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A Wigner-idő definíciója, késés kvantummechanikai 
szórásnál. [The definition of the Wigner time, delay during 
quantum-mechanical scattering.]

Analógia az electromágneses hullámok terjedésénél fellépő 
késéssel. [Analogy with the delay appearing in the propagation 
of electromagnetic waves (in dispersive media).]g ( p ) ]

A Wigner-idő néhány általánosítása. [Some generalization of 
the Wigner time.]

Mai kísérleti eredmények az attoszekundumos késésre 
fotoionizáció esetén. [Recent experimental results on 
the attosecond delay in photoionization ]the attosecond delay in photoionization.]



The ‘Eisenbud-Wigner time delay’. 
[1948  1955][1948, 1955].

>>The cross section and its angular dependence, as a function of energy, do not seem to determine in 
general the phase shifts uniquely. It may be useful, therefore, to derive certain general rules about the 
energy dependence of phase shifts... The relation to be derived here are based, fundamentally,  on what 
has come to be called „the principle of causality”. It states that the scattered wave cannot leave the 
scatterer befor the incident wave has reached it...
Before carrying out the very simple calculation, the general nature of the result will be illustrated by 
means of Eisenbud’s interpretation of the energy derivative of the phase shift as a time delay (3)....<<

Wigner E P 1955, Lower limit for the energy derivative of the scattering phase shift. Physical Review 98(1), 145-
147 (1955).   References: (2) Wigner E P and Eisenbud L, Phys. Rev. 72, 29 (1947). (3) Eisenbud L,  Dissertation, 
Princeton, June 1948 (unpublished). 



The energy derivative of the phase 
shift ( 2 h d / dE ) as delay (  )  shift ( 2 h d / dE ) as delay (  ). 

>>One sees that the 
outgoing wave is 
retarded by a stretch 
2d/dk; it arrives at the 
point r–2d/dk at the 
time it would have 

tdkddkdr  )/()/(2 

arrived at r without the 
action of the scattering 
center.<<
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Wigner E P 1955, Lower limit for the energy derivative of the scattering phase shift. Physical Review 98(1), 145-147 
(1955).   (References: (2) Wigner E P and Eisenbud L, Phys. Rev. 72, 29 (1947). (3) Eisenbud L,  Dissertation, 
Princeton, June 1948 (unpublished). 



An example for the Wigner delay, derived 
from the Breit-Wigner amplitude  from the Breit-Wigner amplitude. 

S: Scattering matrix S expressed by the T matrix
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Breit-Wigner resonance form.
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Fig. 1. Single energy values of the real part of the T -matrix (filled triangles), imaginary part of T (open squares), phase 
shifts (filled circles) and the time delay t evaluated in the P33 and D13 partial waves of πN elastic scattering. The time delay 
i l t d i th T t i i b th lid li hi h fit th i l l ll
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is evaluated using the T -matrix given by the solid lines which fit the single energy values very well.

N.G. Kelkar, M. Nowakowski , K.P. Khemchandani and S.R. Jain , Time delay plots of unflavoured baryons. Nuclear Physics 
A 730 (2004) 121–140.



Planck (1900) and Laue (1905): Wave 
propagation  Group velocity  Delaypropagation. Group velocity. Delay.
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Planck M 1900 Irreversible Strahlungsvorgänge Annalen der Physik (4) 1 69 123 (1900)Planck M 1900 Irreversible Strahlungsvorgänge Annalen der Physik (4) 1, 69-123 (1900)

Laue M von 1905 Fortpflanzung der Strahlung in dispergierenden und absorbierenden Medien Annalen der 
Physik (4)  18, 523-566 (1905)



Sommerfeld and Brillouin [1907-1914]: 
on the concept of group velocityon the concept of group velocity.

„Well, on the basis of the 
above results, there is 
no difficulty at all. The 
front of the signal 
under any 
circumstances 
propagates with the 
velocity of light in 
vacuum, c; the main 
part of the energy 
propagates necessarily 
with a lower velocity. 
This, according to Mr. 
Brillouin, equals in 
general with the group 
velocity, except for the 
vicinity of the y
absorption band, in the 
region of anomalous 
dispersion. Here, the 
group velocity as a 
signal velocity loses its g y
meaning.”

Sommerfeld A 1914 Über die Fortpflanzung des Lichtes in dispergierenden Medien Annalen der Physik 44 177-202 (1914)



Sommerfeld [ 1914 ] : ‘Superluminar 
propagation’ and ‘Precursors’ [‘Vorläufer’ ]propagation and Precursors  [ Vorläufer  ].

„Here the group 
velocity as a signal y g
velocity looses its 
meaning; the 
constructed relativistic 
difficulties are based 
on the overestimation 
of the notion of group 
velocity, in 
comparison with the 
wave velocity  which is 

cx  8/2

wave velocity, which is 
usually called „the 
velocity of light.” 

)t2(t2),( 1  Jtxf 

cxp   8/

Sommerfeld A 1914 Über die Fortpflanzung des Lichtes in dispergierenden Medien Annalen der Physik 44 177-202 (1914)
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Delay and  „superluminar propagation”
by photonic band-gap crystals  [1994 ]by photonic band-gap crystals. [1994 ].

Spielmann Ch, Szipőcs R, Stingl A and Krausz F 1994 Tunneling of optical pulses through photonic band gaps.  
Phys. Rev. Lett. 73 2308-2311 (1994).



“Lifetime matrix” :  F. T. Smith [1960]
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Smith F T 1960 Lifetime matrix in collision theory Phys. Rev. 118 349-356 (1960).
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Lippmann’s derivation of the delay 
from a ‘time operator’ [ 1966 ]  from a time operator  [ 1966 ]. 
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Lippmann B A 1966 Operator for time delay induced by scattering Phys. Rev. 82 664-679 (1951) 151 1023-1024.
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Phase-locking of the higher-harmonic 
components [ Farkas & Tóth (1992) ]components [ Farkas & Tóth (1992) ]
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Synthesis of N = 15 higher-harmonics of the same 
intensity at the plateau region, according to (5.12); y p g , g ( );
Real part, imaginary part and modulus with phase-
locking. In the last figure the phase difference of the 
components are not constant (random).

Farkas Gy and Tóth Cs,  Proposal for attosecond light pulse generation using laser-induced multiple-harmonic 
conversion processes in rare gases. Phys. Lett. A 168, 447 (1992).  [Also: SV and Farkas Gy : Attosecond 
electron pulses from interference of above-threshold de Broglie waves. Laser and Particle Beams 26, 9 (2008).]



Detour. The question of quantum-mechanical phase uncertainties, 
‘absolut phase’ and the ‘phase projectors’. A recently proposed 
construction: SU(1,1) sampling states, generated by a parametric 
process. For larger intensities the ‘sampling is sharper’.
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Figures taken from: S. V., Regular phase operator and SU(1,1) coherent states of the harmonic oscillator. 
Physica Scripta 90 (7), 074053 (2015).  Figs. 2-3. 



Detour on the time evolution of the 
physical phase of a ‘quantum clock’ p 1physical phase of a quantum clock . p.1
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S. V., Physica Scripta 90 (7), 074053 (2015). The quantum phase of the photon a Haar integral on the Blaschke group. 
[Seminar 7 on Quantum Information of LPHYS‐16, 11‐15 July 2016 ]



Detour on the time evolution of the 
physical phase of a ‘quantum clock’ p 2physical phase of a quantum clock . p.2
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S. V., Physica Scripta 90 (7), 074053 (2015). The quantum phase of the photon a Haar integral on the Blaschke group. 
[Seminar 7 on Quantum Information of LPHYS‐16, 11‐15 July 2016 ]
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~ 21 attosecond delay of photoelectrons 
from different initial states  (2010)from different initial states. (2010)

2p gyorsabb, de később emittálódik.    
2s lassabb, de előbb emittálódik.,

)(/)2log( kkkrZ l

Schultze M, Fieß M, Karpowicz N  et al 2010 Delay in photoemission. Science 328, 1658–1662 (2010).
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Measurement of the delay caused by the 
continuum-continuum transitions  (2011)continuum-continuum transitions. (2011).

 
Klünder K, Dahlström J M, Gisselbrecht M et al 2011 Probing single-photon ionization on attosecond time scale
Phys. Rev. Lett. 106 143002 (2011). Continuum – continuum transitions are  also significant.
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Measurement of an ‘effective’ Wigner delay in 
photoionization of noble gases  [ 2014 ]photoionization of noble gases. [ 2014 ].

>>...The 
extracted delaysextracted delays 
are compared 
with several 
theoretical 
predictions and 
the res lts arethe results are 
consistent within 
30 as over the 
energy range 
from 10 to 50 eV. 
A ‘ ff ti ’An ‘effective’ 
Wigner delay 
over all emission 
angles is found 
to be more 

i t t ithconsistent with 
our angle-
integrated 
measurements 
near Cooper 

Palatchi C, Dahlström J M, Kheifets A S, Ivanov I A, Canaday D M, Agostini P and DiMauro L F, Atomic delay in 
helium neon argon and krypton. J. Phys. B: At. Mol. Opt. Phys. 47 (2014) 245003 (7pp).

minimum..<<



A historical remark on the quantum-mechanical 
theory of photoelectric effect [1926-30]  theory of photoelectric effect [1926-30]  

Wentzel G 1926 Zur Theorie des photoelektrischen Effekts Zeitschrift für Physik 40 574-589 (1926).
Wentzel G 1927 Über die Richtungsverteilung der Photoelektronen  Zeitschrift für Physik 41, 828- (1927).
Sommerfeld A, 1929 Atombau und Spektrallinien. Wellenmechanische Ergänzungsband, p g g
(Druck und Verlag von Friedr. Vieweg & Sohn Akt.-Ges., Braunschweig, 1929). Kapitel II. §4. Photo-effekt .

Sommerfeld A und Schur G, 1930 Über den Photoeffekt in der K-Schale..., Ann. der Physik (5) 4, 409-
Bethe H 1930 Über die nichtstationare Behandlung des Photoeffekts Annalen der Physik (5) 4 443-449 



Accumulation time?    Decay time?
Retention time?Retention time?
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