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We examine the conditions under which multiple ionization of Xenon, under strong radiation of photon energy 93 eV and pulse duration 10 fs, leading up to Xe 21+ can be observed. Through a set of rate equations, we show that the dominant sequential channels are sufficient for and consistent with the observed ionic species. Addressing the possible role of the giant resonance in this context, we evaluate the evolution of the neutral which is responsible for that resonance, examining its depletion during the pulse. We show that, owing to the large value of the cross section and in combination with the pulse duration, as the intensity rises towards the peak value, the neutral is depleted very early, at lower intensities, thus precluding its exposure to the higher peak intensities above 10 15 W/cm 2 . But we do point out that under much shorter pulse duration, direct many-electron multiple ejection may be a possibility, but not under the presently available conditions of intensity and pulse duration at the FEL (Free Electron Laser) facilities.

I. INTRODUCTION

Photo-absorption at short wavelength radiation, by which we mean the XUV and X-ray range, traditionally studied at synchrotron facilities, owing to limitations in the intensity of even the most advanced sources of that type, had been confined to singlephoton processes. This has changed with the recent appearance of new radiation sources at that wavelength range, such as the accelerator-based Free Electron Lasers (FEL) [1],

which have made possible the observation of photo-absorption driven by sub-picosecond pulses of intense radiation, leading inevitably to multiphoton (non-linear) processes. A number of experimental data, as well as related theoretical studies, especially in the rare gases, have already been published [2,3,4]. The first issue arising in this new context is whether the coupling to the radiation can still be described by LOPT (Lowest (non-vanishing) Order of Perturbation Theory). As long as the ponderomotive energy U p (cycle averaged kinetic energy of a free or loosely bound electron, in the field) is significantly smaller than the photon energy, LOPT is valid. To provide a point of calibration, note that for infrared radiation of photon energy 1 eV and intensity 10 13 W/cm 2 , U p = 1.43 eV, while it scales proportionally to the radiation intensity and inversely proportionally to the square of the photon energy. Then it follows that, for photon energies around 100eV, the range of interest in this paper, LOPT is valid, as long as the intensity is below 10 19 W/cm 2 , which is three orders of magnitude larger than the intensities employed in our calculations and related experiments. In addition, for the notion of the cross section to be applicable, the pulse duration should be at least 10 cycles of the field; a condition amply satisfied, at this photon energy, even for a pulse as short as 1 fs.

Due to the large peak intensity (up to about 10 16 W/cm 2 ), however, multiple ionization leading to the appearance of ionic species up to Xe 21+ have been reported in TOF (Time of Flight) data [3,4]. The first question that multiple ionization raises is whether sequential processes, leading to successive ionic species, represent the dominant mechanism, or whether the simultaneous ejection of several electrons is also a major contributing process and if so, what would the underlying mechanism be? This is of particular relevance to Xe, known to exhibit a so-called giant resonance at photon energy 100 eV, which involves a single-photon ejection from the 4d shell. An overall Theory of Multiple Ionization of Xenon under strong XUV radiation and the role of the Giant Resonance.3 theoretical interpretation [5], in so far as the dependence of the ionic species on laser intensity is concerned, up to about Xe 15+ , has shown that the underlying mechanism is indeed compatible with sequential ionization; beginning with the single-photon ejection of a 4d electron and the subsequent Auger process producing (with known branching ratios) one or two more electrons [6]. As a consequence of the relevant branching ratios, the most abundant species, throughout the intensity range covered in the experiments [2,3], is Xe 2+ , followed by Xe 3+ .

Although the photon energies of the two sets of data, namely 93eV [2] and 90.5eV [3], do not fall on the peak of the giant resonance, they are well within its broad width of about 30 eV, which implies relatively large cross section (about 22 Mb) very close to the peak value. This has prompted the speculation, albeit in rather vague terms, that the proximity to the giant resonance, in the presence of high intensity, may somehow play a role in the creation of multiply ionized species; other than producing Xe 2+ and Xe 3+ , which initiates the sequential route to the higher ions. Specifically, as stated in [3], under "high irradiance" i.e. 10 16 W/cm 2 , "due to the higher amplitudes, the collective oscillations within the 4d shell may lead to the emission of more than one 4d electron, up to all ten, more or less simultaneously and coherently". Clearly, for this scenario to be of any relevance, it is necessary for the neutral to be exposed to that "high irradiance". Given that, at these photon energies, the creation of up to Xe 7+ is due to a sequence of single-photon absorptions, the issue is amenable to detailed calculation, which is the chief objective of this work. This type of single-photon resonance has been studied, theoretically, as well as experimentally, quite extensively over the last few decades [6,[START_REF] Starace | Handbook der Physik[END_REF][START_REF] Andersen | [END_REF]9]. The magnitude of this feature is unusually large in Xenon, due to the double well shape of the potential and the strong localization of the continuum f-wave in the inner well at the resonance energy [START_REF] Starace | Handbook der Physik[END_REF]10,11]. It appears also in some of the ionic species of Xenon, as well as in the neighboring elements, gradually disappearing in the higher ionization stages, as the resonance is drawn below threshold and is transferred to the bound 4f state [START_REF] Andersen | [END_REF]9].

Although terminology may vary, it is well known that this resonance is essentially due to the d → f coupling matrix element and the overall behavior can be obtained even in a single-particle calculation [START_REF] Starace | Handbook der Physik[END_REF]12]. Accurate reproduction of the experimental cross section and its dependence on photon energy does of course require a sophisticated ap-Theory of Multiple Ionization of Xenon under strong XUV radiation and the role of the Giant Resonance.4 proach, such as RPA (Random Phase Approximation) [13] or Density Functional [14,15] which takes into account the correlation in this multielectron system. It must be emphasized at the outset that this giant resonance represents a photo-absorption process within lowest order perturbation theory (LOPT), as far as the coupling of the electrons to the radiation is concerned; which means that it is described by a transition probability per unit time (Fermi's golden rule), expressed in terms of a cross section. The intra-atomic couplings between the electrons are of course non-perturbative, as already mentioned above. And although the term collective is occasionally used in this context, it should be kept in mind that it is only one electron that is ejected by the photon. The Auger events that follow, leading to Xe 2+ and Xe 3+ , represent intra-atomic processes which occur even far away from the resonance.

Our main objectives in this paper are: (a) To provide an extension and more detailed exposition of our earlier work [5], including now ionic species up to Xe 21+ , thus confirming that the sequential channels alone account for the appearance of species as high as Xe 21+ . (b) To present a quantitative assessment of the role of the giant resonance. (c) To connect the underlying physics to more recent data, pertaining to the validity of LOPT. (d) To discuss the notion of direct multielectron ejection, a process that may turn out to be observable in future experiments, if sub-fs pulses become available in this wavelength range.

A few comments on terminology may be helpful here, before entering the technical aspects of the work. What we mean by sequential ionization is the chain of processes in which the absorption of one or more photons, depending on the ionization potentials, leads to successive ionic species (see Appendix). It is understood that the time scales are such that the ion produced relaxes to its ground state, before the next step in the sequence. This does not preclude the possibility of an ion left in an excited state, from which the next absorption event can occur. Whether this is a significant contribution will depend on the specific situation, i.e. atomic species, photon energy, pulse duration and intensity, as well as on how detailed the experimental data are. Be that as it may, in our equations below, it is assumed that the ions relax to the ground state, before the next event and that this relaxation includes the possible Auger process, as in the case with neutral Xenon. In strong-field radiation-atom interactions, at long wavelength (infrared), the term non-sequential is used to denote a process in which, the first (valence)
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That is why this process is referred to as recollision. Obvioulsy, for this to be possible, the U p of the returning electron must be larger than the binding energy of the valence electron. This type of process is out of the question, in our context, because as already mentioned, the ponderomotive energy is too small to eject even a valence electron. Obviously, it is even smaller compared to the binding energy of a sub-valence electron.

What is in principle possible is the direct multiphoton ejection of two or more electrons, by means of multiphoton absorption of the necessary number of photons, which has nothing to do with recollision. That is why the proper term is direct multielectron ejection. The case of 2-photon direct two electron ejection in Helium, first proposed in [16], is a problem that has already received considerable attention [17,18,19]. Its generalization to several electron multiphoton direct ejection was introduced very recently in [20], while its possible relevance to this case is presented later on, in section V.

II. THEORETICAL FRAMEWORK AND MODELING.

In an experiment under a pulsed source such as the FEL, the atoms are exposed to radiation that rises from zero to the peak value and then falls off to zero, within tens of femtoseconds. Specifically in [3], the full temporal width of the pulse at half maximum (FWHM) was about 10 fs, which is by far sufficiently long for the notion of the cross section to be applicable. Since the conditions of the radiation-atom interaction in that experiment were well within the validity of LOPT, the evolution of the ionic species during the pulse is describable in terms of a set of differential equations, referred to as rate or kinetic equations. Such rate equations are perfectly adequate for the interpretation of experiments in which only total ionic yields are measured. When more detailed data, such as photoelectron energy spectra and angular distributions are measured, a more detailed description in terms of density matrix equations may be required. The input to these rate equations is the temporal behavior of the pulse -a Gaussian being sufficient for our purposes -as well as the relevant cross sections. As already mentioned above, the sequence from Xe to Xe 7+ , via the intermediate ionic stages Xe + , Xe 2+ ,...,
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Xe 6+ , proceeds by means of single-photon absorptions. The cross sections for all of these processes exist in the literature [6,[START_REF] Andersen | [END_REF]9,10], having been obtained through ab initio calculations, as well as measured in related experiments. The sequence beyond Xe 7+ involves 2-photon, 3-photon, etc. up to 7-photon absorption; the latter in the steps leading from Xe 19+ to Xe 21+ . Cross sections for these multiphoton processes can be obtained through an approach of scaling [21] which has been tested repeatedly over the last 25 years (including successful comparison to experimental data) and was employed in [5]. The complete list of the differential equations as well as the relevant cross sections, are given in the Appendix, while a schematic outline of the channels involved in the process is shown in Fig. 1.

Xe

2+ * : 4d A pivotal issue in our present inquiry is the evolution of the lower ionic species and in particular neutral Xenon, during the pulse. That is because, if we are to speculate on the possibility that, owing to the giant resonance, neutral Xenon when exposed to the higher intensities reached in the experiment may exhibit unusual behavior, we need to ascertain that it will not be depleted during the rise of the pulse. Even if one were to be skeptical about the level of accuracy of the multiphoton cross sections entering the sequence of processes beyond Xe 7+ , they are of no consequence as far as the evolution of the neutral is concerned (see also relevant discussion in the Appendix). It should be obvious, but it bears emphasizing, that what happens to the neutral does affect the Theory of Multiple Ionization of Xenon under strong XUV radiation and the role of the Giant Resonance.7 yield of the higher species, but not the other way around. Actually, mere inspection of the experimental ionic yields (Fig. 4 in [2]) suggests that, at the intensity at which Xe 8+ begins appearing in the data (around 8 × 10 13 W/cm 2 ), the neutral must have been depleted having given rise to the ionic species. And if we are to speculate about the possibility of all ten 4d electrons being ejected "simultaneously", we should examine in particular the intensity at which Xe 10+ begins appearing. We should at the same time examine whether the neutral, with its ten 4d electrons, is still intact, when that intensity is reached. Again, on the basis of the experimental data (Fig. 4 of [2]; where unfortunately the yield of Xe 10+ is not shown), we see that the yields of species like Xe 9+ and Xe 11+ , even at the highest peak intensity in the experiment 10 16 W/cm 2 , are two orders of magnitude below the yields of species like Xe 2+ , Xe 3+ and Xe 4+ . Thus it is evident that, even at the qualitative level, the data themselves suggest that up to Xe 7+

it is the single-photon processes that control the chain of events leading to the higher ions; simply because, if some 10-electron process played a significant role, one would expect a surge of Xe 10+ quite early in the pulse, while the neutral is still available. And here is where the crucial dilemma has already surfaced. Early in the rise of the pulse, the neutral is available, but the intensity is low. Later, as the intensity approaches its peak, the neutral will have been depleted. But the experimental data alone cannot

provide a definitive answer, as they do not contain information on the population of the neutral. Moreover, measured ionic yields, as shown in Fig. 4 of [2], come not only from the focal region, where the highest peak intensity is reached, but also from an expanded peripheral volume of lower intensities. It is therefore theory that can provide the missing link, by examining the population of the neutral during the pulse in the focal region.

Proceeding now beyond the qualitative assessment, we consider the sequential channels, depicted schematically in Fig. 1. Using an expanded version of the rate equations of [5] (23 differential equations, shown in the Appendix) to calculate the ionic yields, as a function of peak intensity, for a pulse duration of 10 fs, including the population of the neutral, we obtain the result shown in Fig. 2. We have, on purpose, left out the spatial integration over the interaction volume [5], in order to exhibit the evolution (the appearance and disappearance) of the ionic species as a function of the laser peak intensity, at the focal region where the intensity is maximum. The effect of the spatial Theory of Multiple Ionization of Xenon under strong XUV radiation and the role of the Giant Resonance.8

integration (essentially an instrumental, albeit unavoidable effect) is well known and has, in the context of this problem, been included in [5]. In any case, as already noted above, the signal produced in the peripheral (outside the focal region) interaction volume is due to lower intensities.

Examining now the population of the neutral in Fig. 2, first note that it is practically gone (reduced by 5 orders of magnitude from its initial value of 1) at a peak intensity of about 6 × 10 14 W/cm 2 , well below 10 16 . Note moreover that Xe 10+ begins appearing with a population of 10 -5 at an intensity of about 1.5 × 10 14 W/cm 2 , while it never exceeds the populations of Xe 7+ , Xe 8+ and Xe 9+ . Actually, the whole picture points rather clearly to the gradual leaking of the initial population through the sequence of ions. The peak values of the various ionic species, resulting from an interplay between the order of non-linearity and the value of the relevant cross section, reflect the rate of flow to and out of each ionic species. The abrupt changes of peak heights, as for example from Xe 11+ to Xe 12+ , are due to changes of the order of non-linearity, as determined by the corresponding ionization potentials. The overall picture then demonstrates that, if we were to postulate some unusual, even if unspecified, process that sets in at the higher intensities, say above 5 × 10 15
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W/cm 2 , leading to multiple electron ejection, it would have to originate from a species like Xe 6+ and not from the neutral with its giant resonance. It should be clear by now that, ironically, the effect of the relatively high cross section around that "giant" resonance is to cause the rapid depletion of the neutral at lower intensities, precluding thus the possibility of its exposure to the higher peak intensity.

A few further remarks concerning certain details of the sequence of processes are perhaps in order here. The photo-ejection of one 4d electron opens a hole whose filling by an Auger process, leads predominantly to the net ejection of 2 electrons, with (it bears repeating) known cross sections. That is why the dominant species up to intensities of about 5 × 10 13 W/cm 2 is Xe 2+ . The Auger lifetimes in this case are somewhat shorter than the pulse duration. Thus, in the scale of the pulse duration, the hole is in effect filled quickly, which means that the ejection of a 4d electron from Xe 2+ represents a significant channel, which is of course included in the calculation leading to the results of Fig. 2. It is true that Xe + and Xe 2+ do exhibit a resonance at around that photon energy, but with values of the cross section significantly smaller than that of the neutral;

which have anyway been incorporated in the rate equations. Beginning with Xe 3+ and beyond, single-photon ionization is dominated by electron ejection from the 5s and 5p shells. Be that as it may, all processes with significant cross sections, from all shells of importance, have been included in the rate equations. It is important to keep in mind that, in the experimental data which include yields from the peripheral volume of lower intensities, beyond the focal region, Xe 2+ will always dominate as is actually the case in [2], Fig. 4, as well as in our earlier work [5].

Theory can in addition provide a direct quantitative assessment of the evolution (depletion) of the neutral during the pulse. This is shown in Fig. 3, for pulses of various peak intensities, ranging from 10 13 to 10 16 W/cm 2 , all of 10 fs duration, confirming the picture discussed above in terms of the ionic yields. It is obvious, in particular, that for a peak intensity of 10 16 or even 10 15 , the neutral has been depleted severely, long before the peak intensity is reached. Note, moreover, that although at 10 14 W/cm 2 about 30 % of the neutral is still available at the peak intensity (Fig. 3 ), the population of Xe 10+ at that intensity is about 7 orders of magnitude lower.

Despite the apparent complexity of the problem, involving 23 differential equations and processes of non-linearity up to 7, we came across a rather interesting surprise, contained in the results of Fig. 4 in comparison to those of Fig. 2. In Fig. 2, the yield of Xe 3+ , over a range of intensities spanning two orders of magnitude, is visibly lower than what it is in Fig. 4. The difference is due to the values of the single-photon partial cross section leading from Xe to Xe 3+ , employed in the two calculations (as indicated in the caption of Fig. 4). Although theoretical and experimental values do exist in the literature [6], a difference by a factor of 1.66 between the values employed in Fig. 2 and 4 is well within the known uncertainties. Surprisingly, or maybe not, the relative yields of Xe 2+ and Xe 3+ in Fig. 4 are in much better agreement with the experimental results of [2]. It appears therefore that despite the high intensity and many stages of ionization, the data (taken at face value) can provide a clue as to the most appropriate value of the cross section for Xe → Xe 3+ . Incidentally, this provides an additional redundancy check of the decisive role of single-photon transitions in the sequence of ionization events, as well as the validity of the rate equations. In case there was a lingering doubt as to the validity of LOPT under the conditions of these experiments, further confirmation has been provided by a more recent experimental paper [22], in which the additional absorption of one photon, above that exciting the giant resonance, has been documented through the analysis of the photoelectron energy spectrum. This is an ATI (Above Threshold Ionization) process, corresponding to a net 2-photon absorption from a 4d electron. The slope of the respective photoelectron yield, as a function of FEL intensity (Fig. 4, [22]) in a log-log plot, has been found to be equal to 2, an unmistakable signature of LOPT. As is well known from strong field non-perturbative behavior, the onset of deviation from LOPT is characterized by the departure of the slope of ATI from that corresponding to the number of absorbed photons (see, for example, [23]). On the basis of our results in Fig. 2 and 3 above, this is hardly surprising, since we have shown that the neutral is depleted at the lower intensities. As a consequence, any photo-absorption product originating directly from the neutral, as

Theory of Multiple Ionization of Xenon under strong XUV radiation and the role of the

III. FURTHER EXPERIMENTAL CONFIRMATION OF LOPT

Theory of Multiple Ionization of Xenon under strong XUV radiation and the role of the Giant Resonance.12 the ATI electrons must be, will inevitably appear at the lower intensities, during the rise of the pulse, while the neutral is still around. Thus it goes without saying that any speculation about the behavior of Xe with its giant resonance at 10 16 W/cm 2 is devoid of meaning in the context of these experiments. But even if the neutral were exposed to an intensity near 10 16 W/cm 2 at this photon energy, as it might under a much shorter pulse, the behavior would still be within LOPT, as explained in our introduction above.

In the meantime, Pi and Starace [22] have published an ab initio value 5 × 10 -52 cm 4 sec for this ATI 2-photon (generalized) cross section at photon energy 93 eV, as obtained within LOPT. Using this cross section and that for single-photon absorption (22 Mb), it is straightforward to calculate the ratio of the two-photon to the singlephoton rate, at a given intensity. For example, at an intensity of 10 14 W/cm 2 , that ratio turns out to be 2 × 10 -4 , which means that the ATI yield is about four orders of magnitude smaller than the single-photon one, in reasonable agreement with what has been reported in [22]. On the other hand, if we were to use an intensity of 10 16

W/cm 2 , we would find this ratio to be 2 × 10 -2 or 2 % which is in the ballpark of the theoretical estimate of 0.5 % given in [22], but still quite different from the experimental value. Be that as it may, it should be clear by now that estimates for this ratio at such a high intensity are meaningless, because the neutral will never "see" an intensity of 10 16 W/cm 2 , for a 10 fs pulse. It is a simple exercise to show that the lifetime of the neutral (against ionization) at that intensity is less than 10 -16 sec.

IV. RELEVANCE OF COLLECTIVE PLASMA-LIKE OSCILLATIONS

The above experimental data on ATI and their quantitative theoretical interpretation have direct bearing on a very recent attempt [25] at interpreting the multiple ionization of Xe in terms of an ad hoc semiclassical model, in which the eighteen 4d, 5s and 5p electrons are modeled by a one-dimensional, damped, harmonically driven oscillator. By representing ionization in terms of damping constants, and through an adjustment of parameters, a curve resembling the giant resonance has been obtained in Fig. 2 of [25]. We shall refrain from commenting on the appropriateness and validity of such a model at this point in time, in view of the exhaustive information, accumulated
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over the last decades, on a well-established quantum phenomenon. But it is relevant and important to point out that any attempt at alternative theoretical models should at least be compatible with existing experimental data and of course self-consistent. There is, however, a serious difficulty in this case, because the model of [25] cannot possibly account for ATI which in view of [22] is an experimental fact, indisputably and quantitatively compatible with single-atom multiphoton theory. As we have shown above in detail, the behavior, magnitude and intensity dependence of that ATI yield prove, beyond any doubt, that the process begins with the ejection of one electron from the 4d shell. The 4d shell therefore begins breaking up very early in the pulse; precisely because of the large value of the cross section. One cannot have an ATI photoelectron without having an electron raised into the continuum by the absorption of one photon.

And of course the observed energies of the photoelectrons correspond exactly to those dictated by energy conservation. It is evident therefore that the experimental data are incompatible with the assumption of the 4d, 5s and 5p shells oscillating at high intensity.

Curiously, the experimental ATI paper [22] is not cited in [25], although its author is one of the co-authors of [22].

A few further remarks on this issue are in order at this point. (a) The fact that by adjusting parameters one can fit one feature of photoabsorption does not entail its validity, especially when it concerns a thoroughly studied and settled process, such as the giant resonance in Xenon. The above discussed ATI process is one of many others that cannot possibly be accommodated by the model of [25]. (b) The assertion that the model is not valid below 4×10 13 W/cm 2 poses another difficulty. As we have seen above, by the time this intensity is reached, the neutral has been depleted significantly. If we were to assume that the neutral remaining after that intensity, suddenly loses many electrons (of the order of 18), we would expect a sudden surge of ions around Xe 18+ . This however flies against the experimental data themselves (Fig. 4, [2]), as well as our theory, because in both the ions are seen to follow a sequence of appearance. (c) The modeling in [25] is based on a sudden turn on of the coupling which is incompatible with the real pulse. And it is not an academic issue but a very practical one, because as it was demonstrated a long time ago [21] and reconfirmed here, the wings in the rise of the pulse play a decisive role on the depletion of species through the sequential channels. That is why, non-perturbative behavior at long (infrared) wavelengths came into play when what the order of the photo-absorption process may be.

Finally, it may be helpful to remind the reader that ad hoc models for multiple ionization have been attempted long ago ( [21] and references therein), with reasoning similar, but not identical, to that in [25]. Careful and detailed investigations, however, demonstrated that the claims were incompatible with the rules governing radiation-atom interactions, in relation to the pulse duration. That in fact was the motivation for the introduction of the scaling approach [21] which was instrumental in demonstrating the fallacy of the so-called collective multiple ionization. Ultimately, it was the examination of photoelectron energy spectra that settled the issue [26]. In the present case, the signature of the ATI photoelectron energy alone provides a valuable, in fact crucial, clue. Nevertheless, more detailed studies of photoelectron energy spectra, such as a recent example in Kr [27], will provide further insight as to the relative magnitude of the channels leading to multiple ionization.

V. DISCUSSION AND OUTLOOK

Through a quantitative analysis of the time evolution of the Xe ionic species under radiation of photon energy 93 eV, pulse duration 10 fs and intensity up to 10 16 W/cm 2 , we have shown that neutral Xe is depleted well before that intensity is reached. As a result, the giant resonance with its large cross section cannot be a contributor to whatever may happen at intensities, say, above 5 × 10 14 W/cm 2 . The fact that, with increasing peak intensity, significant yields of ionic species are produced within a larger part of the interaction volume (outside the focal region), does not affect the argument, because the intensity in the expanded volume is lower. Moreover, whatever approximations may be involved in the values of the higher order -3-photon and above
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-cross sections, they do not affect the issue of the role of the giant resonance, since species up to and including Xe 7+ are produced via single-photon sequential absorptions, with known cross sections, within LOPT. This has in fact been verified directly through a parametric study, in which we have varied the values of the higher order cross sections, within a reasonable range, with the result that it is only the populations of the higher ionic species that are redistributed somewhat, without affecting the overall picture (see Appendix). It should be further noted that the known intensity fluctuations of the FEL pulses [1,20], do not affect our central argument. The yield of single-photon processes is not affected by the fluctuations, while their effect on N-photon processes is to increase the apparent N-photon cross section by at most a factor of N!, which again affects only the relative yields of the higher ionic species and not the neutral or the lower ionic species.

Still, in anticipation of future improvement of sources, there is a process of direct many electron ejection which is in principle possible and perhaps worth pondering.

Given sufficient intensity, it is conceivable (technically speaking there is a Feynman diagram) that ten 4d electrons can be ejected via an approximately 17-photon process, for photon energies in the range of 100 to 200 eV, leading to the creation of a Xe atom with a hollow 4d shell. This would be a process still within LOPT, but it would require a pulse duration well below 1 fs, so that the depletion of the neutral in the rise of the pulse can be avoided. The quantitative dynamics, lifetime and channels of decay of such a hollow state represent of course terra incognita and an enormously challenging problem.

This idea of direct multiphoton multielectron processes, involving up to 8 electrons, has been discussed most recently [20] in a specific quantitative context. Thus if and when FEL sources can provide sub-fs, intense pulses, it will be worthwhile to explore in more detail the feasibility of the observation of such direct multielectron processes. Although the details of the underlying dynamics represent a daunting task, still multiphoton cross sections for such direct processes can be estimated through scaling [20]. It is then a matter of extending our rate equations, by including such higher non-linearity direct processes, and assessing their contribution to the laser power dependence of ionic species, as compared to that of the sequential alone, as discussed in [20]. Such a project must, however, await the development of sub-fs, intense pulses in this short wavelength range; because otherwise it may simply remain as an academic theoretical exercise.
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There is, however, one point that should be made clear at this point in time.

The above direct, multielectron, multiphoton process has nothing to do with the giant resonance, which in any case is a single-photon process. All of the electrons in such direct processes are driven by the field, while in the giant resonance only one electron is ejected by the field, the role of correlation between the electrons in the shell being to lend enhanced oscillator strength to the single-photon transition. In contrast, in the direct process envisioned here, electron correlation would not be a major influence [20], since in a real sense each electron is pushed out by a photon. In fact, for a sufficiently short pulse, electron-electron interaction is completely negligible. Nevertheless, although in some sense the electrons would be ejected "together", instead of sequentially, we would refrain from using the term collective, as it may not be particularly helpful, if not misleading, since it conjures images of collective processes in heavy nuclei or mesoscopic systems which have hardly any resemblance to an atom.

Figure 1 .

 1 Figure 1. Schematic diagram of the main channels leading to sequential multiple ionization of Xe under radiation of photon energy 93 eV.

Figure 2 .

 2 Figure 2. Calculated population of the neutral and generated ionic yields of Xe, as a function of FEL peak intensity, under 93 eV radiation of 10 fs pulse duration.

Figure 3 .

 3 Figure 3. Evolution of the population of the neutral during the pulse for various peak intensities. The dashed line represents a pulse of 10 fs duration (FWHM).

Figure 4 .

 4 Figure 4. Sensitivity of the yields of Xe 2+ and Xe 3+ to the single-photon cross sections. The cross section for Xe → Xe 3+ employed in the calculation for this Figure is 10 Mb as compared to 6 Mb in the calculation for Fig. 2.

  Theory of Multiple Ionization of Xenon under strong XUV radiation and the role of the Giant Resonance.14 pulse durations broke the picosecond barrier. The corresponding barrier at XUV and beyond is of the order of sub-femtosecond. (d) The data moreover clearly demonstrate the sequential generation of successive ions according to well-known cross sections and the associated Auger processes, with Xe 2+ dominating the onset of ionization, followed by Xe 3+ , as expected by LOPT. (e) Atoms are neither clusters nor plasmas. They have well known structure and their coupling to radiation obeys selection rules, no matter
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Appendix A.

The purpose of this Appendix is to provide the complete set of differential (rate) equations governing the production of the Xe ionic species by sequential multiphoton ionization, under radiation of photon energy 93 eV. The symbol N j (j = 0,1,2,,22) indicates the time-dependent population of the species of charge j+, and Ṅj the time derivative.

The symbol σ

(n) ij denotes the single-or multiphoton cross section for the transition from ionic species Xe i+ to Xe j+ , with the superscript n indicating the order of the process which appears also as the exponent of the time-dependent photon flux F(t). Absence of a superscript indicates a single-photon process. The calculation is limited to species up to and including Xe 22+ , because the highest species indicated in the experimental data in [3] is Xe 21+ . Strictly speaking, there should also be terms in the right-hand Theory of Multiple Ionization of Xenon under strong XUV radiation and the role of the Giant Resonance.17 side of the equations representing the creation of the excited hole state and its decay, via the appropriate cascade. It turns out, however, that such terms do not affect the results appreciably, because the pulse duration is longer than the relevant lifetimes [6]. Such terms will be necessary when pulse durations shorter than the leading lifetimes become available. Since only data in the form of TOF peaks have been given in [3], a quantitative comparison with the laser power dependence shown in Fig. 2, as well as Fig. A1 below, is not possible. Qualitative comparison through visual inspection of the TOF spectra in [3] appears to show reasonable resemblance with theory.

The rate equations are:

13,14 F 4 N 13 -σ For single-photon processes (up to Xe 7+ ), the cross sections have been taken

from [6,[START_REF] Andersen | [END_REF]9], as well as checked through independent calculation using Cowan's code (http://aphysics2.lanl.gov/cgi-bin/ION/runlanl08d.pl ). Multiphoton cross sections have been obtained mainly through scaling [21], while some 2-photon cross sections have also been calculated through a truncated summation.

It may be useful to devote here some space on the level of accuracy of the multiphoton cross sections, as obtained through scaling. First recall that a single-photon cross section is proportional to the square of a dipole matrix element between the initial and Theory of Multiple Ionization of Xenon under strong XUV radiation and the role of the Giant Resonance.19 final state. An N-photon transition amplitude involves a summation over (N-1) manifolds of intermediate states, in which a product of N dipole matrix elements appears in the numerator [21]. As usual, the cross section is given by the square of the absolute value of the transition amplitude. Dimensionally, therefore, it involves a product of N squared matrix elements. Now, an error of a factor of 2 in the squared single-photon matrix element, entails an error of a factor of 2 in the single-photon cross section. It follows then that, an error of a factor of 100 in the value of, say, a 6-photon cross section, is equivalent to an error of 100 1/6 =2.16, essentially the same as a factor of 2 in the single-photon case. As explained in detail in [21], the scaling procedure is exact for hydrogen-like systems. Its systematic extension to other atoms takes into account the size of the atom, as well as the ionization potential, both of which reflect the particular atomic structure of the species under consideration. Thus although no longer exact, through numerous applications and testing over the years, it has been found to be well within the accuracy of the relevant experiments in which the only measured quantity is the laser power dependence of ionic yields.