

Experiment-4 (Figure 11): which way cross-double slit experiment (single-slit crossing two tilt-double slits of the same spacing).

Experiment-5 (Figure12): which way cross-double slit experiment (single-slit crossing three double slits of the same spacing). Experiment-6 (Figure 13): which way cross-double slit experiment (single-slit crossing five double slits of the same spacing).

The cross-double slit of more double slits cross together makes more difficult for the photons to "make" decision on how to behave:

(1) the single slit or double slit they are passing through; (2) which double slit they pass through; [START_REF] Feynman | The Feynman Lectures on Physics[END_REF] what are the angles of those double slits.

Which Way Double Slit Experiments: Different Spacing

Experiment-7 (Figure 14): which way cross-double slits experiment (single-slit crossing two double slits with different spacings).

Figure 14 Figure 15 Experiment-8 (Figure 15): which way cross-double slits experiment (single-slit crossing two double slits with different spacings).

Experiment-9 (Figure 16): which way cross-double slits experiment (single-slit crossing three double slits with different spacings).

Figure 16 Now the photons also need to "know" the spacing of the double slits they passing through to behave.

Which Way Triple Slit Experiments

Experiment-10 (Figure 17): which way triple slit experiment (single-slit crossing triple slit with same narrower spacing)

Figure 18 Experiment-11 (Figure 18): which way triple slit experiment (single-slit crossing triple slit with same wider spacing)

Experiment-12 (Figure 19): which way triple slit experiment (single-slit crossing triple slit with nonuniform spacing).

Figure 20 Experiment-13 (Figure 20): which way cross-triple slits experiment (single-slit crossing two triple slits with different/nonuniform spacing).

The photons' task becomes more and more difficult.

Which Way Double Slit Crossing Triple Slit Experiments

Experiment-14 (Figure 21): which way cross-double/triple slit experiment (two single-slits crossing double slit and triple slit with nonuniform spacing).

Figure 21 Figure 22 Experiment-15 (Figure 22): which way cross-double/triple slit experiment (two single slits crossing double slit and triple slit with same spacing).

Which Way Cross-Double Slit Experiments: Blocking Half of Patterns

Experiment-16 (Figure 23): blocking the regular which way double slit experiment.

A blocker is placed between the diaphragm and the detector/screen. 

4.Discussion and Conclusion

Base on the practical definition of "wave/particle behavior" and the fact that each of single/double slit/triple slit on the diaphragm of cross-double slit creates its own pattern, the single slits present the particle nature of the photons. The which way cross-double slit experiments manifest particle mature and wave distribution simultaneously in the same experiment and thus, violate Bohr's complementarity principle. Which-way-1D-double-slit experiment shows particle nature of photon and thus, confirms the complementarity principle. On the contrary, as shown in this article, the which-way 2D-cross-double slit experiments show the coexistence of wave distribution and particle nature of photons in the same experiment with the same apparatus and thus, the complementarity principle is violated (Table 1).

Moreover, even we observe wave distribution, photons are always found to be absorbed at the detection screen at discrete points, as individual particles; the interference pattern appears via the varying density of these particle hits on the screen.

Moreover, a thought-experiment (Appendix) would show that, even before passing the cross-double slit, photons behave as particle. On the other hand, this conclusion has been confirmed by completely different experiments [START_REF] Peng | Comprehensive-Double Slit Experiments ---Exploring Experimentally Mystery of Double slit[END_REF] [20] [START_REF] Peng | Experimental Study of Mystery of Double Slit ---Comprehensive Double Slit Experiments[END_REF].

Thus, we conclude that the particle nature is primary nature of photon, while wave distribution is secondary nature.

The question is: How can photons adjust their behaviors simultaneously when passing through different slits correspondingly? It would be interesting to perform above experiments by emitting photons one at the time.

Appendix: Photoelectric Which Way Cross-double Slit Thought-Experiment and Photoelectric Cross-double Slit Thought-Experiment

The regular interpretation of the double-slit experiment contains a statement that before arriving a double-slit apparatus, the photons behave as wave from the time of its emission to the time of its detection.

To test the statement, let's combine the apparatus of the cross-double-slit experiments and the apparatus of the photoelectric effect. We propose two combined apparatuses, denoted as Photoelectric (3) the photons whether passing through slit-A and being blocked or there is no slit-A, the photons passing through slit-B and arriving at the photoelectric-detection-screen behave as particles, not as wave. This is a paradox.
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 232418 Figure 23 Regular which way double slit experiment: blocking half pattern Figure 23c shows that half of the pattern of Figure 23b is blocked. For Young's double slit experiment, if trajectory theory holds, e.g., trajectories do not cross, one knows which way a photon passes through without observing and destroying the interference pattern. Experiment-17 (Figure 24): Which way cross-double slit experiments: blocker(s)

Figure 25

 25 Figure 25 Which way 2D cross-double slit experiments: blocker-CD Observations: Figure 25b shows that block-CD blocks the bottom half of the interference pattern created by the double slit-CD, but it does not affect the top half of the interference pattern. The pattern created by the double slit-AB is not affected.Experiment-19 (Figure26a): Placing both blocker-AB and blocker-CD between the cross-double slit and the screen.

Figure 26

 26 Figure 26 Which way 2D cross-double slit experiments: blocker-AB and blocker-CD Observations: Figure 26b shows that block-CD blocks the bottom half of the interference pattern created by the double slit-CD, while the block-AB blocks the left-half pattern. The block-CD does not affect either the top half of the interference pattern or the right half of the pattern created by the double slit-AB. Block-AB does not affect either the right half of the pattern or the top half of the interference pattern. These phenomena are the consequences of photons propagating along trajectories. Next let us perform the which way tilt-cross-double slit experiments with blocker(s).

Figure 27 Figure 27

 2727 Figure27shows the which way tilt cross-double slit experiments without blocking.

Figure 28a :

 28a Figure 28a: Placing blocker-AB between the tilt cross-double slit and the screen.

Figure 28

 28 Figure 28 Which way tilt cross-double slit experiment: blocker-AB Observations: Figure 28b shows that block-AB blocks the right-half of the pattern created by double slit-AB with "observation at slit A", while it does not affect either the left half of the pattern or the interference pattern created by the double slit-CD.Experiment-21 (Figure29a): Blocker-CD was placed between the tilt cross-double slit and the screen.

Figure 29

 29 Figure 29 Which way tilt cross-double slit experiment: blocker-CD Observations: Figure 29b shows that block-CD blocks the bottom half of the interference pattern created by the tilt double slit-CD, while it does not affect either the top half of the interference pattern or the pattern created by the double slit-AB.Experiment-22 (Figure30a): Place both blocker-AB and blocker-CD between the tilt cross-double slit and the screen.

Figure 30

 30 Figure 30 Which way tilt cross-double slit experiment: blocker-AB and blocker-CD Observations (Figure 30b and 30c): Figure 30b shows that the block-CD blocks the bottom half of the interference pattern created by the tilt double slit-CD, while the block-AB blocks the left half of the pattern created by the double slit-AB. The block-CD does not affect both the top half of the interference pattern and the right half of the pattern created by the double slit-AB. The block-AB does not affect either the right half of the pattern or the top half of the interference pattern created by the tilt double slit-CD.

Figure 30c shows that

  Figure 30c shows that block-CD blocks the top half of the interference pattern created by tilt double slit-CD, the block-AB blocks the right half of the pattern created by double slit-AB. The block-CD does not affect either the bottom half of the interference pattern or the left half of the pattern created by double slit-AB. The block-AB does not affect either the left half of the pattern or the bottom half of the interference pattern created by tilt double slit-CD.

It is a challenge

  to consistently interpret those which-way-2D-cross-double-slit experiments. All of above experiments suggest that the which-way-2D-cross-double-slit experiments open a new door for re-studying basic quantum phenomena.

  photoelectric cross-double slit (Figure Aa) or the photoelectric which way cross-double slit (Figure Ab).

Figure A

 A Figure A Experimental setups: Photoelectric-Cross-Double-Slit and Photoelectric-Which-Way-Cross-Double-SlitIt is reasonable to expect that the photoelectric effect, the pattern of cross-double-slit and the pattern of which way cross-double slit would independently exist simultaneously.First let us study the apparatus of Figure Aa. Some of photons strikes on the photoelectric-board of cross-double-slit-ABCD. Electrons are ejected. Collecting and measuring those electrons disclose the particle-nature of photons, regardless the existence of narrow slit A, slit B, slit C and slit D on the board. Namely before passing through the cross-double-slit, photons behave as particle, not as wave.Rest of the photons passing through cross-double-slit-ABCD behaves mysteriously, that: (1) the photons as particles knock electrons out of the photoelectric-detection-screen (a photoelectric effect again), regardless how the photons distribute on photoelectric-detection-screen, and thus, considered as particle; (2) the photons form interference distribution on the photoelectric-detection-screen, regardless material of the detection-screen, and thus, considered as wave. This is a paradox.Next, let us study the apparatus of Figure Ab. To test the statement, we propose the Photoelectric which way cross-double slit apparatus (FigureAb) that consists either double slit-AB with an "Observer" behind slit-A or slit-A is blocked or there is only single slit-B. Some of the photons strikes on the photoelectric-board of the which way cross-double-slit.Electrons are ejected. Collecting and measuring those electrons disclose the particle-nature of the photons. Namely before passing through the photoelectric board of the which way cross-double-slit, the photons behave as particles, not as waves.Rest of the photons passing through the slit-B, slit-C and slit-D and arriving at the photoelectric detection-screen behaves mysteriously, that: (1) the photons as particles knock electrons out of the photoelectric-detection-screen (photoelectric effect again), regardless how photons distribute on photoelectric-detection-screen, and thus, considered as particles; (2) the photons passing through
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