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*k*

1. Introduction: Historical development and rationale for this review

*k*

... Thus, to establish a reasonable perspective on the subjects of this review, an approximate

chronological trace of the developments is presented and a rationale for a systematic review of the field is
offered.

Historically, mid-1970s to the mid-1980s represents a milestone period in the field of spectroscopy when
relatively

high powered tunable pulsed dye lasers become widely available. The rapid development of this laser
technology led

to an intense interest in studies of various nonlinear optical processes involving multi-photon-resonant atomic
and

molecular transitions in strongly resonant (gaseous phase) media. Resonantly enhanced multi-photon ionization
(MPI) of atomic and molecular gases and vapors were popular subjects for a variety of novel spectroscopic
studies [1=5].

MPI spectroscopic methodologies offered obvious extensions beyond classic absorption/emission methods.
States of

relatively high energy could be reached with absorption of two or more visible photons and transitions normally
forbidden under parity or angular momentum selection rules could often be accessed through multi-photon
schemes.

With the large resonant enhancements realizable in gases and vapors, early tunable pulsed dye lasers were quite
capable of driving observable multi-photon-resonant transitions through second, third and fourth order, even in
a molecular beam experiment [1=6]. ...

**k*

References

[1] D. Popescu, C.B. Collins, B.W. Johnson, I. Popescu, Phys. Rev. A 9 (1974) 1182.
[2] G. Petty, C. Tai, F.W. Dalby, Phys. Rev. Lett. 34 (1975) 1207.

[3] P.M. Johnson, J. Chemical Phys. 64 (1976) 4243.

[4] J.A. Armstrong, P. Esherick, J.J. Wynne, Phys. Rev. A 15 (1977) 180.

[5] K. Aron, P.M. Johnson, J. Chem. Phys. 67 (1977) 5099.

[6] R.N. Compton, J.C. Miller, A.E. Carter, P. Kruit, Chem. Phys. Lett. 71 (1980) 87.
[7] J.C. Miller, R.N. Compton, M.G. Payne, W.R. Garrett, Phys. Rev. Lett. 45 (1980) 114.
[8] M.G. Payne, W.R. Garrett, H.C. Baker, Chem. Phys. Lett. 75 (1980) 468.

[9] M.G. Payne, W.R. Garrett, Phys. Rev. A 26 (1982) 356.

[10] J.C. Miller, R.N. Compton, Phys. Rev. A 25 (1982) 2056.

[11] J.H. Glownia, R.K. Sander, Phys. Rev. Lett. 49 (1982) 21.


https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=920373

[12] D.J. Jackson, J.J. Wynne, Phys. Rev. Lett. 49 (1982) 543.

[13] D.J. Jackson, J.J. Wynne, P.H. Kes, Phys. Rev. A 28 (1983) 781.

[14] M.G. Payne, W.R. Garrett, Phys. Rev. A 28 (1983) 3409.

[15] D. Normand, J. Morellec, J. Reif, J. Phys. B 16 (1983) L227.

[16] G.S. Agarwal, S.P. Tewari, Phys Rev. A 29 (1984) 1922.

[17] M.G. Payne, W.R. Ferrell, W.R. Garrett, Phys. Rev. A 27 (1983) 3053.

[18] W.R. Ferrell, M.G. Payne, W.R. Garrett, Phys. Rev. A 35 (1987) 5020.

[19] W.R. Ferrell, M.G. Payne, W.R. Garrett, Phys. Rev. A 38 (1987) 81.

[20] R. Friedburg, S.R. Hartmann, J.T. Manassah, Phys. Rev. A 39 (1989) 93.

[21] R. Friedburg, S.R. Hartmann, J.T. Manassah, J. Phys. B: At. Mol. Opt. Phys. 22 (1989) 2211.
[22] C. Chen, Y.Y. Yin, D. Elliott, Phys. Rev. Lett 64 (1990) 507.

[23] C. Chen, D. Elliott, Phys. Rev. Lett. 65 (1990) 1737.

[24] W.R. Garrett, W.R. Ferrell, M.G. Payne, J.C. Miller, Phys. Rev. A 34 (1986) 1165.

[25] W.R. Garrett, S.D. Henderson, M.G. Payne, Phys. Rev. A 34 (1986) 3463.

[26] L. Li, M. Wu, P.M. Johnson, J. Chem. Phys. 89 (1988) 3470.

[27] M.G. Payne, W.R. Garrett, W.R. Ferrell, Phys. Rev. A 34 (1986) 1143.

[28] M.S. Malcuit, D.J. Gauthier, R.W. Boyd, Phys. Rev. Lett. 55 (1985) 1086.

[29] V.V. Krasnikov, M.S. Pshenichnikov, V.S. Solomatin, JETP Lett. 43 (1986) 148.

[30] R.W. Boyd, M.S. Malcuit, D.J. Gauthier, K. Rzazewski, Phys. Rev. A 35 (1987) 1648.

[31] M.A. Moore, W.R. Garrett, M.G. Payne, Opt. Commun. 68 (1988) 310.

[32] E.A. Manykin, A.M. Afanas’ev, Sov. Phys. JETP 25 (1967) 828.

[33] R.C. Miller, D.A. Kleinman, A. Savage, Phys. Rev. Lett. 11 (1963) 146.

[34] M. Poirier, Phys. Rev. A 27 (1983) 934.

[35] M.G. Payne, J.C. Miller, R.C. Hart, W.R. Garrett, Phys. Rev. A 44 (1991) 7684.

[36] M. EIk, P. Lambropoulos, X. Tang, Phys. Rev. A 46 (1992) 465.

[37] J.J. Wynne, Multiphoton Processes, in: S.J. Smith, P.L. Knight (Eds.), Proceedings of the Fourth
International Conference on Multiphoton Processes, Boulder, 1987, Cambridge University Press, Cambridge,
1987, p. 318.

[38] M.A. Moore, W.R. Garrett, M.G. Payne, Phys. Rev. A 39 (1989) 3692.

[39] Y.P. Malayakan, Opt. Commun. 69 (1989) 315.

[40] R.K. Wunderlich, W.R. Garrett, R.C. Hart, M.A. Moore, M.G. Payne, Phys. Rev. A 41 (1990) 6345.
[41] W.R. Garrett, R.C. Hart, J.C. Miller, M.G. Payne, J.E. Wray, Opt. Commun. 86 (1991) 205.
[42] M.-h. Lu, Y.-m. Liu, Appl. Phys. B 57 (1993) 167.

[43] W.T. Luh, Y. Li, J. Huennekens, Appl. Phys. B 49 (1989) 349.

240 L. Deng et al. / Physics Reports 429 (2006) 123 —241

[44] M.-h. Lu, Y.-m. Liu, Appl. Phys. B 54 (1992) 288.

[45] W.R. Garrett, Phys. Rev. Lett. 70 (1993) 4059.

[46] W.R. Garrett, M.A. Moore, R.C. Hart, M.G. Payne, R. Wunderlich, Phys. Rev. A 45 (1992) 6687.
[47] M.G. Payne, W.R. Garrett, Phys. Rev. A 42 (1990) 1434.

[48] M.G. Payne, W.R. Garrett, R.C. Hart, I. Datskou, Phys. Rev. A 42 (1990) 2756.

[49] W.R. Garrett, R.C. Hart, J.E. Wray, |. Datskou, M.G. Payne, Phys. Rev. Lett. 64 (1990) 1717.
[50] W.R. Garrett, V.W. Barnett, M.A. Moore, M.G. Payne, Opt. Lett. 19 (1993) 581.

[51] M.A. Moore, V.W. Barnett, W.R. Garrett, Chem. Phys. Lett. 260 (1996) 280.

[52] P.R. Blazewicz, M.G. Payne, W.R. Garrett, J.C. Miller, Phys. Rev. A 34 (1986) 5171.

[53] P.R. Blazewicz, J.C. Miller, Phys. Rev. A 38 (1988) 2863.

[54] R.C. Hart, W.R. Garrett, M.G. Payne, Phys. Rev. A 46 (1992) 4213.

[55] D. Charalambidis, X. Tang, J. Petrakis, C. Fotakis, Phys. Rev. A 44 (1991) R24.

[56] S.P. Tewari, Opt. Commun. 95 (1993) 117.

[57] M.G. Payne, J.Y. Zhang, W.R. Garrett, Phys. Rev. A 48 (1993) 2334.

[58] L. Deng, M.G. Payne, W.R. Garrett, D.Z. Lee, Opt. Commun. 126 (1996) 73.

[59] L. Deng, J.Y. Zhang, M.G. Payne, W.R. Garrett, Phys. Rev. Lett. 73 (1994) 2035.

[60] L. Deng, W.R. Garrett, J.Y. Zhang, M.G. Payne, Phys. Rev. A 52 (1995) 4809.



[61] L. Deng, W.R. Garrett, M.G. Payne, D.Z. Lee, Opt. Lett. 21 (1996) 928.

[62] L. Deng, M.G. Payne, W.R. Garrett, Opt. Commun. 126 (1996) 73.

[63] L. Deng, W.R. Garrett, M.G. Payne, Phys. Rev. A 54 (1996) 4218.

[64] T.M. Orlando, L. Li, S.L. Anderson, M.G. White, Chem. Phys. Lett. 129 (1986) 31.

[65] M.N.R. Ashfold, C.D. Heryet, J.D. Prince, B. Tutcher, Chem. Phys. Lett. 131 (1986) 291.

[66] J.M. Gilligan, E.E. Eyler, Phys. Rev. A 43 (1991) 6406.

[67] M.G. Payne, L. Deng, Phys. Rev. A 65 (2002) 063806.

[68] L. Deng, M.G. Payne, Phys. Rev. Lett. 91 (2003) 243902.

[69] L. Deng, M.G. Payne, W.R. Garrett, Opt. Commun. 242 (2004) 641.

[70] L. Deng, M.G. Payne, Phys. Rev. A 71 (2005) R011803.

[71] L. Deng, M. Kozuma, E.W. Hagley, M.G. Payne, Phys. Rev. Lett. 88 (2002) 143902.

[72] S.E. Harris, J.E. Field, A. Imamo~glu, Phys. Rev. Lett. 64 (1990) 1107.

[73] K.-J. Boller, A. Imamo~glu, S.E. Harris, Phys. Rev. Lett. 66 (1991) 2593.

[74] K. Hakuta, L. Marmet, B.P. Stoicheff, Phys. Rev. Lett. 66 (1991) 596.

[75] R.P. Feynman, R.B. Leighton, M. Sands, The Feynman Lectures on Physics, vol. 111, Addison-Wesley,
Reading, MA, 1964 (This book has numerous elementary examples of using few-state systems to explain a
multitude of time dependent physical effects).

[76] A. Messiah, Quantum Mechanics, vol. I, North-Holland, Amsterdam, 1966 (Chapter XVII).

[77] M.G. Payne, C.H. Chen, G.S. Hurst, G.W. Foltz, Applications of resonance ionization spectroscopy in
atomic and molecular physics, Advances in Atomic and Molecular Physics, vol. 17, 1981, pp. 229-274.

[78] Perhaps the best way to calculate multi-photon half Rabi frequencies and a.c. Stark shifts is to make use of
Green’s function methods. An elementary discussion of such calculations based of Talman’s optimized central
potential can be found in a paper by Payne and Edwards (M.G. Payne and Mark Edwards, Comput. Phys. 7(4)
(1993) 465-475.) The latter method gives an accuracy similar to what would be obtained from frozen core
Hartree-Fock calculations. More accurate calculation requires many body calculations of the atomic structure.
[79] P.R. Berman, W.E. Lamb Jr., Phys. Rev. 187 (1969) 221 See also pp. 255-257 of ce:cross-ref[77].

[80] T.D. Raymond, N. Bowering, C.-Y. Kuo, J.W. Keto, Phys. Rev. A 29 (1984) 721.

[81] Y.R. Shen, The Principles of Nonlinear Optics, Wiley, New York, 1984 (Chapter 2);

R.W. Boyd, Nonlinear Optics, Academic Press, San Diego, 1992 (Chapter 3).

[82] R.P. Feynman, R.B. Leighton, M. Sands, The Feynman Lectures on Physics, vol. 1l, Addison-Wesley,
Reading, MA, 1964 (Chapters 21, 32 and 33).

[83] P. Meystre, M. Sargent 111, Elements of Quantum Optics, Springer, New York, 1990.

[84] J.D. Jackson, Classical Electrodynamics, second ed., Wiley, New York, 1984, p. 152.

[85] W.R. Garrett, S.D. Henderson, M.G. Payne, Phys. Rev. A 35 (1987) 5032.

[86] T.D. Raymond, N. Bowering, Chien-Yu Kuo, J.W. Keto, Phys. Rev. A 29 (1984) 721.

[87] L. Deng, W.R. Garrett, M.G. Payne, Chem. Phys. Lett. 279 (1997) 299.

[88] W.R. Garrett, Y. Zhu, L. Deng, M.G. Payne, Opt. Commun. 128 (1996) 66.

[89] M.G. Payne, W.R. Garrett, R.C. Hart, I. Datskou, J. Wray, Large Collective Lamb Shifts in High Pressure
Noble Gases, in: J.E. Parks, N. Omenetto (Eds.), Inst. Phys. Conference Series, vol. 114, Section 5, Institute of
Physics, Bristol.

[90] G.S. Agarwal, F. Rattay, Phys. Rev. A 37 (1988) 3351.

[91] H.C. Baker, Opt. Commun. 75 (1990) 154.

[92] Y.P. Malakyan, Opt. Commun. 69 (1989) 315.

[93] Y.P. Malakyan, J. Phys B: At. Mol. Opt. Phys. 23 (1990) 131.

[94] H. Kildal, S.R.J. Brueck, IEEE J. Quant. Electron. QE-16 (1980) 566.

[95] A.V. Smith, W.J. Alford, G.R. Hadley, J. Opt. Soc. Am. B 5 (1988) 1503.

[96] M. Jain, J.E. Field, G.Y. Yin, Opt. Lett. 18 (1993) 998.

[97] B.H. Armstrong, J. Quant. Spectrosc. Radiat. Transfer 7 (1967) 61-88.

L. Deng et al. / Physics Reports 429 (2006) 123 —241 241

[98] Fortunately the required propagation distance z is still relatively small. In the case of high concentration,
destructive interference can occur for a very short distance of a few m. At very low concentration such as 10—6
Torr, one may need about 1 mm propagation before the Doppler broadening of 1 GHz can bring about



destructive interference.

[99] M. Jain, H. Xia, G.Y. Yin, AJ. Merriam, S.E. Harris, Phys. Rev. Lett. 77 (1996) 4326.

[100] A.J. Merriam, S.J. Sharp, H. Xia, D. Manuszak, G.Y. Yin, S.E. Harris, Opt. Lett. 24 (1999) 625.

[101] AJ. Merriam, S.J. Sharp, H. Xia, D. Manuszak, G.Y. Yin, S.E. Harris, IEEE J. Sel. Top. Quant. Electron.
5 (1999) 1502.

[102] A.J. Merriam, S.J. Sharpe, M. Shverdin, D. Maniszak, G.Y. Yin, S.E. Harris, Phys. Rev. Lett. 84 (2000)
5308.

[103] S.P. Tewari, G.S. Agarwal, Phys. Rev. Lett. 56 (1986) 1811.

[104] M.J. Konopnicki, J.H. Eberly, Phys. Rev. A 24 (1981) 2567.

[105] J. Oreg, F.T. Hioe, J.H. Eberly, Phys. Rev. A 29 (1984) 690.

[106] S.E. Harris, Phys. Rev. Lett. 70 (1993) 552.

[107] S.E. Harris, Phys. Rev. Lett. 72 (1994) 52.

[108] W.E. Bell, A.L. Bloom, Phys. Rev. Lett. 6 (1961) 280.

[109] G. Alzetta, et al., Nuovo Cimento B 36 (1976) 5.

[110] G. Alzetta, et al., Nuovo Cimento B 52 (1979) 209.

[111] E. Arimondo, G. Orriols, Lett. Nuovo Cimento 17 (1976) 333.

[112] H. Gary, R. Whitely, C. Stroud, Opt. Lett. 3 (1979) 218.

[113] E. Arimondo, in: E. Wolf (Ed.), Progress in Optics, vol. 35, North-Holland, Amsterdam, 1996.

[114] A. Javan, Phys. Rev. 107 (1956) 1579.

[115] T.W. Hansch, P.E. Toschek, Z. Phys. 236 (1970) 213.

[116] T. Popov, A. Popov, S. Ravtian, JETP Lett. 30 (1970) 466.

[117] O. Kocharovskaya, Ya.l. Khanin, JETP Lett. 48 (1988) 630.

[118] S.E. Harris, Phys. Rev. Lett. 62 (1989) 1033.

[119] A. Aspect, E. Arimondo, R. Kaiser, N. Vantseenkiste, C. Cohen-Tannoudji, J. Opt. Soc. Am B 6 (1989)
2112.

[120] J. Vanier, M.W. Levine, D. Janssen, M.J. Delaney, IEEE Trans. Instrum. Meas. 52 (2003) 258.

[121] P.R. Hemmer, D.P. Katz, J. Donoghue, M. Cronin-Golomb, M.S. Shahriar, P. Kumer, Opt. Lett. 20
(1995) 982.

[122] M.O. Scully, Phys. Rev. Lett. 67 (1991) 1855.

[123] M.O. Scully, Phys. Rep. 219 (1992) 191.

[124] H. Schmidt, A. Imamo~glu, Opt. Lett. 21 (1996) 1936.

[125] M.D. Lukin, A. Imamo~glu, Phys. Rev. Lett. 84 (2000) 1419.

[126] M. Fleishhauer, M.D. Lukin, Phys. Rev. Lett. 84 (2000) 5094.

[127] M.D. Lukin, P.R. Hemmer, M.O. Scully, Advances in Atomic, Molecular, and Optical Physics, vol. 42,
Academic Press, New York, 2000 pp. 347-386.

[128] L. Deng, M.G. Payne, E.W. Hagley, Phys. Rev. A 70 (2004) 063813.

[129] D. Budker, W. Gawlik, D.F. Kimball, S.M. Rochester, V.V. Yashchuk, A. Weis, Rev. Mod. Phys. 74
(2002) 1153.

[130] M.G. Payne, L. Deng, Phys. Rev. Lett. 91 (2003) 123602.

[131] A. Einstein, B. Podolsky, N. Rosen, Phys. Rev. 47 (1935) 777.

[132] J.S. Bell, Physics 1 (1965) 195;

J.S. Bell, Rev. Mod. Phys. 38 (1966) 447.

[133] D.M. Greenberger, M. Horne, A. Zeilinger, in: M. Kafatos (Ed.), Bell’s Theorem, Quantum Theory and
Conceptions of the Universe, Kluwer, Dordrecht, 1989, p. 73.

[134] S.J. Friedman, J.F. Clauser, Phys. Rev. Lett. 28 (1972) 938.

[135] P.G. Kwait, P.H. Eberhard, A.M. Steinberg, R.Y. Chiao, Phys. Rev. A 49 (1994) 32009.

[136] G. Alber, et al., Quantum Information, Springer, Berlin, 2001.

[137] K. Bergmann, H. Theuer, B.W. Shore, Rev. Mod. Phys. 70 (1998) 1003



