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Young's one-dimension-double-slit experiment represents the basic mystery of quantum world.

Although it was performed over 200 years ago, the double slit experiment still has much to offer. To explore the mystery, in this article, the 1D-double slit experiments have been extended to 2D-cross-double slit experiments. It is a challenge to explain those experiments consistently.

Introduction

What is light made of, waves or particles or kind of both? This basic question has fascinated physicists since the early days of science. There was an intense debate between the particle and wave hypothesis of nature of light. Descartes (1637) and Newton (1704) developed the particle theory of light. Huygens (1678) proposed the wave theory of light. Young (1801) performed the first double slit experiment [START_REF] Ananthaswamy | Through Two Doors at Once[END_REF] [START_REF] Robinson | The Last Man Who Knew Everything[END_REF], which supported Huygens' wave theory of light. The concept of nature of light changed dramatically again. Hertz observed the photoelectric effect (1887). In 1902, Lenard observed that the energy of individual emitted electrons increased with the frequency of light. In 1905, Einstein showed theoretically that the photoelectric effect could be explained by using the concept that light is made of particles, photons. Quantum physicists postulated the wave-particle duality to try to interpret and unify those "wave" and "particle" phenomena of light. In 1928, Bohr postulated complementarity principle [START_REF] Bohr | Complementarity: Bedrock of the Quantal Description[END_REF], which states: when a photon is observed, it behaves either as a particle or as a wave, but both aspects are never observed simultaneously. The nature of photons really puzzled Einstein. He wrote (1951) 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]. Feynman (1956) summarized the significance of Young's double slit experiment as that 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]. A. Jogalekar explained (2013): "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 which […]-actually work."

Young's double-slit apparatus is one-dimension and creates 1D-interference pattern. The experimental result was interpreted as that each photon has arrived by both slits at the same time and created interference pattern. 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. There are arguments about the mechanism behind the phenomena [START_REF] Gottlied | [END_REF]. A variety of experiments have been proposed and performed, such as using entangled photons [START_REF] Kim | [END_REF] [START_REF] Kaiser | [END_REF], and placing a light source on a satellite and measuring on the ground [START_REF] Vedovato | [END_REF]. The double-slit experiment has also been performed with varying numbers of slits, e.g., parallel-multi-slits [10].

The double-slit experiment still has much to offer (Pinner).

To study the double slit experiments, we present a series articles showing varieties of the novel double slit experiments and including the following topics:

(1) 2D-cross-double slit experiments (this manuscript);

(2) which way 2D-cross-double slit experiments: violating complementarity principle [START_REF] Peng | Double Slit Experiment Still Has Much to Offer (2): Extended-Which-Way Experiments---Violating Complementarity Principle[END_REF];

(3) delayed choice 1D-double slit/2D-cross-double slit experiments: supporting causality [START_REF] Peng | Double Slit Experiment Still Has Much to Offer (3): Extended-Delayed-Choice Experiments---Supporting Causality[END_REF];

(4) comprehensive 1D-double slit/2D-cross-double slit experiments with shields/blockers contacting/near detector: violating wave description;

(5) comprehensive 1D-double slit/2D-cross-double slit experiments with shields/blockers contacting/near diaphragm of double slit: violating trajectory theory; [START_REF] Gottlied | [END_REF] experiments: rotating 1D-double slit/2D-cross-double slit around one axis: showing dynamically curved, expanded and inclined patterns; [START_REF] Kim | [END_REF] experiments: rotating 1D-double slit/2D-cross-double slit around two axes sequentially: particle nature, straight pattern and curved pattern co-exist. The observations of above experiments provide the comprehensive phenomena/information/data to study the mystery of the double slit experiments and the nature of light/photons. Furthermore, some phenomena may be applicable in daily life.

2D-Cross-Double Slit Apparatuses

The diaphragms (Figure 1) contain double slit crossing double slit and double slit crossing triple-slit, with either the equal spacing or different spacing between slits. Hereafter, we referred all as the "cross-double slit". The configurations of experiments are: a laser source points to a slide two feet away, and a detection screen is 20 feet away from the slide. We draw briefly illustrations of cross-double-slits on the left of Figure 3 to Figure 9, and experimental observations on the right correspondingly.

Experiment-1 (Figure 3): 2D-cross-double-slit and its 2D-cross-interfernce pattern [START_REF] Peng | Cross-Double-Slit Experiment and Extended-Mach-Zehnder Interferometer[END_REF] [START_REF] Peng | Cross-Double-Slit Experiment and Which-Way-Cross-Double-Slit Experiment[END_REF]. The experiments may be performed with two kinds of sources respectively. Observations (Figure 3b): a 2D-cross-interference pattern.

(1) 1D-horizontal interference pattern and 1D-vertical interference pattern.

(2) Two 1D-interference patterns are created independently.

Discussion-1 (Figure 3c): For this aim, let us enlarge the intersection of double-slit-AB and double-slit-CD, as shown in Figure 3c. The intersection has the shape of square.

Four small dots, denoted as "a/c", "b/c", "b/d" and "a/d", represent the four corners of the intersection. Except the double-slit-AB and double-slit-CD, all of other area (including the shadow square) is the opaque area.

The intersection of slit-A and slit-C is denoted by a "Red square".

We refer the portion of slit-A, slit-B, slit-C and slit-D inside the intersection as "inside-portion", while the portion outside the intersection as "outside-portion".

Let's assume the cross-section of the laser beam is a circular with a diameter that is slightly larger than the dimension of the intersection area, which is summation of both the spacing, which is 0.25 mm (for our cross-double-slit), between two slits of a double-slit, and two times of the width of a slit, which
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is 0.04 mm. The majority of photons will land on the opaque area, mainly the shadow square, while minority of photons will pass through both double-slit-AB and double-slit-CD.

According to the regular interpretation of 1D-double-slit experiment, photons passing through the inside-portion of slit-A (slit-B) will interfere with photons passing through the inside-portion of slit-B (slit-A), while photons passing through the inside-portion of slit-C (slit-D) will interfere with photons passing through the inside-portion of slit-D (slit-C).

Since emitted photons have the same optical parameters (such as wavelength, phase, polarization), the challenge to the regular interpretation of 1D-double-slit experiments is to explain the following questions:

(1) Why do photons passing through the inside-portion of slit-A (slit-B) interfere with photons passing through the inside-portion of slit-B (slit-A), but not interfere with photons passing through the inside-portion of slit-C or of slit-D, even when which are closer. Similarly, why do photons passing through the inside-portion of slit-C (slit-D) interfere with photons passing through the inside-portion of slit-D (slit-C), but not with photons passing through the inside-portion of slit-A or of slit-B, even when which are closer.

(2) When the photons pass through the "Red square", there are two questions:

(2-1): how the photons determine whether they are passing through slit A or slit C?

(2-2): how the photons determine which photons they should interfere with, the photons passing through slit-B or the photons passing through slit-D.

(2-3): whither the photons passing through the "Red square" would interfere with each other?

If one treats photon as a "person" as in the interpretation of delayed-choice-double-slit experiment, then the challenges are to explain the following questions:

(1) How do photons "sense" which slit they would pass through;

(2) How do photons "sense" which portion, i.e., the inside-portion or the outside-portion, they would pass through;

(3) how do the photons passing through the inside-portion of a slit "find" photons passing through the inside-portion of its "paired slit" to interfere and create the interference-pattern accordingly;

Discussion-2: About the interpretation of the behavior of photons emitted one at a time:

An emitted photon has a larger probability landing on the opaque area, while has a smaller probability landing on the cross-double-slit, i.e., double-slit-AB and double-slit-CD.

In this experiment, a photon needs to play as "photons" of twelve: 4 of them pass through the inside-portions of slit-A, slit-B, slit-C, and slit-D respectively; and 8 of them pass through the outside-portions of slit-A, slit-B, slit-C, and slit-D respectively, and create simultaneously different interference pattern correspondingly.

How does a photon "sense" how many slits it would pass through when it arrives the inside-portions of an apparatus with multi-slits simultaneously? For this experiment, there are 4 slits, however, for the following experiments, there are more than four slits. The most difficult part is to explain: how does the photon passing through the inside-portion of slit-A interfere with itself passing through the inside-portion of its paired slit-B, but not with itself passing through the inside-portions of slit-C and or slit-D, to create an interference pattern.

According to the regular wave interpretation, in regular 1D-double-slit experiments interfering waves are in the same plane; on the other hand, in 2D-cross-double-slit experiment interfering waves are in two perpendicular planes. The regular interpretation seems impossible to explain how a photon travels through both the double-slit-AB and the double-slit-CD at the same time and somehow interferes with itself accordingly.

It is a challenge to interpret how a photon "senses": (1) which slit it passes through; (2) which photons it will interfere with, then to create interference patterns accordingly.

The above discussion may be applied to all of the cross-double slit experiments.

Experiment-2 (Figure 4): Tilt double slit crossing double slit and pattern. Discussion: The discussion of experiment-1 is applicable for this experiment. In addition, the photons have to "measure" the angle of the tilt-double slit to form the pattern accordingly. And the photons need to judge which slit they will pass through and behave accordingly.

Experiment-3 (Figure 5): Three double slits crossing and pattern.

The angle between the tilt double slit and the vertical double slit is 45 degrees. Experiment-4 (Figure 6): Three double slits crossing and pattern. The angle between the tilt double slit and the vertical double slit is 15 degrees.

Experiment-5 (Figure 7): Three double slits crossing and pattern.

Figure 7 Three double slits crossing (3) Figure 8 Three double slits crossing (4)

Experiment-6 (Figure 8): Three crossing double slits and pattern. The tilt angles are 15 and 30 degrees respectively.

Experiment-7 (Figure 9): Four crossing double slits and pattern. The intersection is octagon. Experiment-10 (Figure 12): Rotation Invariance of double slit/cross-double slit.

The combination of Figures 9, 10 and 11 suggests that the double slit and cross-double slit have rotation invariance around their normal vectors. If we increase the number of double slits that intersect at the same spot, the shape of the intersection will approach a circular disc. To rotate either a double slit or cross-double slit around its normal vector, each slit is tangent to the intersection and forms disc-3, which is surrounded by ring-2.

The final pattern can be obtained by applying an apparatus of disc-3 with a diameter that is equal to the spacing between two slits, and ring-2 of the width that is equal to the width of a single slit.

Figure 12 indicates that double slit and cross-double slit have rotation-invariance around their normal vector.

The "task" of the photon becomes more and more difficult when the number of the double slits crossing to each other increases. Even, the photon has to "know" whether it pass through a circle (Figure 12) or a regular cross-double slit.

Double Slit Crossing Double Slit: Different Spacing

Experiment-11 (Figure 13). Double slit crossing double slit of different spacing and pattern. The photons need to "Know" the spacing of the double slit they pass through to behave.

Double slit Crossing Triple-Slit Experiments: equal spacing

A regular triple slit and its pattern are shown in Figure 15.

Figure 15 Triple slit and its pattern Experiment-13 (Figure 16): Double slit crossing triple slit and pattern. All of spacing between slits are 0.25 mm.

Figure 16

Figure 17 Experiment-14 (Figure 17): Double slit crossing triple slit and pattern. Spacings between slits are 0.75 mm.

Experiment-15 (Figure 18): Double slit crossing tilt triple slit and pattern. Spacings between slits are 0.25 mm.

Experiment-2.16 (Figure 19): Double slit crossing tilt triple slit. Spacings between slits are 0.5 mm.

The photons need to "know" whether they are passing through the double slit or the triple slit and the angle of the double slit and/or the triple slit to "decide" how to behave.

Double slit crossing triple-slit experiments: different spacing.

Experiment-17 (Figure 20): The spacing between two vertical slits is 0.5 mm, and the spacing between three horizontal slits is 0.25 mm.

Figure 20 Figure21

Experiment-18 (Figure 21): The spacing between two vertical slits is 0.75 mm, and the spacing between three horizontal slits is 0.25 mm.

Experiment-19 (Figure 22): The spacing between two vertical slits is 0.5 mm, and the spacing between two of three tilt slits is 0.25 mm.

Figure 22

Figure 23 Experiment-20 (Figure 23): The spacing between two vertical slits is 0.75 mm, and the spacing between three tilt slits is 0.25 mm.

The photons need to "know" the following to "decide" how to behave: (1) whether they are passing through the double slit or the triple slit; (2) the angle of the double slit and/or the triple slit; [START_REF] Bohr | Complementarity: Bedrock of the Quantal Description[END_REF] the spacing of the double slit and/or the triple slit.

4.Discussion and Conclusion

The regular double slit experiment is the mystery of the quantum mechanics. The cross-double slit experiments are more mysterious to be described and interpretated. The cross-double slit experiments not only challenge the regular description of the double slit experiments, but also provide comprehensive phenomena/information/data for exploring the mystery of the double slit experiments, studying the nature of light/photons and developing a theoretical model. Furthermore, some phenomena may be applicable in daily life.
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 1 Figure 1 Diaphragms of 2D-cross-double slit
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 2 Figure 2 Regular 1D-double-slit and its 1D-interference pattern The classical interpretation is that light wave passes through two slits simultaneously, interferes to each other and creates an 1D-interference pattern.

Apparatus

  (Figure3a): slit-A and slit-B pair up to form double-slit-AB, while slit-C and slit-D pair up to form double-slit-CD that intersects to the double-slit-AB at the angle of 90 0 .

Figure 3 .

 3 Figure 3. Two double slits crossing and its 2D interference pattern (1)Source-1: A laser source aims at the intersection and emits a beam of photons. The majority of photons will shine at the intersection, while the minority of photons will shine at outside of the intersection, including the portions of 1D-double-slit-AB and 1D-double-slit-CD outside of the intersection.Source-2:A laser source aims at the intersection and emits photons one at a time. The probability of a photon passing through the portions of double-slit-AB and double-slit-CD at the intersection is higher than that of a photon passing through the portion of double-slit-AB and double-slit-CD outside of the intersection.

Figure 4

 4 Figure 4 Two double slits crossing and its 2D interference pattern (2) Observation: (1) The vertical double-slit-AB creates the horizontal interference patter, while tilt-double-slit-CD creates the tilt-interference pattern; (2) two interference patterns intersect at an angle that is the same as the angle between 1D-double-slit-AB and 1D-double-slit-CD.
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 56 Figure 5 Three double slits crossing (1)

Figure 9 Four double slits crossing Figure 10 Five double slits crossing Experiment- 8 (Experiment- 9 (

 91089 Figure 9 Four double slits crossing Figure 10 Five double slits crossing Experiment-8 (Figure 10): Five crossing double slits and 2D-pattern. The photon needs to "know" which double slit it would pass through to behave accordingly.Experiment-9 (Figure11): Six crossing double slits and 2D-pattern. The intersection is dodecagon.
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 11 Figure 11 Six double slits crossing Figure 12 Rotation symmetry
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 13 Figure 13 Two double slits crossing Figure 14 Three double slits crossing Experiment-12 (Figure 14): Double slit crossing double slit of different spacing and pattern.