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Young's double slit experiments representing the mystery of quantum mechanics have been descripted by wave theories. To study the mystery, the double slit experiments were extended to the cross-double slit experiments. A description should explain all the double slit and cross-double slit experiments consistently. To test the wave description, the two postulates are proposed, which state that before passing through the double slit and before landing on the detector, photons behave as particles, but not as waves. To test the two postulates, the comprehensive double slit/cross-double slit experiments are proposed and performed. By placing shields and/or blockers near the detector/screen, the comprehensive double slit/cross-double slit experiments show that the fringes are created independently and partially, which discloses the particle nature of photons in the double slit/crossdouble slit experiments and violates the wave descriptions. The comprehensive double slit/cross-double slit experiments provide the comprehensive phenomena for developing theoretical model to study the mystery of double slit, complementarity principle, wave-particle duality, and wave theory of light.

Introduction

Young's double slit experiment was performed in 1801 [START_REF] Ananthaswamy | Through Two Doors at Once[END_REF] [START_REF] Robinson | The Last Man Who Knew Everything[END_REF], which, 100 years later, led to wave-particle duality. The standard wave description of the double-slit experiments is that the wave nature of light causes that the light waves pass through the two slits to create an interference pattern.

Namely, before and after passing through the double-slit, photons behave the same, as wave, from the emitting until strike on a detector. This statement is considered naturally as self-evidence. Thus, when a photon lands on a detector as particle, the concept of "wave function collapse" is introduced.

Feynman called the double slit experiment "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]. Moreover, the nature of photons truly 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].

Recently, to study the mystery of double slit experiments, the cross-double slit experiments have been proposed and performed [START_REF] Peng | Cross-Double slit Experiment and Extended-Mach-Zehnder Interferometer[END_REF] [START_REF] Peng | Observation of Cross-double slit Experiments[END_REF]. In this article, we present the comprehensive double slit experiments and comprehensive cross-double slit experiments to test the wave description of the double slit/cross-double slit experiments. Following Feynman, call the wave theory of the double slit experiments as "wave description" (which is more like a term of mathematics), but not as "wave interpretation" (which is more like a term of physics).

Model and Two Postulates

We start from the wave description of the double slit experiments. The schematic diagram of the double-slit experiment is shown in Figure 1.

Figure 1 Standard wave description of the double slit experiment

The description of the classical wave theory is that the light waves emerging from the two slits, then interfere and form an interference pattern on the detector/screen (Figure 1b). Note that until this point, we assume that photons propagate as waves before and after passing through a double slit/cross-double slit, and plan to test it.

Model

To test the wave theory, we introduced the model and two postulations [START_REF] Peng | Comprehensive Double Slit Experiments---Exploring Experimentally Mystery of Double Slit[END_REF] [START_REF] Peng | Experimental Study of Mystery of Double Slit---Comprehensive Double Slit Experiments[END_REF]. *) Model: Let us divide the double slit/cross-double slit apparatus into 3 zones: zone-1 (Z-1) is from the source to the left-side of the slide of the double slit/cross-double slit; the slide is the left-boundary of the Virtual Box; the Virtual Box is zone-2 (Z-2); and zone-3 (Z-3) is from the right-boundary of the Virtual Box to the detector. The slide of the double slit/cross-double slit and its right-side neighborhood is represented as a "Virtual Box" (Figure 3). The right-boundary of the "Virtual Box" need to be determined. In this article, we study, how photons behave in the zone-1 and the zone-3.

Double slit Changing Photons' Behavior: Testing Postulate-1

Before testing Postulates, we test two Rules.

Two Rules

First, let us experimentally confirm two rules.

Rule:

The particle nature of a single input beam of photons is not changed by a beam splitter (BS), either reflected by the BS or passing through the BS.

Example-1: when a beam of photons outputted from a BS behaves as particles, then the input beam of photons behaves as particles, while the other output beam of photons behaves as particles.

Rule-2:

The wave behavior of a single input beam of photons is not changed by a beam splitter (BS), either reflected by the BS or passing through the BS.

Note that in this article, we do not discuss the situation of two input coherent beams; for example, two beams are inputted into an output beam splitter in a Mach-Zehnder interferometer.

Although two Rules seems trivial, they are utilized to prove Postulates.

Let's test Rule-1 experimentally.

Experiment-1 (Figure 4): testing the Rule-1.

Experimental Setup (Figure 4a): photons reflected by both BS1 and a mirror, M1, land on detector-1 (D1), while photons passing though BS1 land on D2. Conclusions: Rule-1 is proved by experiment-1.

Let's test Rule-2 experimentally.

Experiment-2 (Figure 5): testing Rule-2.

Experimental Setup (Figure 5a): after passing through the slide of the double slit, the partial light beam is reflected by both BS1 and a mirror, M1, lands on detector-1 (D1), while the partial light beam passes though both the slide and BS1, and lands on D2.

Figure 5 Testing Rule-2

Observations (Figure 5): D1 and D2 shows the same interference pattern created by the double-slit.

Conclusions: Rule-2 is proved by experiment-2. Experiment-4 (Figure 7): testing Postulate-1 (2).

Photons Behaving as

Experimental setup (Figure 7a): Photons passing through both BS1 and slide strike at D2. Photons reflected by BS1 and M1 strike at D1. We use a cross-double slit for slide (Figure 7b). Observation (Figure 7c): D1 shows the image of the laser source, while D2 is an interference pattern.

Conclusion:

(1) D1 shows the particle nature of photons. According to Rule-1, the reflection by BS1 does not affect the nature of photons; thus, photons emitted by the laser source behave as particles.

(2) According to Rule-1, passing through BS1 does not affect the nature of photons, thus the nature of photons passing through BS1 towards the slide is the same as that of photons reflected by BS1/M1, i.e., behave as particle. Namely, before striking on the slide of the double-slit/cross-double-slit, photons behave as particle.

(3) Postulate-1 is proven.

Now we have two facts:

(A) It is well known that after passing through the slide of the double slit, a photon is always absorbed at the discrete points of the detector, as individual particle, i.e., the interference pattern appears via the varying density of these particle hits on the detector; and

(B) We proved experimentally that before striking at the slide of the double slit/cross-double slit, photons emitted by a laser source behave as particles.

Thus, the wave description of the double slit experiment is violated.

Photons Behaving as Particles before Landing on Detector: Test Postulate-2 with Shields

Multiple experiments test Postulate-2 from different perspectives as shown in Figure 2, except that photons behave as particles in Zone-2 as shown in this article. 

D1 D2

To test whether photons behave as waves in zone-3, we insert: (1) longitudinal "wave shield(s)" (Figure 2a), denoted as shield; (2) transverse "wave blocker(s)" (Figure 2b), denoted as blocker; (3) combination of shield and blocker (Figure 2c); all near detectors. We want to observe whether the interference pattern would be disturbed under the situations shown in Figure 2. To test the right-side boundary of the virtual box, a shield is inserted and gradually move it closer to the double slit (Figure 2d) to determine where photons would start to change behaviors, if they would change.

Experiment-5 (Figure 8): testing postulate-2 with a shield. The purpose is to test whether the shield would separate waves and thus prevent photons from interfering if photons would behave as waves in Z-3. An analogy is a breakwater that break water waves. Observation (Figure 8b): The interference pattern keeps no noticeable change, namely, shield-1 does not affect the interference pattern, which would not be expected if photons behave as waves.

Experiment-6 (Figure 9): Shield-1 is one inch away from the detector. Observation (Figure 10b): We observe the interference pattern that is the same as that there were no shield-1 and shield-2. Figure 10c is the picture of the whole experimental setup.

Conclusion:

The channel of two parallel shields of 28 inches long has no effect on the "interference" pattern of 650 nm light, which indicates that photons do not behave as waves near the detector.

Experiment-8 (Figure 11): Picture of two shields 70 inches long contact to the detector. Note that the picture was shot from the "Entrance", where the light beam comes in, to the detector so that the interference pattern and apparatus show on the same picture and thus, Entrance looks wider. The phenomena of "wave-particle coexistence" would lead to a deeper understanding.

Photons Behaving as Particles before Landing on Detector: Test Postulate-2 with Blockers

Let us consider five experiments.

Experiment-11 (Figure 14): Testing Postulate-2 with Blocker (1).

Experimental Setup: blocker-10, blocker-11 and blocker-12, each is 0.5-inches wide, are placed along the normal vector of the detector, and separated by 4 inches. Observation (Figure 15b): Two blockers are arranged such that portions of the zeroth-order fringe are formed on the detector, blocker-11 and blocker-12. Thus, the fringe can be formed partially. The existence of each blocker does not affect the fringes formed on other blockers and on the detector.

Namely, fringes are formed independently.

Experiment-13 (Figure 16): Testing Postulate-2 with Blocker (3).

Blocker-11 and blocker-12 are placed along the normal vector of the detector.

Figure 16 Fringes Formed Independently (3)

Observation: Zeroth-order fringe, m = +1 fringe and m = -1 fringe are formed on the detector, blocker-11 and blocker-12, respectively.

Experiment-14 (Figure 17): Testing Postulate-2 with Blocker (4).

Experimental setup: blocker-11 and blocker-12 are placed along the normal vector of the detector. Experiment-15 (Figure 18): Testing Postulate-2 with Blocker (5).

Experimental setup: blocker-11 and blocker-12 are placed along the normal vector of the detector.

Figure 18 Fringes Formed Independently and partially ( 5) Some of photons form fringes on blockers, while some of photons are distributed like partial of a wave interference pattern on the detector. Thus, we conclude that the particle nature is primary nature, while wave distribution is secondary nature. We have shown that, on the one hand, longitudinal shield(s) do not disturb the interference pattern in zone-3. On the other hand, blockers block the propagation of photons as photons are particles. Now let us show the effects of combinations of shields and blockers.

Observation

Photons Behaving as

Experiment-16 (Figure 19): Testing Postulation-2/Wave Description with Shield and Blocker (1).

Experimental setup (Figure 19): The shield is one inch away from the detector. Blocker is positioned next to shield. 

Conclusion

Indeed, the experiments strongly support Postulate-1 and Postulate-2. Namely before passing through the double slit/cross-double slit and before landing on the detector, photons behave as particles, but not as waves.

Detector

  Let us design experiments to test the wave theory. The shields and/or blockers are placed between the slides of the double slit/cross-double slit and the detector as shown in Figure2, respectively.

Figure 2

 2 Figure 2 Schematic diagram of new designed experiments If the double slit/cross-double slit experiments can be descripted by the wave theory, the existences of the shields and/or blockers would affect the interference patterns.

Figure 3

 3 Figure 3 Model of Double slit experiment with "virtual box"

Figure 4 Figure 4

 44 Figure 4 Testing Rule (1) . (a) (b) (a) (b) Figure 2 Schematic drawing Figure 3 Schematic drawing
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 13 Particles before Arriving at Double Slit: Testing Postulate-Now let's test Postulate-1 by two experiments.Figure 6): testing Postulate-1 (1). Experimental setup (Figure 6a): Photons passing through both BS1 and BS2 strike at D2. Photons reflected by BS1 and M1 and passing through slide-1 strike at D1. Photons reflected by BS2 and M2 and passing through slide-2 strike at D3. All images are shown on the same detector to visually observe the phenomenon. To show the difference, we use a cross-double slit for slide-1 (Figure 6b) and a standard double slit for slide-2.

Figure 6

 6 Figure 6 Testing Postulate-1 (I) Observations (Figure 6c): D2 displays the image of the source, while D1 and D3 show interference patterns created by the cross-double slit and the double slit, respectively.

  Figure 10 Schematic drawing Figure 11 Slide-2

Figure 7

 7 Figure 7 Testing Postulate-1 (2)

Experimental setup:

  Placing the longitudinal "shield-1" (green colored) made of carboard in Z-3 of the regular double slit experiment. Shield-1 contacts the detector. For simplicity, shield-1's orientation is from the center of the double slit points to the center of the zeroth-order fringe. Shield-1 is 28 inches long, 1.5 inch wide, and 0.3 mm thick. The distance between the double slit and the detector is 200 inches.

Figure 8

 8 Figure 8 Testing Postulate-2 with Single Shield (1)

Figure 9 ObservationExperiment- 7 (

 97 Figure 9 Testing Postulate-2 with Single Shield (2)

Figure 10

 10 Figure 10 Testing Postulate-2 with Two Shields (1)

Figure 11

 11 Photons land as particle

Figure 12

 12 Figure 12 Testing Postulate-2 with Two Shields (3) Observation (Figure 12b): the interference pattern has no change. The projection of shield-1 appears at the middle of the zeroth-order fringe, while the projection of shield-2 appears at the middle of the firstorder fringe. Only photons behaving as particles can (1) pass through the narrow channel; (2) strike at the positions of the zeroth-order fringe and a first-order fringe on the detector; (3) form two projections, while (4) do not disturb the existing interference pattern. Experiment-10 (Figure 13): Testing Postulate-2 with two Shields (4) Experimental setup (Figure 13a): Move shield-2 to 60 inches from double slit; shield-1 stays.

Figure 13

 13 Figure 13 Testing Postulate-2 with Two Shields (4) Observation (Figure 13b): The interference pattern has no change. The projection of shield-2 is wider than that of shield-1 since it is closer to the double slit.

Conclusion:

  Photons land as particle

Figure 14 Fringes

 14 Figure 14 Fringes Formed Independently (1) Observation (Figure 14): Three blockers are arranged such that the zeroth-order fringe and two firstorder fringes are formed on blocker-10, blocker-11 and blocker-12, respectively. The existence of each blocker does not affect the fringes formed on other blockers and on the detector. Namely, fringes are formed independently. Experiment-12 (Figure 15): Testing Postulate-2 with Blocker (2). Experimental Setup (Figure 15): blocker-11 and blocker-12 are placed along the normal vector of the detector and separated by 4 inches.

Figure 15

 15 Photons

Figure 17

 17 Photons

(

  Figure 18): Portions of the zeroth-order fringe are formed on the detector and blocker-11, respectively, which indicates that the fringe can be partially formed. The m = +1 fringe and m = -1 fringe are formed on blocker-11 and blocker-12, respectively, i.e., formed independently. Conclusion: Postulate-2 is experimentally confirmed. Fringes are formed independently and partially, which would be expected only if photons behave as particles in Z-3 near the detector.

2 with

 2 Particles before Landing on Detector: Test Postulate-Shields and Blocker.

Figure 19

 19 Figure 19 Testing Postulate-2 with Shield and Blocker (1) Observation (Figure 19b): (1) Shield does not affect the interference pattern at all; (2) there is the projection of the shield at the middle of the zeroth-order fringe; (3) blocker is so arranged that it does block a first-order fringe. Experiment-17 (Figure 20): Testing Postulation-2/Wave Description with Shield and Blocker (2).Experimental setup:The shield is one inch away from the detector. Blocker-1 and blocker-2 are placed on both sides of the shield.

Figure 20

 20 Figure 20 Testing Postulate-2 with Shield and Blocker (2)

Figure 22

 22 Figure 22 Testing Postulate-2 with Shields and Blocker (4) Observation (Figure 22b): The interference pattern is formed on blocker-1 instead of the detector. Experiment-20 (Figure 23): Testing Postulation-2/Wave Description with Shield and Blocker (5).

Figure 23 3 (
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Figure 24

 24 Figure 24 Testing Postulate-2: Blocker-3 with Cut Observation (Figure 24b and 24c): Photons pass through the cut and form the exactly same shape of patterns on the detector (Figure 24c), which shows the particle nature of light and that photons move along straight lines.

  (Figure25): Testing Postulate-2 with Shields and Blocker.Experimental Setup (Figure25a): insert transverse blocker-2 one inch wide into the channel formed by shield-1 and shield-2.

Figure 25

 25 Figure 25 Blocker-2 in Channel (1) Observation (Figure 25b): Two fringes are formed on blocker-2, and the remaining fringes are formed on the detector. Namely, Fringes can be formed independently. Two shields have no effect on the interference pattern. This observation indicates that photons behave as particles. Experiment-23 (Figure 26): Testing Postulate-2 with Shields and Blocker.Experimental setup: cut two triangles on blocker-2 at the locations of the zeroth-order fringe and a first-order fringe respectively. Then place blocker-2 into the channel.

Figure 26

 26 Figure 26 Blocker-2 with Two Cuts (2) Observation (Figure 26): Photons pass through two triangle-shaped cuts and form exactly the same triangle-shaped patterns on the detector, which shows the particle nature of photons, namely, photons

Figure 27

 27 Figure 27 Aluminum tube-shield and interference pattern Observation (Figures 27c and 27d): Figure 27b shows the interference pattern without AL tube. Figure 27c and 27d show the unaffected interference patterns. Figure 27d also shows the projections of the two side walls of the AL tube. It is a challenge to consistently interpret the above experiments.
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 8 Figure28shows the slide of the cross-doble slit used in the experiments bellow.

Figureprojections

  Figure 28 Cross-double slit

Figure 29 .

 29 Figure 29 2D-pattern vs. Channel (1) Observation: The channel of two shields does not disturb the 2D interference pattern.Experiment-26 (Figure30a): blocker-3 was used to block the bottom portion of the 2D interference pattern.