Is Particle Decay Exponential in Time?

Kirk T. McDonald Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544 (February 15, 2024)

The first measurement of the time dependence of radioactive decay was by Rutherford (1900) [1], who found it to be exponential over 4 half lives (τ_{1/2} = 0.69/Γ in N(t) = N_0 e^{−Γt} where Γ is the decay rate, assumed to be independent of time). Subsequent studies [2, 29, 41, 34, 63, 65, 74, 79] have shown exponential behavior out to 50 half lives, and for times greater than 10^{−10}τ_{1/2} [71, 72].^1 That is, exponential decay is an excellent description for decays of particles at “rest”.^2

While approximate quantum theories are consistent with exponential decay [3, 4, 5, 6, 7], there is an extensive literature to the effect that quantum theory predicts nonexponential decay at very early and very late times [9, 10, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 25, 27, 28, 30, 31, 32, 33, 35, 36, 37, 38, 39, 40, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 64, 66, 68, 69, 70, 73, 75, 76, 77, 80, 81, 82, 83, 84, 85, 86, 87, 89, 91, 93, 94, 96, 97, 98, 99, 100, 101, 102, 104, 105, 107, 108, 109].^{3,4} It was estimated in [52] that exponential decay is a good approximation for 10^{−14}τ_{1/2} < t < 130 τ_{1/2} in decays of “elementary particles”.

It was perhaps first noted in [45] that interactions with the environment can affect the decay of a particle,^{5,6} particularly if it is frequently observed. This was called the quantum Zeno effect in [50],^{7,8} whose first experimental observation was reported in [68, 92]. A related example is the observation of a nonexponential survival probability at times less than 0.2τ_{1/2} for sodium atoms in an optical trap whose position is accelerated [78]. Much earlier were measurements [23, 24, 26] of nonexponential optical decay of nuclei when filters limited the observed spectral region. Another example, studied in great detail, is the decay

1The apparent observation of exponential decay modulated by oscillations of period 7 sec in hydrogen-like ions [90] (the “GSI anomaly”) was not confirmed in a later, more precise experiment [106].

2There exists one report [88] (apparently unconfirmed) of non-exponential decay in two systems of fluorescent molecules. An issue is that the decay photons in these 1-photon-decay systems can re-excite the molecules, which leads to deviations from simple exponential decay of the system. That is, the behavior of a collection of states whose decay emits only a single particle can be different from the behavior of a single such state.

3It was perhaps first noted in [33] that a state which decays must have a spectrum of energies, and if this spectrum has a lower bound, then the decay is not exponential at large times.

4It was claimed in [32] (and many subsequent papers) that the survival probability of a decaying particle is a nonmonotonically decreasing function of time (see fig. 2 of [32]), which seems unreasonable to me.

5Free neutrons decay (first measured in [8]), but neutrons in stable nuclei and neutron stars do not. The lifetime of neutrons in a magnetic bottle is about 0.1% less than that of neutrons in a beam (see, for example, [103]), which may be due to depletion of the neutrons in the bottle when they form deuterium during collisions (which are more probable in a bottle than in a beam.

6Claims that the decay rates of radioactive nuclei on Earth are somehow influenced by the Sun are discussed in [95].

7A closely related behavior has been called the quantum watchdog effect [44, 49, 58]. This concept was anticipated by Alan Turing shortly before his death in 1954, as recorded on p. 7 of a letter that year by his student R.O. Gandy to R.H.A. Newman [11].

8The case that the short-time decay rate is enhanced by frequent observation was called the anti-Zeno effect in [67].

of transversely spin-polarized muons in a storage ring, where the time distribution of decay electrons observed in a limited solid angle exhibits oscillations about exponential decay over 14 half lives (τ_{1/2} = 45 μs in the experiment), as shown below, Fig. 2 of [110].

References

[1] E. Rutherford, A Radio-active Substance emitted from Thorium Compounds, Phil. Mag.

49, 1 (1900), http://kirkmcd.princeton.edu/examples/EP/rutherford_pm_49_1_00.pdf

[2] E. Rutherford, Untersuchen über die Radiumemanation: II. Die Umwandlungsgeswingdigkeit, Sitzb. Kaiser. Akad. Wiss. Heidelberg 120-2A, 303 (1911),

http://kirkmcd.princeton.edu/examples/nuclear/rutherford_skakwh_120-2a_303_11.pdf

[3] R.W Gurney and E.U. Condon, Wave Mechanics and Radioactive Disintegration, Nature 122, 439 (1928), http://kirkmcd.princeton.edu/examples/nuclear/gurney_nature_122_439_28.pdf

[4] G. Gamow, Zur Quantentheorie des Atomkernes, Z. Phys. 51, 204 (1928),

http://kirkmcd.princeton.edu/examples/nuclear/gamow_zp_51_204_28.pdf

[5] R.W Gurney and E.U. Condon, Quantum Mechanics and Radioactive Decay, Phys.

Rev. 33, 27 (1929), http://kirkmcd.princeton.edu/examples/nuclear/gurney_pr_33_127_29.pdf

[6] V. Weisskopf and E. Wigner, Berechnung der natürlichen Linienbreite auf Grund der Diracschen Lichttheorie, Z. Phys. 63, 54 (1930),

http://kirkmcd.princeton.edu/examples/QED/weisskopf_zp_63_54_30.pdf

[7] G. Breit and E. Wigner, Capture of Slow Neutrons, Phys. Rev. 49, 519 (1936),

http://kirkmcd.princeton.edu/examples/EP/breit_pr_49_519_36.pdf

[8] J.M. Robson, Radioactive Decay of the Neutron, Phys. Rev. 78, 311 (1950),

http://kirkmcd.princeton.edu/examples/EP/robson_pr_78_311_50.pdf

[9] E.J. Hellund, The Decay of Resonance Radiation by Spontaneous Emission, Phys. Rev.

89, 919 (1953), http://kirkmcd.princeton.edu/examples/QM/hellund_pr_89_919_53.pdf

[10] M. Namiki and N. Mugibayashi, On the Radiation Damping and the Decay of an Excited State, Prog. Theor. Phys. 10, 474 (1953),

http://kirkmcd.princeton.edu/examples/QM/namiki_ptp_10_474_53.pdf

[11] R.O. Gandy, letter to Max Newman, (June 1954),

http://kirkmcd.princeton.edu/examples/QM/gandy_june54.pdf

also in R.O. Gandy and C.E.M. Yates (eds.), The Collected Works of A.M. Turing: Mathematical Logic (North-Holland, 2001),

http://kirkmcd.princeton.edu/examples/QM/gandy_01.pdf

A slightly more serious contribution to quantum mechanics was “The Turing Paradox”; It is easy to show using standard theory that if a system starts in an eigenstate of some observable, and measurements are made of that observable N times a second, then, even if the state is not a stationary one, the probability that the system will be in the same state after, say, 1 second, tends to one as N tends to infinity; i.e., that continual observation will prevent motion. Alan and I tackled one or two theoretical physicists with this, and they rather pooh-poohed it by saying that continual observation is not possible. But there is nothing in the standard books (e.g., Dirac’s) to this effect, so that at least the paradox shows up an inadequacy of Quantum Theory as usually presented.

[12] V. Glaser and G. Källén, A Model of an Unstable Particle, Nucl. Phys. 7, 206 (1956),

http://kirkmcd.princeton.edu/examples/QM/glaser_np_2_706_56.pdf

[13] T. Okabayashi and S. Sato, A Method of Renormalization for Unstable Particles, Prog.

Theor. Phys. 17, 30 (1957),

http://kirkmcd.princeton.edu/examples/QM/okabayashi_ptp_17_30_57.pdf

[14] H. Araki, Y. Munakata and M. Kawaguchi, Quantum Field Theory of Unstable Particles, Prog. Theor. Phys. 17, 419 (1957),

http://kirkmcd.princeton.edu/examples/QM/araki_ptp_17_419_57.pdf

[15] L.A. Khalfin, Contribution to the Decay Theory of a Quasi-Stationary State, Sov. Phys.

JETP 6, 1053 (1958), http://kirkmcd.princeton.edu/examples/QM/khalfin_spjetp_6_1053_58.pdf

[16] P.T. Matthews and A. Salam, Relativistic Field Theory of Unstable Particles, Phys. Rev.

112, 283 (1958), http://kirkmcd.princeton.edu/examples/QM/matthews_pr_112_283_58.pdf

[17] G. Höhler, Über die Exponentialnäherung beim Teilchenzerfall, Z. Phys. 152, 546 (1958), http://kirkmcd.princeton.edu/examples/QM/hohler_zp_152_546_58.pdf

[18] P.T. Matthews and A. Salam, Relativistic Field Theory of Unstable Particles. II, Phys.

Rev. 115, 1079 (1959), http://kirkmcd.princeton.edu/examples/QM/matthews_pr_115_1079_59.pdf

[19] J. Petzold, Wie gut gilt das Exponentialgesetz beim α-Zerfall? Z. Phys. 155, 422 (1959),

http://kirkmcd.princeton.edu/examples/QM/petzold_zp_155_422_59.pdf

[20] M. Lévy, On the Validity of the Exponential Law for the Decay of an Unstable Particle, Nuovo Cim. 14, 620 (1959), http://kirkmcd.princeton.edu/examples/QM/levy_nc_14_620_59.pdf

[21] J. Petzold, Zum Anfangswertproblem zerfallender Zustände, Z. Phys. 157, 122 (1959),

http://kirkmcd.princeton.edu/examples/QM/petzold_zp_157_122_59.pdf

[22] J. Schwinger, Field Theory of Unstable Particles, Ann. Phys. 9, 169 (1960),

http://kirkmcd.princeton.edu/examples/EP/schwinger_ap_9_169_60.pdf

[23] R.E. Holland et al., Time Spectra of Filtered Resonance Radiation of Fe^{57}, Phys. Rev.

Lett. 4, 181 (1960), http://kirkmcd.princeton.edu/examples/nuclear/holland_prl_4_181_60.pdf

[24] F.J. Lynch, R.E. Holland and M. Hamermesh, Time Dependence of Resonantly Filtered Gamma Rays from Fe^{57}, Phys. Rev. 120, 513 (1960),

http://kirkmcd.princeton.edu/examples/nuclear/lynch_pr_120_513_60.pdf

[25] R. Jacob and R.G. Sachs, Mass and Lifetime of Unstable Particles, Phys. Rev. 121, 350 (1961), http://kirkmcd.princeton.edu/examples/EP/jacob_pr_121_350_61.pdf

[26] C.S. Wu et al., Frequency Distribution of Resonance Line versus Delay Time, Phys.

Rev. Lett. 5, 432 (1960), http://kirkmcd.princeton.edu/examples/QM/wu_prl_5_432_60.pdf

[27] R.G. Newton, The Exponential Decay Law of Unstable Systems, Ann. Phys. 14, 339 (1961), http://kirkmcd.princeton.edu/examples/QM/newton_ap_14_333_61.pdf

[28] R.G. Winter, Evolution of a Quasi-Stationary State, Phys. Rev. 123, 1503 (1961),

http://kirkmcd.princeton.edu/examples/QM/winter_pr_123_1503_61.pdf

[29] R.G. Winter, Large-Time Exponential Decay and “Hidden Variables”, Phys. Rev. 126, 1152 (1962), http://kirkmcd.princeton.edu/examples/nuclear/winter_pr_126_1152_62.pdf

[30] J. McEwan, Representation of Particle States in Quantum Field Theory, Phys. Rev.

132, 2353 (1963), http://kirkmcd.princeton.edu/examples/EP/mcewan_pr_132_2353_63.pdf

[31] H. Osborne, Nonexponential Decays in a Lee-Type Model, Phys. Rev. 145, 1272 (1966),

http://kirkmcd.princeton.edu/examples/EP/osborne_pr_145_1272_66.pdf

[32] R. Alzetta and E. d’Ambrogio, Evolution of a resonant state, Nucl. Phys. 82, 683 (1966),

http://kirkmcd.princeton.edu/examples/EP/alzetta_np_82_683_66.pdf

[33] L.A. Khalfin, Phenoenological Theory of the K^0 Meson and the Non-Exponential Character of the Decay, JETP Lett. 8, 65 (1968),

http://kirkmcd.princeton.edu/examples/QM/khalfin_jetpl_8_65_68.pdf

[34] N.N. Nikolaev, Verification of Exponential Decay Law, Sov. Phys. Usp. 11, 522 (1969),

http://kirkmcd.princeton.edu/examples/nuclear/nikolaev_spu_11_522_69.pdf

[35] L. Fonda and G.C. Ghirardi, Contribution to the Decay Theory of Unstable Quantum Systems, Nuovo Cim. A 67, 257 (1970),

http://kirkmcd.princeton.edu/examples/QM/fonda_nc_67a_257_70.pdf

[36] D.N. Williams, Difficulty with a Kinematic Concept of Unstable Particles: the SZ.-Nagy Extension and the Matthews-Salam-Zwanziger Representation, Comm. Math. Phys. 21, 314 (1971), http://kirkmcd.princeton.edu/examples/QM/williams_cmp_21_314_71.pdf

[37] H. Ekstein and A.J.F. Siegert, On a Reinterpretation of Decay Experiments, Ann. Phys.

68, 509 (1970), http://kirkmcd.princeton.edu/examples/QM/ekstein_ap_68_509_71.pdf

[38] L. Fonda and G.C. Ghirardi, Contribution to the Decay Theory of Unstable Quantum Systems. II, Nuovo Cim. A 6, 533 (1971),

http://kirkmcd.princeton.edu/examples/QM/fonda_nc_6a_553_71.pdf

[39] R.M. More, Theory of Decaying States, Phys. Rev. A 4, 1782 (1971),

http://kirkmcd.princeton.edu/examples/QM/more_pra_4_1782_71.pdf

[40] M.N. Hack, Interpretation of decay experiments, Phys. Lett. A 38, 423 (1972),

http://kirkmcd.princeton.edu/examples/QM/hack_pl_a38_423_72.pdf

[41] D.K. Butt and A.R. Wilson, A study of the radioactive decay law, J. Phys. A 5, 1248 (1972), http://kirkmcd.princeton.edu/examples/nuclear/butt_jpa_5_1248_72.pdf

[42] M.N. Hack, Initial stationarity of quantum mechanical states, Phys. Lett. A 40, 351 (1972), http://kirkmcd.princeton.edu/examples/QM/hack_pl_a40_351_72.pdf

[43] L. Fonda, G.C. Ghirardi and A. Rimini, Evolution of Quantum Systems Subject to Random Measurements, Nuovo Cim. B 18, 1 (1973),

http://kirkmcd.princeton.edu/examples/QM/fonda_nc_18b_1_73.pdf

[44] M.T. Parkinson, Relativistic Decay Theory: Corrections to the Weisskopf-Wigner Approximation, Nucl. Phys. B 69, 399 (1974),

http://kirkmcd.princeton.edu/examples/QM/parkinson_np_b69_399_74.pdf

[45] A. Degasperis, L. Fonda and G.C. Ghirardi, Does the lifetime of an unstable system depend on the measuring apparatus? Nuovo Cim. A 21, 471 (1974),

http://kirkmcd.princeton.edu/examples/QM/degasperis_nc_21a_471_74.pdf

[46] S.T. Ali and G.C. Ghirardi, Unstable Systems and Measurement Processes, Nuovo Cim.

A 24, 220 (1974), http://kirkmcd.princeton.edu/examples/QM/twareque_nc_24a_220_74.pdf

[47] S.T. Ali, L. Fonda and G.C. Ghirardi, Pertinence of the Semi-Group Law in the Theory of the Decay of an Unstable Elementary Particle, Nuovo Cim. A 25, 134 (1975),

http://kirkmcd.princeton.edu/examples/QM/twareque_nc_25a_134_75.pdf

[48] L. Fonda, G.C. Ghirardi and A. Rimini, On the Fermi Golden Rule, Nuovo Cim. A 25, 537 (1975), http://kirkmcd.princeton.edu/examples/QM/fonda_nc_25a_537_75.pdf

[49] A.M. Wolsky, Why “A Watched Pot Never Boils”, Found. Phys. A 6, 367 (1976),

http://kirkmcd.princeton.edu/examples/QM/wolsky_fp_6_367_76.pdf

[50] B. Misra and E.C.G. Sudarshan, The Zeno’s paradox in quantum theory, J. Math. Phys.

18, 756 (1977), http://kirkmcd.princeton.edu/examples/QM/misra_jmp_18_756_77.pdf

[51] B. Misra and K.B. Sinha, A remark on the rate of regeneration in decay processes, Helv.

Phys. Acta 50, 99 (1977),

http://kirkmcd.princeton.edu/examples/QM/misra_hpa_50_99_77.pdf

[52] C.B. Chiu, E.C.G. Sudarshan and B. Misra, Time evolution of unstable quantum states and a resolution of Zeno’s paradox, Phys. Rev. D 16, 520 (1977),

http://kirkmcd.princeton.edu/examples/QM/chiu_prd_16_520_77.pdf

[53] L. Fonda, A Critical Discussion on the Decay of Quantum Unstable Systems, Fort.

Phys. 25, 101 (1977), http://kirkmcd.princeton.edu/examples/QM/fonda_fp_25_101_77.pdf

[54] L. Fonda, G.C. Ghirardi and A. Rimini, Decay theory of unstable quantum systems, Rep. Prog. Phys. 41, 587 (1978),

http://kirkmcd.princeton.edu/examples/QM/fonda_rpp_41_587_78.pdf

[55] G.N. Fleming, Some Inequalities for the Trieste Theory of Unstable-Particle Decay, Nuovo Cim. A 46, 579 (1978),

http://kirkmcd.princeton.edu/examples/QM/fleming_nc_46a_579_78.pdf

[56] G.C. Ghirardi et al., Small-Time Behaviour of Quantum Nondecay Probability and Zeno’s Paradox in Quantum Mechanics, Nuovo Cim. A 52, 421 (1979),

http://kirkmcd.princeton.edu/examples/QM/ghirardi_nc_52a_421_79.pdf

[57] A. Peres, Nonexponential Decay Law, Ann. Phys. 129, 33 (1980),

http://kirkmcd.princeton.edu/examples/QM/peres_ap_129_33_80.pdf

[58] K. Kraus, Measuring Processes in Quantum Mechanics I. Continuous Observation and the Watchdog Effect, Found. Phys. 11, 549 (1981),

http://kirkmcd.princeton.edu/examples/QM/kraus_fp_11_549_81.pdf

[59] M. Hillery, Fermi’s golden rule and exponential decay in two-level systems, Phys. Rev.

A 24, 933 (1981), http://kirkmcd.princeton.edu/examples/QM/hillery_pra_24_933_81.pdf

[60] M.H. Mittleman and A. Tip, Decay of an adiabatically prepared state, J. Phys. B 17, 571 (1984), http://kirkmcd.princeton.edu/examples/QM/mittleman_jpb_17_571_84.pdf

[61] K. Grotz and H.V. Klapdor, Time scale of short time deviations from exponential decay, Phys. Rev. C 30, 2098 (1984),

http://kirkmcd.princeton.edu/examples/QM/grotz_prc_30_2098_84.pdf

[62] A.M. Lane, Effect of Frequent Collisions on the Decay of a State, Phys. Lett. A 104, 91 (1984), http://kirkmcd.princeton.edu/examples/QM/lane_pl_a104_91_84.pdf

[63] E.B. Norman et al., Tests of the Exponential Decay Law at Short and Long Times, Phys. Rev. Lett. 60, 2246 (1988),

http://kirkmcd.princeton.edu/examples/nuclear/norman_prl_60_2246_88.pdf

[64] J. Levitan, Small Time Behhavior of an Unstable Quantum System, Phys. Lett. A 129, 267 (1988), http://kirkmcd.princeton.edu/examples/QM/levitan_pl_a129_267_88.pdf

[65] P. Greenland, Seeking non-exponential decay, Nature 335, 298 (1988),

http://kirkmcd.princeton.edu/examples/nuclear/greenland_nature_335_298_88.pdf

[66] F.T. Avignone III, Comment on “Tests of the Exponential Decay Law at Short and Long Times”, Phys. Rev. Lett. 61, 2624 (1988),

http://kirkmcd.princeton.edu/examples/nuclear/avignone_prl_61_2624_88.pdf

[67] W.C. Schieve, L.P. Horwitz and J. Levitan, Numerical study of zeno and anti-zeno effects in a local potential mode, Phys. Lett. A 136, 264 (1989),

http://kirkmcd.princeton.edu/examples/QM/schieve_pl_a136_264_89.pdf

[68] W.M. Itano, Quantum Zeno effect, Phys. Rev. A 41, 2295 (1990),

http://kirkmcd.princeton.edu/examples/QM/itano_pra_41_2295_90.pdf

[69] K. Urbanowski, Early-time properties of quantum evolution, Phys. Rev. A 50, 2847 (1994), http://kirkmcd.princeton.edu/examples/QM/urbanowski_pra_50_2847_94.pdf

[70] G. Garcia-Calderón, J.L. Mateos and M. Moshinsky, Resonant Spectra and the Time Evolution of the Survival and Nonescape Probabilities, Phys. Rev. Lett. 74, 337 (1995),

http://kirkmcd.princeton.edu/examples/QM/garcia_prl_74_337_95.pdf

[71] E.B. Norman et al.,^{40}K: Young or Old, the Decay Rate is the Same, LBL-31650 (Sept.

1994), http://kirkmcd.princeton.edu/examples/nuclear/norman_lbl-36150_88.pdf

[72] E.B. Norman et al., An improved test of the exponential decay law, Phys. Lett. B 357, 521 (1995), http://kirkmcd.princeton.edu/examples/nuclear/norman_pl_b357_521_95.pdf

[73] C.A. Nicolaidesy and T. Mercouris, On the violation of the exponential decay law in atomic physics: ab initio calculation of the time-dependence of the He^−1s2p^{2 4}P nonstationary state, J. Phys. B 29, 1151 (1996),

http://kirkmcd.princeton.edu/examples/QM/nicolaides_jpb_29_1151_96.pdf

[74] G. Alexander et al., Test of the exponential decay law at short decay times using tau leptons, Phys. Lett. B 368, 244 (1996),

http://kirkmcd.princeton.edu/examples/EP/alexander_pl_b368_244_96.pdf

[75] G. Garcia-Calderón, J.L. Mateos and M. Moshinsky, Survival and Nonescape Probabilities for Resonant and Nonresonant Decay, Ann. Phys. 249, 430 (1996),

http://kirkmcd.princeton.edu/examples/QM/garcia_ap_249_430_96.pdf

[76] J.G. Muga, G.W. Wei and R.F. Snider, Short-time behaviour of the quantum survival probability, Euro. Phys. Lett. 80, 4353 (1998),

http://kirkmcd.princeton.edu/examples/QM/muga_epl_35_247_96.pdf

[77] R.M. Cavalcanti, Comment on “Resonant Spectra and the Time Evolution of the Survival and Nonescape Probabilities”, Phys. Rev. Lett. 80, 4353 (1998),

http://kirkmcd.princeton.edu/examples/QM/cavalcanti_prl_80_4353_98.pdf

[78] S.R. Wilkinson et al., Experimental evidence for non-exponential decay in quantum tunnelling, Nature 387, 575 (1997),

http://kirkmcd.princeton.edu/examples/QM/wilkinson_nature_387_575_97.pdf

[79] A.M. Dykhne and E.V. Tkalya,^{229m}Th(3/2^+, 3.5 eV) and a check of the exponentiality of the decay law, JETP Lett. 67, 549 (1998),

http://kirkmcd.princeton.edu/examples/nuclear/dykhne_jetpl_67_549_98.pdf

[80] R.M. Cavalcanti and C.A.A. de Carvalho,, On the effectiveness of Gamow’s Method for Calculating Decay Rates, Rev. Bra. Ens. Fis. A 21, 464 (1999),

http://kirkmcd.princeton.edu/examples/QM/cavalcanti_rbef_21_464_99.pdf

[81] A.G. Kofman and G. Kurizki, Frequent Observations Accelerate Decay: The anti-Zeno Effect, Z. Natur. A 56, 83 (2001),

http://kirkmcd.princeton.edu/examples/QM/kofman_zn_56a_83_01.pdf

[82] G. Garcia-Calderón, V. Riquer and R. Romo, Survival probability of a single resonance, J. Phys. Rev. A 34, 4153 (2001),

http://kirkmcd.princeton.edu/examples/QM/garcia_jpa_34_4155_01.pdf

[83] D.A. Dicus et al., Time development of a quasistationary state, Phys. Rev. A 65, 32116 (2002), http://kirkmcd.princeton.edu/examples/QM/dicus_pra_65_032116_02.pdf

[84] T. Koide and F.M. Toyama, Decay process accelerated by tunneling in its very early stage, Phys. Rev. A 66, 064102 (2002),

http://kirkmcd.princeton.edu/examples/QM/koide_pra_66_064102_02.pdf

[85] S.L Adler, Weisskopf-Wigner decay theory for the energy-driven stochastic Schrödinger equation, Phys. Rev. D 67, 025007 (2003),

http://kirkmcd.princeton.edu/examples/QM/adler_prd_67_025007_03.pdf

[86] R.M. Cavalcanti, P. Giacconi and R. Soldati, Decay in a uniform field: an exactly solvable model, J. Phys. A 36, 12065 (2003),

http://kirkmcd.princeton.edu/examples/QM/cavalcanti_jpa_36_12065_03.pdf

[87] A.R. Bohm and Y. Sato, Relativistic resonances: Their masses, widths, lifetimes, superposition, and causal evolution, J. Phys. A 36, 12065 (2003),

http://kirkmcd.princeton.edu/examples/QM/bohm_prd_71_085018_05.pdf

[88] C. Rothe, S.I. Hintschich and A.P. Monkman, Violation of the Exponential-Decay Law at Long Times, Phys. Rev. Lett. 96, 163601 (2006),

http://kirkmcd.princeton.edu/examples/QM/rothe_prl_96_163601_06.pdf

[89] G. Garcia-Calderón and J. Villavicencio, Full-time nonexponential decay in doublebarrier quantum structures, Phys. Rev. A 73, 062115 (2006),

http://kirkmcd.princeton.edu/examples/QM/garcia_pra_73_062115_06.pdf

[90] Y.A. Litvinov, Observation of non-exponential orbital electron capture decays of hydrogen-like^{140}Pr and^{142}Pm ions, Phys. Lett. B 664, 162 (2008),

http://kirkmcd.princeton.edu/examples/nuclear/litvinov_pl_b664_162_08.pdf

[91] E. Torrontegui et al., Enhanced observability of quantum postexponential decay using distant detectors, Phys. Rev. A 80, 012703 (2009),

http://kirkmcd.princeton.edu/examples/QM/torrontegui_pra_80_012703_09.pdf

[92] W.M. Itano, Perspectives on the quantum Zeno paradox, J. Phys. Conf. Ser. 196, 012018 (2009), http://kirkmcd.princeton.edu/examples/QM/itano_jpcs_196_012018_09.pdf

[93] J Martorell, J.G. Muga and D.W.L. Sprung, Quantum Post-exponential Decay, Lect.

Notes Phys. 789, 239 (2009),

http://kirkmcd.princeton.edu/examples/QM/martorell_lnp_789_239_09.pdf

[94] A.N. Petridis et al., Exact Analytical and Numerical Solutions to the Time-Dependent Schrödinger Equation for a One-Dimensional Potential Exhibiting Non-Exponential Decay at All Times, J. Mod. Phys. 1, 124 (2010),

http://kirkmcd.princeton.edu/examples/QM/petridis_jmp_1_124_10.pdf

[95] E. Fischbach, J.H. Jenkins and P.A. Sturrock, Evidence for Time-Varying Nuclear Decay Rates: Experimental Results and Their Implications for New Physics (June 7, 2011),

https://arxiv.org/abs/1106.1470

[96] F. Giacosa, Non-exponential Decay in Quantum Field Theory and in Quantum Mechanics: The Case of Two (or More) Decay Channels, Found. Phys. 42, 12621 (2012),

http://kirkmcd.princeton.edu/examples/QM/giacosa_fp_42_1262_12.pdf

[97] P.J. Aston, Is radioactive decay really exponential? Eur. Phys. Lett. 97, 52001 (2012),

http://kirkmcd.princeton.edu/examples/nuclear/aston_epl_97_52001_12.pdf

[98] F. Giacosa, Energy uncertainty of the final state of a decay process, Phys. Rev. A 88, 052131 (2013), http://kirkmcd.princeton.edu/examples/QM/giacosa_pra_88_052131_13.pdf

[99] M. Peshkin, A. Volya and V. Zelevinsky, Non-exponential and oscillatory decays in quantum mechanics, Eur. Phys. Lett. 107, 40001 (2014),

http://kirkmcd.princeton.edu/examples/QM/peshkin_epl_107_40001_14.pdf

[100] K. Urbanowski, True quantum face of the “exponential” decay law, Eur. Phys. J. D 71, 118 (2017), http://kirkmcd.princeton.edu/examples/QM/urbanowski_epjd_71_118_17.pdf

[101] M. Beau et al., Nonexponential Quantum Decay under Environmental Decoherence, Phys. Rev. Lett. 1191, 130401 (2017),

http://kirkmcd.princeton.edu/examples/QM/beau_prl_119_130401_17.pdf

[102] K. Raczyńska and K. Urbanowski, Survival Amplitude, Instantaneous Energy and Decay Rate of an Unstable System: Analytical Results, Acta Phys. Pol. B 49, 1683 (2018), http://kirkmcd.princeton.edu/examples/QM/raczynska_app_b49_1683_18.pdf

[103] F. E. Wietfeldt, Measurements of the Neutron Lifetime, Atoms 6, 70 (2018),

http://kirkmcd.princeton.edu/examples/EP/wietfeldt_atoms_6_70_18.pdf

[104] D.F.R. Jiménez and N.G. Kelkar, Quantum decay law: critical times and the equivalence of approaches, J. Phys. A 52, 055201 (2019),

http://kirkmcd.princeton.edu/examples/QM/jimenez_jpa_52_055201_19.pdf

[105] C. Dullemond, Fermis “Golden Rule and Non-Exponential Decay (Nov. 21, 2018),

https://arxiv.org/abs/quant-ph/0202105

[106] F.C. Ozturk et al., New test of modulated electron capture decay of hydrogen-like 142Pm ions: Precision measurement of purely exponential decay, Phys. Lett. B 797, 134800 (2019), http://kirkmcd.princeton.edu/examples/nuclear/ozturk_pl_b797_134800_19.pdf

[107] F.V. Pepe et al., Nonexponential decay of Feshbach molecules, Phys. Rev. A 101, 013632 (2020), http://kirkmcd.princeton.edu/examples/QM/pepe_pra_101_013632_20.pdf

[108] F. Giacosa, P. Kościk and T. Sowiński, Capturing nonexponential dynamics in the presence of two decay channels, Phys. Rev. D 101, 056003 (2020),

http://kirkmcd.princeton.edu/examples/QM/giacosa_prd_101_056003_20.pdf

[109] A. Wyrzykowski, Analysis of the Breakdown of Exponential Decays of Resonances, Acta Phys. Pol. B 51, 20 (2020),

http://kirkmcd.princeton.edu/examples/QM/wyrzykowski_app_b51_20.pdf

[110] D.P. Aguillard et al., Measurement of the Positive Muon Anomalous Magnetic Moment to 0.20 ppm, Phys. Rev. Lett. 131, 161802 (2023),

http://kirkmcd.princeton.edu/examples/EP/aguillard_prl_131_161802_23.pdf