PITT-488

Double ionization of a helium{like atom or ion by a high energy photon

T. Surić^∗, K. Pisk^∗ and R. H. Pratt^† ∗Rugjer Bošković Institute, P. O. Box 1016, Zagreb, Croatia †Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, PA 15260, USA

Abstract

We review recent progress in calculations of the ratio of double to single photoionization of helium–like atoms and ions at high energies. The importance of relativistic effects is discussed, with particular emphasis on recent relativistic calculations of double ionization of helium–like atoms and ions by Compton scattering. These calculations, based on the sudden approximation or the impulse approximation, show that, for low Z elements, relativistic effects do not alter the high energy limit of the Compton double to single ratio R_C , even though they do affect single and double ionization Compton scattering separately.

I. INTRODUCTION

Double ionization of two electron atoms and ions by one photon is attracting significant attention both experimentally and theoretically. The motivation is the investigation of electron–electron correlation effects. The interest in the use of photons in ionizing two electron systems (particularly helium) is based on the observation that the interaction between electrons and the radiation field is described by a one–body operator. This means that, in the lowest order for a given ionization process, a photon interacts with only one electron. Hence the simultaneous ejection of two electrons is due to the electron–electron interaction between the two electrons, and therefore double ionization by a photon provides a clear probe of electron–electron correlation. In a two electron system no other correlations are present. For this simplest many–body system we may be able to develop more exact theoretical approaches and more detailed experimental methods. We wish to understand eventually all possible correlation effects in this relatively simple system, with the purpose of better understanding of these effects in more complex systems.

The photoionization processes are photoeffect (incident photon absorbed) and Compton scattering (incident photon scattered). Photoeffect dominates the total cross section at lower photon energies and its relative contribution in photon atom interaction decreases as photon energy increases. For a He–like system, at energies for which the incoming photon momentum k is comparable to the average momentum of the bound electrons p_{av} (of a two electron atom or ion in its ground state), photoeffect and Compton scattering are comparable. For higher energies Compton scattering dominates. In the case of helium Compton scattering dominates above, roughly, 6.5 keV.

The simplest observable, for both experimental and theoretical treatment of the correlation effects, has been the ratio between probabilities for double and single photoionization. This ratio is nonzero because of electron–electron correlation; its value depends on incident photon energy. Also, the value depends on the process under consideration. Therefore we talk about the Compton double to single ionization ratio R_C and the photoeffect ionization ratio R_P . The energy dependence of these observables, and particularly their high energy limits, are subjects of extensive studies. In the last several years significant progress has been achieved [1]. However, the relatively large disagreements in theoretical predictions as well as in experimental data indicate that we still do not understand all relevant aspects of the processes which are involved in determining the ratio for the double to single ionization for both Compton scattering and photoeffect.

As we will see, much understanding of these processes can be obtained within the shake– off approximation, i.e. a sudden approximation. By shake–off approximation we mean the assumption that the final state electron–electron interaction can be neglected, and that one electron scatters the high energy photon and accepts almost all momentum transfer [2].

II. PHOTOEFFECT RATIO R_P

Until recently it was believed that the energy dependence of R_P for helium was well understood over the whole nonrelativistic energy region. The theoretical predictions were consistent with measurements showing that R_P increases with energy, reaching a maximum (R_P =0.05) at photon energies of ω = 150 − 250 eV, and then decreases to the constant shake–off value R_P = 0.017 for energies above roughly 3 keV.

New measurements [3], performed using cold target recoil spectroscopy, have found the peak of R_P to be lower than previously assumed, by about 25 %. These new data are consistent with calculations [4] relating the photoeffect ratio to that for fast charged particle impact.

The shake–off ratio is given in nonrelativistic calculations [5–8] as

R_P = 1 − ∑ B | ∫ Φ^∗_B(r_1)Ψ_i(r_1, 0)d^3r_1|^2 ∫ |Ψ_i(r_1, 0)|^2 d^3r_1

. (1)

Here Ψ_i(r1, r2) represents the initial state wave function, Φ_B(r_1) is a bound state hydrogen– like electron wave function (in the potential of charge Z), and the summation is over all bound states. The shake off formula Eq. (1) has usually been derived in the nonrelativistic dipole approximation without retardation. It reflects the fact that, in the dipole approximation, the photon can be absorbed only if nucleus takes additional momentum (note that one of the electrons in Eq. (1) is removed from near the nucleus, r_2 = 0). Namely, in the dipole approximation, a two–electron system, in the absence of nuclear field, cannot absorb a photon. Most theoretical analysis uses the dipole approximation. However, the shake–off result Eq. (1) is not changed if retardation effects (i.e. higher multipole effects) are included, given that for low Z two–electron systems retardation has little effect on ground state wave function Ψ_i and hydrogenic bound states Φ_B. In explicit calculations, using wave functions consistent with shake–off assumptions, Kornberg and Miraglia [9] have shown that, even when retardation alters the cross sections for single and double photoionization by significant factors, the same factor enters both processes, and so the ratio R_P is unchanged.

We may likewise expect that relativistic effects do not alter the photoeffect ratio R_P , based on the shake–off argument. The shake–off process, when applied to double photoionization, can be viewed as a two–step process. In the first step one electron is suddenly removed, corresponding to the single ionization process. Here we may allow very large, even relativistic, energies and therefore relativistic effects can be important. The second step is shake–off of the other electron which is (at least for small Z) most often a slow, nonrelativistic electron. Calculating the ratio between double and single photoionization cross sections, under the assumption of the validity of the sudden approximation, the contributions of the first step (the single ionization cross section), including relativistic as well as retardation effects, cancel out completely, leaving R_P as in Eq. (1).

However, at high energies, where the shake–off mechanism was assumed to be valid, Drukarev [10,11] has called attention to an additional mechanism [12–14] for double photoeffect, which would first manifest itself as a linear rise of the ratio with energy, causing a roughly 10% correction to the shake–off limit for R_P at about 12 keV. This prediction awaits experimental verification. The point is that, while a photon cannot be absorbed by one free electron in the absence of the atomic nucleus (and momentum must be transfered to the atomic nucleus), a photon can be absorbed by two free electrons (though not in the dipole approximation). This leads to a mechanism for double ionization which is not available for single ionization. The analysis was performed within nonrelativistic quantum mechanics without assuming dipole approximation, therefore allowing two electrons to absorb the photon even in the absence of the atomic nucleus [15].

A pair of photoelectrons produced through this alternative mechanism share the photon energy nearly equally (and we may call this mechanism an “equal energy sharing mechanism”). The residual ion is left with small momentum. This is different from the case when photoelectrons are produced through the shake–off mechanism, in which one electron takes almost all the photon energy and the residual ion takes almost all transfered momentum. Note that in the experimental situation where photoeffect events are distinguished from Compton events by measuring the recoil of the residual ion [16,17], the events produced through the equal energy sharing mechanism are not counted in photoeffect events, but in Compton events. These experiments count as photoeffect events only those produced in the shake–off regime (one electron takes almost all available energy while the other shakes–off), and therefore such experiments would not observe the term in R_P caused by the equal energy sharing mechanism.

Even though the shake–off ratio may therefore not be the high energy limit of R_P , it is a physically well–defined quantity which we may measure. This observable, which we may call the shake-off ratio R^{s.o.}_P , gives us information about the initial state electron–electron correlation when one of the electrons is near the nucleus [18,19].

Likewise, if the equal energy sharing mechanism is of the estimated magnitude, it may be within the scope of today’s experimental methods. Its measurement should provide information on electron–electron correlation when the electrons are close to each other. This mechanism may also be important in double–electron capture processes in heavy (highly– charged) ion–atom collisions when a single high energy photon is emitted. For low Z ions the theoretical predictions are reported to be in good agreement with experimental data [20]. However, for highly charged ions a surprisingly enhanced cross section for double electron capture is found [21].

III. COMPTON RATIO R_C

There are now several calculations of the Compton scattering ionization ratio R_C [22–29]. For finite energies (up to 20 keV) these calculations, performed for He, disagree significantly. However in the high energy limit these theoretical results appear to be in agreement, as discussed by Surić, Pisk and Pratt [18].

Andersson and Burgdörfer [23] performed Compton calculations for helium using highly correlated initial state wave functions and approximately correlated or uncorrelated final state wave functions. Their various calculations all predicted the ratio decreasing toward the same constant ratio of R_C = 0.8%. Hino, Bergstrom and Macek performed lowest order MBPT calculations for He with a basis set constructed using the V^{N−1} potential. In their first paper [24] they asserted that their results reached an asymptotic limit of around R_C = 1.7% somewhat above 10 keV. However in their later work [25], performed with energies up to 20 keV, they found that their results for the ratio were decreasing and had not reached an asymptotic limit. They concluded their results were consistent with the high energy limits of Andersson and Burgdörfer [23] and Surić et al. [26]. Surić et al. [26,2], using generalized shake–off model or impulse approximation (IA) have derived a high energy limit formula for the double to total ionization ratio for Compton scattering

R_C = 1 − ∑ B ∫ d^3r | | | ∫ Φ^∗_B (r_1)Ψ_i(r, r_1)d^3r_1 | | | 2 . (2)

Here Ψ_i(r, r_1) represents the initial state wave function, Φ_B(r_1) is a bound state hydrogen like electron wave function (in the potential of charge Z), and the summation is over all bound states. Using highly correlated initial state wave function they obtain R_C = 0.008 (0.8%) for He. At finite energies their results with IA approach the limiting shake–off value from below. The shake–off ratio for Compton scattering, given by Eq.(2), differs from the photoeffect shake–off ratio, given by Eq.(1), because different regions of the initial state contribute to these two processes. Namely, when the incoming photon energy goes to infinity the photoeffect shake–off ratio will be determined exclusively by the region where one of the electrons is at the nucleus. By contrast, the Compton process can occur on free electrons, and all regions contribute in proportion to the probability amplitude that an electron can be found there.

Using the lowest order MBPT based on hydrogenic wave functions and introducing an effective nuclear charge, Amusia and Mikhailov [27,28] obtained R_C = 0.0168 for helium. Subsequently, Surić, Pisk and Pratt [18] showed that this introduction of effective charge in the calculation was unjustified. If bare charge is used in the calculation, as is more appropriate, the result would be consistent with other high energy predictions for R_C .

Kornberg and Miraglia [29] studied the energy dependence of R_C using L and V form of the A^2 interaction operator, correlated initial state and uncorrelated final electron states. Their results are form dependent for finite energies, but, for both forms, approach the limit predicted by Eq. (2) (R_C = 0.008 for helium). The L-form results support the results of Andersson and Burgdörfer (who used the same form of the A^2 operator, but more correlated initial state and final states) that the asymptotic limit is approached from above. However, the V-form results approach the asymptotic limit from below, as do the IA results of Surić et al..

In the energy region between 6 keV and 20 keV, experimental data are not yet definitely conclusive. At energies between 6 keV and 11 keV the theoretical predictions of Andersson and Burgdörfer seem to be in better agreement with measurements, performed by Levin et al. [30] and by Spielberger et al. [17], than are the other predictions. At higher energies, 15-20 keV, the measurements of Levin et al. [30] seem to be in quite good agreement with the predictions of Bergstrom, Hino and Macek [25], which are higher then the results of Andersson and Burgdörfer as much as 50%. Recent measurement by Spielberger et al. [31] with 58 keV photons found R_C = (0.84^{+.08}_{−.11})% in good agreement with the theoretical predictions for the shake–off limit. Another measurement by Wehlitz et al. [32] performed with 57 keV photons is less conclusive. They found R_C = (1.25 ± 0.3)%.

More extensive study, in a wide energy range, is clearly required in order to understand the energy dependence of R_C . There does seem to be agreement among the theoretical predictions that the high energy limit of R_C is given by Eq. (2), and this is supported by the measurement of Spielberger et al. [31]. However, more measurements in this and even higher energy regions are required. As stated by Spielberger et al [31], the experiments with photons above 100 keV up to ‘....150 keV are clearly within reach’. This is based on the facts that Compton scattering cross section slowly varies with energy, in this energy region, and on the availability of new–generation high energy synchrotron radiation facilities.

As one considers this higher energy region, it is clear relativistic effects must be examined. (All existing predictions are nonrelativistic). Recently, we have extended our theoretical analysis of double ionization by Compton scattering, based on sudden approximation [2], to relativistic regions. This approach should be appropriate for the relativistic treatment of double ionization Compton scattering from He-like systems. We have demonstrated that for low Z elements relativistic effects do not alter the high energy limit of the Compton double to single ratio R_C , although these effects do affect single and double ionization Compton scattering separately. (The shake–off argument that relativistic effects do not alter the ratio R_C is the same as for the shake–off for photoeffect).

Justification of the sudden approximation for double ionization by Compton scattering at high energies comes from the observation that, in single ionization Compton scattering at high incident photon energies, most outgoing electrons have large energy. Figure (1) illustrates that, in high energy Compton scattering, most electrons do have enough energy to apply the sudden approximation. We show the singly differential cross section (with respect to outgoing electron energy) in single ionization Compton scattering from helium, calculated using using an exact numerical approach or IA (which can not be distinguished on this figure for these energies). Results for incident photon energies of 25 keV and 150 keV are displayed. We see that most electrons have energies below the edge determined by the Compton energy for scattering from free electrons at rest. Between zero energy and this edge, the differential cross section is a slowly varying function of energy, and all these energies are, approximately, equally likely. If we assume that 3 keV outgoing electron energy is required to apply the sudden approximation (the shake–off ratio R_P in photoeffect, for helium, is approached at this energy) then we see that at 150 keV this approximation is valid for most of the Compton events.

Assuming the validity of sudden approximation we have concluded that relativistic effects are the same in the double and single ionization cross sections. Therefore, in treating double ionization cross sections by Compton scattering at high, relativistic energies it is appropriate to apply the shake–off factor to the single ionization cross sections. At these relativistic energies, and for low Z elements, the single ionization cross sections can be treated, within a high degree of accuracy, using impulse approximation. This is well established [33–36] for the treatment of cross sections up to the level of detail of doubly differential cross section (with respect to outgoing photon angles and energy) [37]. Therefore, in evaluating such differential cross sections, in this energy region we may use IA. Conversely, Surić et al. have verified that if one calculates double and single ionization singly differential cross sections the ratio is 0.008 (for He) for all, except very small angles, where both sudden approximation and IA are not valid.

An interesting application of shake–off related ideas in nonrelativistic Compton scattering has been presented by Wang et al. [38]. These authors present calculations of the ratio between double and single ionization singly differential cross sections (with respect to energy transfer) by Compton scattering. These calculations show that, except for small energy transfers (where sudden approximation is not supposed to be good) this ratio is constant (the shake–off constant R_C ) up to the free Compton scattering edge. This is consistent with with the usual Compton shake–off picture. However, for larger energy transfers (which contribute negligibly to the total cross section) the ratio changes and rises toward the shake– off ratio for photoeffect R_P , reflecting the fact that large energy transfers, as for photoeffect, are only possible when large momenta are transfered to the atomic nucleus.

IV. CONCLUSION

We have reviewed recent progress in calculations of the ratio of double to single photoionization of helium–like atoms at high energies. These ratios, both for ionization through photoeffect and Compton scattering, are largely to be understood through the shake–off mechanism, which assumes that one electron is suddenly removed from a two–electron system allowing the other only to shake off, as the residual system relaxes. Retardation does not change the photoeffect shake–off ratio (retardation is already included in the Compton process). Relativistic effects do not significantly change the ratio for either process. Both retardation and relativity affect the separate cross sections for double ionization and single ionization processes significantly. In the case of photoeffect we have also called attention to the recently proposed additional double ionization mechanism, involving equal energy sharing, which modifies the shake–off prediction for R_P at high energy.

REFERENCES

[1] See the recent extensive review of J. H. McGuire, N. Berrah, R. J. Bartlett, J. A. R.

Samson, J. A. Tanis, C. L. Cocke and A. S. Schlachter, J. Phys. B 28, 913 (1995). [2] T. Surić, K. Pisk, B. A. Logan and R. H. Pratt, to be published. [3] R. Dörner, T. Vogt, V. Mergel, H. Khemliche, S. Kravis, C. L. Cocke, J. Ullrich, M.

Unverzagt, L. Spielberger, M. Damrau, O. Jakutzki, I. Ali, B. Weaver, K. Ullmann, C. C. Hsu, M. Jung, E. P. Kanter, B. Sonntag, M. H. Prior, E. Rotenberg, J. Denlinger, T. Warwick, S. T. Manson, and H. Schmidt–Böcking, Phys. Rev. Lett. 76, 2654 (1996).

[4] S. T. Manson and J. H. McGuire, Phys. Rev. A 51, 400 (1995). [5] A. Dalgarno and A. L. Stewart, Proc. Phys. Soc. London 76, 49 (1960). [6] F. W. Byron, Jr., and C. J. Joachain, Phys. Rev. 164, 1 (1967). [7] T. Åberg Phys. Rev. A 2, 2 (1970).

[8] T. Åberg, in Photoionization and Other Probes of Many Electron Interactions, edited by F. J. Wuilleumier (Plenum, New York, 1976) p. 49.

[9] M. A. Kornberg and J. E. Miraglia, Phys. Rev. A 52, 2915 (1995). [10] E. G. Drukarev, Phys. Rev. A 51, R2684 (1995). [11] E. G. Drukarev, Phys. Rev. A 52, 3910 (1995).

[12] The contribution of this mechanism to the spectrum of outgoing electrons in double ionization was estimated by M. Ya Amusia, E. G. Drukarev, V. G. Gorshkov and M. P. Kazachkov, J. Phys. B 8, 1248 (1975). Its contribution to the double ionization total cross section and its effect on the photoeffect double to single ionization ratio was not discussed in detail. Subsequently, E. G. Drukarev and F. F. Karpeshin, J. Phys. B 8, 399 (1976), discussed the contribution of this mechanism to the double ionization total cross section and calculated its effect on the photoeffect double to single ratio. In this work they extended the discussion to the relativistic region.

[13] For further discussion see M. Ya Amusia, Comments At. Mol. Phys. 10, 155 (1981) and “Atomic Photoeffect”, M. Ya. Amusia, Plenum, New York, 1990 (Chapter 8).

[14] We are aware of an attempt by K. Pisk (“Double photoeffect”, Masters thesis, University of Zagreb, Zagreb 1969, in Croatian, unpublished) and by K. Pisk and K. Ilakovac (Proceedings of the Fifth Congress of the Mathematicians, Physicists and Astronomers of Yugoslavia, Book II (Physics), page 97–100, Skopje 1972) to consider double ionization of two K-shell electrons. The analysis is numerical, for photons of 662 keV on Al, Zn and Ag. They present results for differential cross sections with respect to energies and angles of outgoing electrons. It is interesting to note that they consider the equal sharing mechanism as the main mechanism (dominant mechanism) for double ionization. The shake–off mechanism is not considered nor are the results presented in that kinematical region. The total cross sections were not considered.

[15] It should be noted that in his paper [10] Drukarev, discussing this mechanism, after extracting the C/p^4 behavior (for large relative electron momenta p), used factorized (for example Hartree-Fock) type two electron wave functions in evaluating the constant C. These wave functions in fact do not have the 1/p^4 behavior required for the mechanism to contribute significantly. Instead, these functions have 1/p^8 behavior (M. A. Kornberg, J. E. Miraglia, T. Surić, R. H. Pratt, “Comment on the asymptotic high–energy limit of the ratio of double to single photoionization of helium”, unpublished). However, as clarified later (E. G. Drukarev, private communications) these factorized wave functions are used simply as approximations to the exact wave functions to evaluate integrals which have been derived from expressions which do exhibit the proper 1/p^4 behavior. Further aspects of this behavior for the helium ground state wave function and proper approximate wave functions are discussed in E. G. Drukarev, R. H. Pratt, T. Surić, M.

Kornberg, J. Miraglia (to be published).

[16] J. A. R. Samson, Z. X. He, R. J. Bartlett, and M. Sagurton, Phys. Rev. Lett. 72, 3329 (1994).

[17] L. Spielberger, O. Jakutzki, R. Dörner, J. Ullrich, U. Meyer, V. Mergel, M. Unverzagt, M. Damrau, T. Vogt, I. Ali, Kh. Khayyat, D. Bahr, H. G. Schmidt, R. Frahm, and H. Schmidt–Böcking, Phys. Rev. Lett. 74, 4615 (1995).

[18] T. Surić, K. Pisk and R. H. Pratt, Phys. Lett. A 211, 289 (1996). [19] T. Surić, in: Proceedings of Indo-US Workshop on Radiation Physics, 1996, Darjeeling, India, to be published.

[20] V. L. Yakhontov, private communications; V. L. Yakhontov and M. Ya. Amusia, Phys.

Lett. A, accepted for publication.

[21] A. Warczak, M. Kucharski, Z. Stachura, H. Geissel, H. Irnich, T. Kandler, C.

Kozhuharov, P. H. Mokler, G. Münzenberg, F. Nickel, C. Scheidenberger, Th. Stöhlker, T. Suzuki, P. Rymuza, Nucl. Instrum. Methods, 98, 303 (1995).

[22] L. R. Andersson and J. Burgdörfer, Phys. Rev. Lett. 71, 50 (1993); [23] L. R. Andersson and J. Burgdörfer, Phys. Rev. A 50, R2810 (1994). [24] K. Hino, P. M. Bergstrom, Jr., and J. H. Macek, Phys. Rev. Lett. 72, 1620 (1994). [25] P. M. Bergstrom, Jr., K. Hino and J. H. Macek, Phys. Rev. A 51, 3044 (1995). [26] T. Surić, K. Pisk, B. A. Logan and R. H. Pratt, Phys. Rev. Lett. 73, 790 (1994). [27] M. Ya. Amusia and A. I. Mikhailov, Phys. Lett. A 199, 209 (1995). [28] M. Ya. Amusia and A. I. Mikhailov, J. Phys. B 28, 1723 (1995). [29] M. A. Kornberg and J. E. Miraglia, Phys. Rev. A 53, R3709 (1996).

[30] J. C. Levin, G. Bradley Armen and I. A. Sellin, Phys. Rev. Lett. 76, 1220 (1996). [31] L. Spielberger, O. Jakutzki, B. Krässig, U. Meyer, Kh. Khayyat, V. Mergel, Th.

Tschentscher, Th. Buslaps, H. Bräuning, R. Dörner, T. Vogt, M. Achler, J. Ullrich, D. S. Gemmell, and H. Schmidt–Böcking, Phys. Rev. Lett. 76, 4685 (1996).

[32] R. Wehlitz, R. Hentges, G. Prümper, A. Farhat, T. Buslaps, N. Berrah, J. C. Levin, I.

A. Sellin, and U. Becker, Phys. Rev. A 53, R3720 (1996). [33] P. Eisenberger and W. A. Reed, Phys. Rev. B 9, 3237 (1974). [34] R. Ribberfors, Phys. Rev. B 12, 2067 (1975).

[35] T. Surić, P. M. Bergstrom, Jr., K. Pisk, R. H. Pratt, Phys. Rev. Lett. 67, 189 (1991). [36] P. M. Bergstrom, Jr., T. Surić, K. Pisk, R. H. Pratt, Phys. Rev. A 48, 1134 (1993) and references therein.

[37] However, it has been found (Z. Kaliman, T. Surić, K. Pisk, and R. H. Pratt, to be published) that for the triply differential cross section (when the outgoing electron is also observed) the IA approach is less justified at these energies.

[38] J. Wang, J. H. McGuire, J. Burgdörfer and Y. Qiu, Phys. Rev. Lett 77, 1723 (1996).

FIGURES

FIG. 1. Singly differential cross section (with respect to outgoing electron energy) in single ionization Compton scattering from helium. Results for incident photon energies of 25 keV and 150 keV are displayed. The maximum outgoing electron energy (free Compton scattering edge), in Compton scattering from a free electron at rest, is 2.2 keV (for 25 keV incident photons) and 55.5 keV (for 150 keV incident photons). Above these energies the singly differential cross sections decrease rapidly with increasing energy.