ELECTRON COLLISIONS WITH ATOMS AND ATOMIC IONS

D.R. Schultz Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831-6373

to appear in the IAU Transactions, Vol. XXIIIA

Oak Ridge National Laboratory is managed by Lockheed Martin Energy Research Corp. for the U.S. Department of Energy under contract number DE-AC05-96OR22464.

A. ELECTRON COLLISIONS WITH ATOMS AND ATOMIC IONS D.R. Schultz

Excitation and ionization of atoms and ions by electron-impact continues to be an area of very active investigation. Access to the most up-to-date data produced may be obtained either through new works which provide collections, evaluations, and recommendations, or through the original works which can be located through bibliographic databases and articles.

For example, a new collection of recommended cross sections for excitation and ionization of the ground and excited states of atomic hydrogen has been compiled by Janev and Smith [1] complementing earlier work which also included collisions with ground and excited hydrogen molecules, hydrogen molecular ions, helium, and helium ions [2]. Also, an extremely valuable and comprehensive work is contained in the proceedings and collected results of the atomic data assessment meeting hosted by the Rutherford Appleton Laboratory in 1992 [3]. This meeting was the latest in a series of meetings beginning in 1975 which have taken as their goal the elucidation of atomic data for astrophysical and laboratory plasmas. The present volume [3] provides collections of references, compilations of cross sections and rate coefficients, and some recommended values for these, for atoms and ions ranging H to Fe.

Other reviews and collections of electron-impact data appearing during the period 1993-1996 include a compilation of data for important nebula emission lines by Pradhan and Peng [4] and a review of excitation of C, O, Fe, and rare gas ions by Tayal et al. [5]. The latter is part of a compendium [6] also containing reviews and recommendations of data for elastic scattering, ionization, and recombination in low temperature fusion plasmas.

Large scale projects and ongoing lines of data generation by key producers also continues to increase the knowledge base of electron-impact phenomena. In particular, the so-called Iron Project has sought to bring together a number of experts to provide fine-structure collision strengths and rate coefficients for Fe ions and other ions of heavy elements, along the lines of the previous Opacity Project. Data from the Opacity Project (TOPbase) is directly available through the widely used file transfer protocol (ftp). TOPbase is available at the Centre de Donnés de Strasbourg, France (at Internet Protocol (IP) address 130.79.128.5, with account name “topbase” and password “Seaton+”) and NASA Goddard Space Flight Center (IP: 128.183.101.54, same account name and password). A brief description of the project, a list of it important references, and instructions for downloading files may conveniently be found on the World Wide Web (at URL http://astro.u-strasbg.fr/OP.html). Work is underway to provide Web-based access to the Iron Project data (TIPbase, see URL http://www.am.qub.ac.uk/projects/iron/). This Web site also lists the papers in the Iron Project series (we repeat this list here for the reader’s convenience [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26]). A hyperlink can also be followed to a database containing electronic versions of the published articles. Current publications may also be accessed on-line in the Astronomy and Astrophysics Supplement Series (URL http://www.ed-phys.fr/docinfos/OnlineAetA.html).

Other recent published articles which represent continuations or extensions of work which seeks to compute electron-impact data for various iso-electronic or iso-nuclear sequences are represented by the relativistic distorted wave calculations of collision and oscillator strengths for Δn = 0 transitions in B-like ions by Zhang and Sampson [27, 28], cross sections and rate coefficients for excitation of Δn = 0 transitions in Be-like ions with 6 ≤ Z ≤ 54 by Safronova et al [29], and the collision strength and radiative decay rate calculations of Bhatia and Doschek for Fe X [30], Ne V [31], Mg VII [32], and Si IX [33]. These recent papers were all published in Atomic Data and Nuclear Data Tables. Consequently, an important resource for locating electron-impact data is the cumulative index of this journal. This index along with the cumulative author index is distributed to subscribers and is now available on-line on the World Wide Web (URL

http://www-cfadc.phy.ornl.gov/adndt/adndt.html).

In fact, atomic data is becoming much more accessible with the advent of online resources. For example, much of the data on electron-impact ionization of ions measured at the Oak Ridge National Laboratory Multicharged Ion Research Facility over the last twenty years is now available through the World Wide Web (URL

http://www-cfadc.phy.ornl.gov/xbeam/xbmintro.html) in both graphical and tab-

ular form. Other resources on the Web include access to bibliographic databases. The Oak Ridge National Laboratory Controlled Fusion Atomic Data Center (CFADC) maintains an on-line database of references to atomic collision data containing approximately 29,000 articles dating from 1978 to present which have been categorized by reaction (URL http://www-cfadc.phy.ornl.gov/search.html). A completely independent bibliography searchable by reaction category is provided by the Laboratoire de Physique des Gaz et des Plasmas at the Universite Paris-Sud, Orsay, France (URL

http://gaphyor.lpgp.u-psud.fr/). Annotated bibliographies are also available such

as that for electron collisions with positive ions by Itikawa [34] and the International Bulletin on Atomic and Molecular Data for Fusion available from the International Atomic Energy Agency [35]. The content of the Bulletin, however, is largely composed from the updated files of the CFADC on-line bibliography, and therefore, the newly available World Wide Web sites will provide generally the most up-to-date and easily accessible source of bibliographic information.

It should be noted that significant progress has been made both theoretically and experimentally over the past three years in advancing the techniques of studying electronimpact phenomena. For instance, the use of ion-storage rings, which utilize electroncoolers, as platforms for electron-ion reactions, promises to provide new levels of detail in recombination, excitation, and ionization cross sections (see e.g. Kenntner et al. [36]). From a theoretical point of view new techniques are being developed which have similarly advanced the state-of-the-art for few-electron systems such as the convergent close coupling method of Bray and Stelbovics [37], the hyperspherical close-coupling approach of Kato and Watanabe [38], the R-matrix with pseudo-states method of Bartschat et al. [39], the direct solution of the Schrödinger equation on a numerical lattice [40], and the extension of perturbation theory approaches through inclusion of improved approximations to the final state wavefunction [41, 42].

Finally, it is worth noting some statistics regarding the number of works published between 1993 and 1996 regarding electron-impact excitation and ionization. Using the CFADC on-line database it is found that many works concentrate on the fundamental one- and two-electron targets H and He (about 60 references regarding ionization in collisions of electrons with H, He^+ and He, and about 75 regarding excitation in these systems). In contrast only about 25 references were found to ionization of all ions of Li, Be, B, C, N, and O, (about 30 regarding excitation). Interest is also focused on certain challenging and key species such as iron ions (15 references for ionization, about 40 for excitation). Clearly, the continued study of electron-impact of atoms and ions will further the refinement of cross sections, rates, and strengths for systems already studied, and provide new information for those which remain unexplored.

The author gratefully acknowledges helpful suggestions regarding this review made by M.S. Pindzola, D.H. Madison, K. Bartschat, and H.L. Zhang.

References

[1] Janev, R.K. and J.J. Smith, “Cross sections for collision processes of hydrogen atoms with electrons, protons, and multiply charged ions,” Atomic and Plasma-Material Interaction Data for Fusion (Supplement to the journal Nuclear Fusion), 4 (1993).

[2] Janev, R.K., W.D. Langer, K. Evans, and D.E. Post, Elementary processes in hydrogen-helium plasmas: Cross sections and rate coefficients, Springer- Verlag, Berlin (1987).

[3] “Electron excitation data for analysis of spectral line radiation from infrared to X-ray wavelengths: Reviews and recommendations,” J. Lang, editor, Atomic Data and Nuclear Data Tables 57, Nos. 1-2 (1994).

[4] Pradhan, A.K. and J.F. Peng, “Atomic data for the analysis of emission lines,” in Space telescope science institute symposium series: The analysis of emission lines, R.E. Williams and M. Livio, editors, Cambridge University Press, Cambridge (1995).

[5] Tayal, S.S., A.K. Pradhan, and M.S. Pindzola, “Excitation of atomic ions by electron impact,” in Atomic and molecular processes in magnetic fusion edge plasmas, R.K. Janev, editor, Plenum, New York (1995) page 119.

[6] Atomic and molecular processes in magnetic fusion edge plasmas, R.K. Janev, editor, Plenum, New York (1995).

[7] Hummer, D.G., K.A. Berrington, W. Eissner, A.K. Pradhan, H.E. Saraph, and J.A. Tully, “Goals and Methods,” Astronomy & Astrophysics 279, 298 (1993) (paper I).

[8] Lennon, D.J. and V.M. Burke, “Effective collision strengths for infrared transitions in carbon-like ions,” Astronomy & Astrophysics Supplement Series 103, 273 (1994) (paper II).

[9] Zhang, H.L., M. Graziani, A.K. Pradhan, “Rate coefficients for electronimpact excitation of boron-like ions - Ne-VI, Mg-VIII, Al-IX, Si-X, S-XII, Ar-XIV, Ca-XVI and Fe-XXII,” Astronomy & Astrophysics 283, 319 (1994) (paper III).

[10] Saraph, H.E. and J.A. Tully, “Electron-excitation of the^2P^o_{3/2} -^2P^o_{1/2} finestructure transition in fluorine-like ions,” Astronomy & Astrophysics Supplement Series 107, 29 (1994) (paper IV).

[11] Butler, K. and C.J. Zeippen, “Effective collision strengths for transitions in the ground configuration of oxygen-like ions,” Astronomy & Astrophysics Supplement Series 108, 1 (1994) (paper V).

[12] Zhang, H.L. and A.K. Pradhan, “Collision strengths and rate coefficients for Fe-II,” Astronomy & Astrophysics 293, 953 (1995) (paper VI).

[13] Nahar, S.N., “Radiative dipole transition-probabilities for Fe-II,” Astronomy & Astrophysics 293, 967 (1995) (paper VII).

[14] Berrington, K.A., “Electron-excitation of the 3d^4 5D_j ground-state finestructure transitions in Ti-like ions V-II, Cr-III, Mn-IV, Fe-V, Co-VI and Ni-VII,” Astronomy & Astrophysics Supplement Series 109, 193 (1995) (paper VIII).

[15] Pelan, J. and K.A. Berrington, “Electron-excitation of the^2P^o_{3/2}-^2P^o_{1/2} finestructure transition in chlorine-like ions Ar II to Ni XII,” Astronomy & Astrophysics Supplement Series 110, 209 (1995) (paper IX).

[16] Galavis, M.E., C. Mendoza, and C.J. Zeippen, “Effective collision strengths for infrared transitions in silicon-like and sulfur-like ions,” Astronomy & Astrophysics Supplement Series 111, 347 (1995) (paper X).

[17] Saraph, H.E. and P.J. Storey, “The P^o_{1/2} - P^o_{3/2} fine-structure lines of Ar-VI, K-VII and Ca-VIII,” Astronomy & Astrophysics Supplement Series 115, 151 (1996) (paper XI).

[18] Berrington, K.A. and J. Pelan, “Electron-excitation of forbidden transitions in V-like ions Mn-III, Fe-IV, Co-V and Ni-VI,” Astronomy & Astrophysics Supplement Series 114, 367 (1995) (paper XII).

[19] Bautista, M.A. and A.K. Pradhan, “Electron-excitation rates and emissivity ratios for forbidden transitions in N-III and Fe-II,” Astronomy & Astrophysics Supplement Series 115, 551 (1996) (paper XIII).

[20] Storey, P.J., H.E. Mason, and H.E. Saraph, “Electron-impact excitation of the Fe-XIV fine-structure transition^2P^o_{1/2}-^2P^o_{3/2},” Astronomy & Astrophysics 309, 677 (1996) (paper XIV).

[21] Kisielius, R., K.A. Berrington, P.H. Norrington, “Electron-excitation of the fine-structure transitions in Hydrogen-like ions He-II and Fe-XXVI,” Astronomy & Astrophysics Supplement Series 118, 157 (1996) (paper XV).

[22] Nahar, S.N. and A.K. Pradhan, “Radiative transition probabilities for dipole allowed and forbidden transitions in Fe III,” Astronomy & Astrophysics Supplement Series (in press) (paper XVII).

[23] Zhang, H.L., “Electron impact excitation collision strengths and rate coefficients for Fe III,” Astronomy & Astrophysics Supplement Series (submitted) (paper XVIII).

[24] Quinet, P., M. LeDourneuf, and C.J. Zeippen, “Radiative transition probabilities for forbidden lines in Fe II,” Astronomy & Astrophysics Supplement Series (submitted) (paper XIX).

[25] Bautista, M.A., “Photoionization cross sections and oscillator strengths for Fe I,” Astronomy & Astrophysics Supplement Series (submitted) (paper XX).

[26] Pelan, J. and K.A Berrington, “Electron excitation of fine-structure transitions involving the 3d^64s^{2 5}D ground state and the 3d^74s^5F metastable state of Fe I”, Astronomy & Astrophysics Supplement Series (submitted) (paper XXI).

[27] Zhang, H.L. and D.H. Sampson, “Relativistic distorted wave collision strengths and oscillator strengths for the 105 Δn = 0 transitions with n = 2 in the 85 B-like ions with 8 ≤ Z ≤ 92,” Atomic Data and Nuclear Data Tables 56, 41 (1994).

[28] Zhang, H.L. and D.H. Sampson, “Relativistic distorted wave collision strengths and oscillator strengths for all possible n = 2 − n = 3 transitions in B-like ions,” Atomic Data and Nuclear Data Tables 58, 255 (1994).

[29] Safronova, U.I., A.S. Shlyaptseva, T. Kato, K. Masai, and L.A. Vainshtein, “Cross sections and rate coefficients for excitation of Δn = 0 transitions in Be-like ions with 6 ≤ Z ≤ 54,” Atomic Data and Nuclear Data Tables 60, 1 (1995).

[30] Bhatia, A.K. and G.A. Doschek, “Atomic data and spectral line intensities for Fe X,” Atomic Data and Nuclear Data Tables 60, 145 (1995).

[31] Bhatia, A.K. and G.A. Doschek, “Atomic data and spectral line intensities for C-like Ne V,” Atomic Data and Nuclear Data Tables 55, 215 (1993).

[32] Bhatia, A.K. and G.A. Doschek, “Atomic data and spectral line intensities for C-like Mg VII,” Atomic Data and Nuclear Data Tables 60, 145 (1995).

[33] Bhatia, A.K. and G.A. Doschek, “Atomic data and spectral line intensities for C-like Si IX,” Atomic Data and Nuclear Data Tables 55, 281 (1993).

[34] Itikawa, Y., “Annotated bibliography on electron collisions with atomic positive ions: Excitation and ionization, 1990-1994,” Atomic Data and Nuclear Data Tables 63, 315 (1996).

[35] Write to: Atomic and Molecular Data Unit, Nuclear Data Section, International Atomic Energy Agency, Wagramerstrasse 5, P.O. Box 100, A-1400 Vienna, Austria (email: psm@ripcrs01.iaea.or.at).

[36] Kenntner, J., J. Linkmann, N.R. Badnell, C. Broude, D. Habs, G. Hofmann, A. Muller, M.S. Pindzola, S. Salzborn, D. Schwalm, and A. Wolf, “Resonant electron impact ionization and recombination of Li-like Cl^{14+} and Si^{11+} at the Heidelberg Test Storage Ring,” Nucl. Instrum. Methods Phys. Res. B 98 142 (1995).

[37] Bray, I. and A.T. Stelbovics, “Calculation of the total ionization cross section and spin asymmetry in electron-hydrogen scattering,” Phys. Rev. Lett. 70, 746 (1993).

[38] Kato, D. and S. Watanabe, “Two-electron correlations in e + H → e + e + p near threshold,” Phys. Rev. Lett. 74, 2443 (1995).

[39] Bartschat, K., E.T. Hudson, M.P. Scott, P.G. Burke, and V.M. Burke, “Electron scattering by complex atoms and ions at intermediate energies,” J. Phys. B 29, 115 (1996).

[40] Pindzola, M.S. and D.R. Schultz, “Time-dependent close-coupling method for electron-impact ionization of hydrogen,” Phys. Rev. A 53, 1525 (1996).

[41] Alt, E.O. and A.M. Mukhamedzhanov, “Asymptotic solution of the Schrödinger equation for three charged particles,” Phys. Rev. A 47, 2004 (1993).

[42] Jones, S., D.H. Madison, A. Franz, and P.L. Altick, “Three-body distortedwave Born approximation for electron-atom ionization,” Phys. Rev. A 48, R22 (1993).