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“Experimentum crucis”





	Let us begin with a few words on the notion of crucial experiments or experimentum crucis.� The idea of crucial experiment appears at the seventeenth century in Francis Bacon's Novum Organum, as instantia crucis, that is crucial instance or in the English edition "instance of the fingerpost". One of Bacon's examples of crucial instances is for the decision between two theories of tides: according to the first, the tides are due to a to and fro motion of the waters, like in a basin, while the second theory asserts that the tides are periodic lifting and falling of the waters. Bacon's crucial question was that: Are there high tides at the same times at the coasts of Spain and Florida as well as of China and Peru? For these coasts are in the opposite sides of the imaginary basins, so in the basin theory it's impossible to answer positively the question.


	Galileo also used this method - without mentioning the Baconian name - referring to the tides that are able to decide between the two world systems, the Ptolemaic and the Copernican. The words "experimentum crucis" was written down first by Descartes, then Boyle and Newton, as well. Thus the notion was introduced to the science and gained growing importance up to the present. The first philosopher of science who was able to deny the method was Duhem at the turn of the century. In his views the experimental observation is theory-laden, because of the network of hypotheses necessary to the use of a measuring instrument. This fact excludes the conclusive role of experiment. However later Popper wanted to rehabilitate crucial experiments, in his case only falsifying ones. In the expanded English version of his Logic of Scientific Discovery he writes: "In most cases we have, before falsifying a hypothesis, another one up our sleeves; for the falsifying experiment is usually a crucial experiment designed to decide between the two."� And at another place:





"It should be noted that I mean by crucial experiment one that is designed to refute a theory (if possible) and more especially one which is designed to bring about a decision between two competing theories by refuting (at least) one of them - without, of course, proving the other."�





Lakatos on crucial experiments





	The originally Popperian Lakatos took a radical turn from this point of view. On the basis of his methodology of scientific research programmes he gives a new look at crucial experiments, too. By his opinion "The history of science has been and should be a history of competing research programmes ..."�, and so the problem arises "how are research programmes eliminated?"� This problem leads Lakatos to the crucial experiments. He distinguishes the "minor crucial experiments" and the "major crucial experiments". The first appears within a research program, that is within a series of theories with common hard core. We can often find such kind of crucial experiments. As Lakatos writes on the subsequent theories:





"Experiments easily 'decide' between the nth and (n+1)th scientific version, since the (n+1)th is not only inconsistent with the nth, but also supersedes it. If the (n+1)th version has more corroborated content in the light of the same programme and in the light of the same well corroborated observational theories elimination is a relatively routine affair."�





	"Major crucial experiments" are necessary for deciding between two research programmes. In the followings these will be our subjects. According to Lakatos's reconstruction of the battles and the war between competing research programmes and according to his examples from the history of physics (the corpuscular and wave model of light, the Mercury's perihelion precession, the Brownian motion, the Michelson-Morley experiment, etc.) the experiment is seen, only with hindsight - occasionally several decades later -, to have been crucial, and only in the light of some superseding theory. The conclusion of his considerations that "There are no such things as crucial experiments, at least not if these are meant to be experiments which can instantly overthrow a research programme."� Two years later Lakatos's conviction in this area seems to be strengthen. "'Crucial experiments' in Popper's sense do not exist: at best they are honorific titles conferred on certain anomalies long after the event, when one programme has been defeated by another one."� - he writes. In his survey paper, "The Role of Crucial Experiments in Science" he repeats his statements in explicit form: “Neither the logician’s proof of inconsistency nor the experimental scientist’s verdict of anomaly can defeat a research program at one blow. ... ‘Crucial experiments’ in the falsificationist sense do not exist...”�





Interpretational schools as research programmes in quantum mechanics





	Now, I am turning to the interpretations of quantum mechanics. The history of these interpretations or schools at the first glance fit better to Lakatos’s methodology of rival scientific research programmes than for example to the theory of absolute dominant paradigms by Kuhn, for Lakatos allows the simultaneous existence of different programmes.


	Let us remind the reader the criteria of progressivity and degenerativity of programmes in Lakatos’s methodology:





"Let us say that such a series of theories is theoretically progressive (or 'constitutes a theoretically progressive problemshift') if each new theory has some excess empirical content as the unrefuted content of its predecessor, that is, if it predicts some novel, hitherto unexpected fact. Let us say that a theoretically progressive series of theories is also empirically progressive (or 'constitutes and empirically progressive problemshift') if some of this excess empirical content is also corroborated, that is, if each new theory leads us to the actual discovery of some new fact. Finally, let us call a problemshift progressive if it is both theoretically and empirically progressive, and degenerating if it is not."�





	By the Lakatosian criteria the rising of quantum mechanics itself is a development, a progressive problemshift (perhaps not a revolution), for it is both theoretically and empirically progressive, as it predicted novel, unexpected and later corroborated facts. But considering the interpretations of quantum mechanics, if we arrange these to series of theories, then we perhaps can see theoretical progressivity - there is for example the Aharonov-Bohm effect, which was discovered by Bohm in searching for hidden parameters, and had general importance for physics - but hardly empirical progressivity, for the effects different from the ones usual in quantum mechanics were failed to measure. So by the criteria the interpretational programmes can be scientific but degenerative, or with other words they are characterised by stagnation. Of course the evaluation can change in the future, as Lakatos himself wanted the programmes to evaluate in long run: "Moreover, it occasionally happens that when a research programme gets into a degenerating phase, a little revolution or a creative shift in its positive heuristic may push it forward again."�


	So we can hope that his suggestion to repress the degenerative programmes is not valid for the interpretations of quantum mechanics. To say more, Lakatos himself gives us a more sophisticated description for example of the Michelson-Morley experiment than this progressive-degenerative approach. Referring to just a quantum mechanical problem, he writes:





"But one should not forget that two specific theories, while being mathematically (and observationally) equivalent, may still embedded into different rival research programmes, and the power of the positive heuristic of these programmes may well be different. This point has been overlooked by proposers of such equivalence proofs (a good example is the equivalence proof between Schrödinger's and Heisenberg's approach to quantum physics)."�





	Also here he speaks on the possibility, that a degenerated programme may come back and he mentions again a momentum of the history of quantum mechanical interpretations, namely the Dirac-ether used by Jean-Pierre Vigier. Later some followers of Lakatos pointed out, that - without essential modifications of the Lakatosian conception - the programmes could be classified in a more sophisticated manner (e.g. cumulative progression or heuristical progression), and that the degenerated programmes (like the nuclear magnetic resonance programme in physics) can be actually successful ones, if say they provide useful results for other programmes.�


	I was speaking on different interpretations of quantum mechanics as research programmes, but the question arises, how can you identify the structural elements of the Lakatosian research programmes in these series of theories. It is a rather difficult task, and not only in quantum mechanics, but in other physical disciplines, too. I can mention James Cushing’s works on high-energy physics for example; he tried to reconstruct the history of particle physics in a Lakatosian sense.� By his opinion





“It might be better to speak of a central core of a research program as a combination of the hard core and the heuristic since it is not clear that these two latter elements exist as separate entities. For purposes of general discussion it may be schematically simplest to present these components as a fixed hard core to which auxiliary assumptions are successively joined by a creative application of a guiding heuristic to generate a sequence of theories, thus guaranteeing a continuity from one theory to the next within one research program.”�





But after all you can distinguish in these schools a permanent hard core and a changing part, which can be described as accommodating to the arising problems. For instance by my opinion in Louis de Broglie’s programme the effort for a synthesis of wave and particle pictures is always present as a hard core, while the actual forms of the realisation in the order of appearance are the followings: the principle of double solution, the theory of pilot waves, the non-linearity hypothesis, and the hidden thermodynamics. In the case of David Bohm the hard core is the hidden parameter theory and the quantum potential and in a time he added the stochasticity hypothesis. Vigier generally followed the same hard core but with additional assumption of subquantal level or of hypothesis on hidden degrees of freedom, later of Dirac-ether and also the stochasticity. There are another programmes in the interpretations of quantum mechanics where the stochasticity is not an additional hypothesis but the hard core. This is the Fényes-Nelson-de la Pe(a line. In its first form it uses the diffusion processes, then the Brownian motion and finally the stochastic electrodynamics. The same structure can be find in the series of hydrodynamical models, where the characterisation of the fluid becomes increasingly difficult. The positive heuristic of these programmes is changing to a certain extent, but generally contains the relativistic approach, the principle of determinism or causality and the principle of the unity of nature (or concretely the unity of quantum mechanical processes - namely time evolution and measurement process). You can say that the orthodox interpretation also is a programme, in this case we can identify - partly after Cushing - the hard core as the canonical commutation relations and the Hamilton’s equations of motion; the guiding hypotheses in the positive heuristic are the applicability of the classical forms of Hamiltonians for specific systems, the correspondence principle and the principle of observables; while the operators-observables relation is an example for the auxiliary assumption. Lakatos’s evaluation on this programme is rather negative:





"In the new, post-1925 quantum theory the 'anarchist' position became dominant and modern quantum physics, in its 'Copenhagen interpretation', became one of the main standard bearers of philosophical obscurantism. In the new theory Bohr's notorious 'complementarity principle' enthroned [weak] inconsistency as a basic ultimate feature of nature, and merged subjectivist positivism and antilogical dialectic and even ordinary language philosophy into one unholy alliance. After 1925 Bohr and his associates introduced a new and unprecedented lowering of critical standards for scientific theories. This led to a defeat of reason within modern physics and to an anarchist cult of incomprehensible chaos."�





	So with the history of interpretations of quantum mechanics the Lakatosian methodology can be justified and in the following part of my paper I will try to justify also his standpoint on crucial experiments.





“Crucial experiments” in the foundations of quantum mechanics





The EPR experiment





	The series of experiments that I want to speak on begins with a gedankenexperiment, the Einstein-Podolsky-Rosen experiment.� I do not want to go into the details of this well-known experiment, I only should like to stress that although - as a gedankenexperiment and not a real experiment with real instruments - it has nothing to do with the above mentioned Duhem-thesis, despite of this fact the later commentators distinguish (as a minimum) five hypotheses in it: the principle of realism, the validity of quantum mechanical formalism, the completeness hypothesis, the principle of separability, and finally the validity of classical logic.


	According to the EPR argument minimum one of the five hypotheses is false. But this gedankenexperiment was very far from a practically manageable one. The next step was made by Bohm, who reformulated the gedankenexperiment with spins.� In this way the experiment got closer to a real one, but it did not yet seem to be a crucial experiment, for nobody told that the different theories give different results of the measurement.





Bell-inequality





	John Bell's work in the middle of sixties raised the hope that it is possible to test the interpretations experimentally. Bell studied the EPR experiment or rather it’s Bohm version.� He pointed out that there must be differences between the quantum mechanical and hidden parameter predictions. He supposed that in a real experiment we can measure probabilities in the way depicted on Figure 1.


�


Figure 1. The measurement schema of the Bell-inequality using photons. The photons emerging from the source S are measured by polarisation filters (not by Stern-Gerlach magnets as in the case of electrons) with given orientations (angles). After the filters there are the counters (hemispheres in the figure). From the counters the signals - corresponding the photon number - go to the coincidence circuit (square in the figure) which gives us only the simultaneous beats.





	From the assumptions he has derived his famous inequality for the expectation values of the product of outcomes of spin measurements on the two particles:





|P(a,b)-P(a,c)| �symbol 163 \f "Symbol"�� 1 + P(b,c).





	Bell explicitly presupposed reality, locality or separability, determinism, and hidden parameters, not so explicitly the formalism and the classical logic, as well. For the beginning of the seventies the Bell-inequality got closer and closer to the real conditions of a manageable experiment.





Realizations and auxiliary hypotheses





	In the seventies essentially there were three types of experiments to measure the Bell-inequality. In the first type the photons were gained from an atomic cascade process� (Figure 2.).


Figure 2. Cascade of photons. The electron in the atom is excited from the energy level c to a by two laser beams for example, and when the electron returns, the atom emits in rapid succession two photons which has opposite polarisation’s (spins) because of the features of the atomic energy levels.





�


	In most of the experiments the quantum mechanical predictions were justified. However in the meantime the theoreticians continuously analysed the presuppositions for the derivation of Bell-inequalities. First Bell, then Clauser and Horne� showed that the determinism is not necessary for the derivation, since the local theories with non-dynamical stochastic hidden parameters are also sufficient for it. Later Ballantine, Bohm� and Bell pointed out that even the hidden parameters are no necessary. So only the reality and locality hypothesis remained. The Aspect-experiment intended to measure just the separability.�


�


Figure 3. The arrangement of the Aspect experiment. S is the photon source, CI and CII are the optical switches, which are followed by the differently oriented I, I' and II, II' polarization filters respectively. Behind the filters there are the PM photon counters. The coincidence circuit provides the observation of the beats by photon pairs.





	But for the measurements some further additional presuppositions were inevitable, for Bell’s derivation essentially assumed certain ideal conditions, where we can measure for example the polarization of photons in any directions. In the real process the photons emerging from the source fall to a polarization filter, which depending on the polarization of the photons (and perhaps on other factors) absorbs them or not. In a real experiment only that photons are important for us, which arrive to the detectors in pairs. And the efficiency of detectors is 10-20% only. For the interpretation of measurement we have to make some assumptions, for instance Clauser-Horne-Shimony-Holt in their paper assumes that the probability of photon pair detection does not depend on the presence and orientation of polarisation filters.� It’s a plausible presupposition but it’s hard to verify. And this assumption restricts the interval of values of the critical observable to its one hundredth part. The another possible assumption was the no-enhancement principle�, which has similar features. Because of these assumptions and the low efficiency the different interpretational schools were able to develop models that saved their programme.


	The second type of experiments measured the Bell-inequality with high energy photon pairs obtained from electron-positron annihilation.� In this latter case the presuppositions are even stronger than in the previous one, for instance you have to use the quantum mechanics itself and so on. The results were in good agreement with quantum mechanics, but Bell and others worked out such ad hoc hidden parameter theories, which under the given experimental conditions were unfalsifiable, because their predictions were the same as of quantum mechanics.


	The third type of experiment was made with low energy proton-proton scattering and the experimenters measured the Bell inequality of spin correlations.� Of course they needed auxiliary hypothesis as well, so the loophole problem remained, and you can say that Lakatos's negative heuristic works well in all the cases and it’s easy to verify his thesis that there is no "experimentum crucis" in falsificationist sense.


	For the nineties new experiments were suggested which intended to overwhelm the loophole problem by measuring other observables rather than spins and by measuring a bigger part of the emerging useful objects, not only a fraction of them. By J. D. Franson’s suggestion with the help of photons and interferometers it’s possible to test Bell-type inequalities with position and time co-ordinates not spins.� For such experiments you can use the so called parametric downconversion.


�





Figure 4. Parametric downconversion. From the photon with frequency (0 after the interaction with the non-linear crystal NL (coming from the laser) will be two photons with (1 + (2 = (0.





	Shortly the effect is the following: a non-linear crystal splits the laser beam into two beams with double wavelength each (in symmetric case). As we shall have two uniform photons, it is possible to make interference with them in a Mach-Zender apparatus, and changing the optical path, a Bell type inequality can be measured for the phase and momentum of the wave. The efficiency of the device is much greater than in the earlier experiments�, so there was a hope to avoid the auxiliary hypothesis and the ad hoc explanations.


	But unfortunately some theoreticians worked out different models based on a local realistic hidden parameter theory, and these models are able to reproduce among different conditions the old and the new experimental results, as well.


	Further suggestions arrived at for instance in the paper by Greenberger, Horne, and Zeilinger, to measure the original EPR experiment with three particles rather than two.� They hope that the difference between the quantum mechanical and hidden parameter prediction will grow with this solution, and that it will be more difficult to make ad hoc models for three particles. But the measurement will be also much more difficult, we think.


�  �


Figure 5. GHZ’s original suggestion for the measurement with three particles is to the left. To the right is their current concept with the use of parametric downconversion.





Moral





	If we believe in Lakatos and in the skill of theoreticians, then we do not expect radically new results but we have to wait an empirically progressive new programme, and with hindsight we shell see which experiment was crucial. Despite of this reason I do not want to say, that these experiments are useless. These experiments and their interpretations brought us somewhat closer to the understanding of quantum mechanics and in some cases they were useful for practical things as well. During this history of interpretations the theoreticians and also the experimental physicists developed such technologies that can be applied in other fields of physics, for example in quantum correlations. Some people hope that the final results will be the quantum cryptography, quantum communication�, and quantum computers�. So summarising: although there are no crucial experiments in the science but we can say that there are useful experiments anyway.
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