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FIG. 1. Experimental arrangement of Adim, Jinossy, and Varga. Light from source F is focused through a mono-
chromator onto photomultipliers M, and M, via beam splitter T. (Figure after Adam, Jinossy, and Varga.)
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The nitrogen mustards act most strikingly upon
cells in which growth and division are rapid. The
selectivity of the derivatives studied here is based
on at least two cellular variables—growth-rate and
enzyme content. It seems probable that a further
inerease in selectivity could be introduced by using
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We are indebted to Boots Pure Drug Co., Ltd., for
the gift of compounds (I), (IT) and (TII), to Dr. W.C.J.
F.oss, who synthesized eompound (IV) for us, to Mr.
J. A. Marsh for help and advice with the tumour
tests, and to Prof. A, Haddow and Dr. L. N. Owen
for advice on many points. One of us (P. H.) has
held a studentship of the Medical Research Council
while carrying out this work. [Oct. 10

! Danielli, J. F., “Pharmacology and Cell Physiology™ (Elsevier,
Am.atrerrlam 1950) 3  Natwre, 170, 863 (1952); “Leukemia
Research™ (Ciba Foundation, London, 1954}

*Haﬂdowj A., Kon, G. A. R., and Ross, W. C. J., Nalure, 182, 524
(1948).

L

* Ross, W. “Advances in Cancer Research', 1, 397 (1053).

CORRELATION BETWEEN PHOTONS IN TWO COHERENT
BEAMS OF LIGHT _

By R. HANBURY BROWN

University of Manchester, Jodrell Bank Experimental Station

AND

R. Q. TWISS

Services Electronics Research Laboratory, Baldock

N an earlier paper!, we have described a new type
of interferometer which has been used to measure
the angular diameter of radio stars®. In this instru-
ment the signals from two aerials 4, and 4, (Fig. 1la)
are detected independently and the correlatlon
between the low-frequency outputs of the detectors

reasons a laboratory experiment was carried out a=
described below.

The apparatus is shown in outline in Fig. 2. A
light source was formed by a small rectangular
aperture, 0-13 mm. x 0-15 mm. in cross-section.
on which the image of a high-pressure mercury arc
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Fig. 1. A new type of radio Interferometer (a), together with its analogue (b) at optical
wave-lengths

b transzverzalis médus ( M szabadsagi fok) jutott,
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? Pringsheim, E. G., J. Gen. Microbiol., 5, 124 (1951).

2 Baker, F., Ann. App. Biol., 30, 230 (1943).

4 Pringsheim, E. G., Arch. Microbiol., 18, 18 (1951).
tister, E., Arch, Prolistenk., 2, 351 (1908).
ringsheim, E G., J. Protozool., 2, 137 (1945).
arold, R., and Stanier, R. Y., Baet. Rev., 19, 49 (1955).

THE QUESTION OF CORRELATION BETWEEN PHOTONS
IN COHERENT LIGHT RAYS

By Pror. ERIC BRANNEN and H.

I. S. FERGUSON

Department of Physics, University of Western Ontario, London, Canada

ONSIDERABLE interest has been aroused in

this question, especially since the experiments
of R. Hanbury Brown and R. Q. Twiss! showed a
correlation, unexpected by many, between the
current outputs from two photoe'ectric detectors
viewing coherent light rays. On the other hand, A.
Adam, L. Ja 4nossy a.nd P. Varga? performed a similar
experiment using ‘‘an amplifier with a resolving time
of 2 usee.” and observed no such correlation.

In this laboratory we have been performing
coincidence . experiments® on photons emitted in
cascade transitions from optical sources using
apparatus of resolving time 2t = 10-* sec. With

experiment by insertion of a time delay in one
channel much greater than the resolving time of the
apparatus.  This means that such macroscopic
intensity fluctuations in the source would not affect
the results of our experiment.

The experimental arrangement is shown in Fig. 1.
S is a high-pressure Hilger mercury arc. The image
of the arc is focused by means of an F2 Zeiss Biotar
lens L on to a small pinhole H of diameter 025 mm.
The light is filtered by a Baird interference filter
(24358 A.) and the appropriate Wratten filter, at F,
so that essentially monochromatjc light falls on 'bhe
pinhole. It was found that a good lens free of aber-
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Fig. 1. Simplified diagram of apparatus
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Fig. 2. Total coincidence rate versus delay, ‘photocathodes super-
imposed’
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Fig. 3. Total coincidence rate versus delay, ‘photocathodes not
superimposed’ _
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Note added in proof. It would appear to the
authors, and also to Prof. Jénossy (private com-
munication), that if such a correlation did exist, 1t
would call for a major revision of some fundamental
concepts in quantum mechanics. This was, ot course,

the reason why these experiments were performed.

1 Hanbury Brown, R., and Twiss, R. Q., Nature, 177, 27 (1956).

2 £d4am, A., Janossy, L., and Varga, P., Acta Phys. Hungary, 4, No. 4,
301 (1955). |

s Brannen, E., Hunt, F. R., Adlington, R. H., and Nicholls, R. W.,
Nature, 175, 810 (1955). .
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TIME-CORRELATED PHOTONS
By G. A. REBKA, jun.* and Pror. R. V. POUND

Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts

EVERAL studies of the time correlation of photons
in coherent light beams have recently been
reported in this journal-®. We have undertaken to
demonstrate such correlation using pulse and coin-
cidence techniques in contrast to the continuous-wave
technique used by Brown and Twiss in their first
study. Our experiment differs from their more recent
one® in that counts from each detector are recorded.
These are used for reducing each observation to a
measurement of effective resolving time.
Following the formulation of Purcell?, the number
of coincidences N, in the counting period T' can be
written

No=(N Ny T)2vr +nprrof(A)}

The guantities N, and N, are the counts recorded
from each detector, g is the resolving time of the
coincidence circuit, while <, is the correlation time of
the light and is related to the width and shape of the
spectral line used, in the manner discussed by Purcell.
The factor n accounts for the presence of pulses of
other origin than the light beam, which are assumed
random. In our experiment a typical value of n was
0-951. Similarly p accounts for polarization of the
light beam. It would have a value of } for com-

DETECTOR 2

FLEXIBLE
JOINT
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JOINT
'8, 1 B, /
1 i

176 em DELECTRIG

MIRAOR
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GEID
|
BETECTOR |

2

SOURCE
FILTER

Fig. 1. A representation of the optical system. Baffles B, and
E, define the geometrical coherence

Brown and Twiss!?, assures geometrical coherence
at the two detectors without critical adjustment.
Consequently we were not able to vary the correlation
by changing the geometrical coherence.

The photomultiplier tubes were cooled throughout
the experiment with solid carbon dioxide, and electro-
static shields at cathode potential were used to
minimize dark current. The tubes were operated
with an anode-cathode potential of 2,450 volts, and
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interval 7. The number of pulses occurring in

AT is counted and recorded in the memory of a
pulse-height analyzer. The source used was
either a Gaussian source obtained by randomiza-
tion of a laser light [3] by means of a rotating
ground glass disc and observed within a coherence
area, or the laser light itself coming from a
single axial mode of a He-Ne laser (with a cavity
length of 20 cm and TEMg, emission). The ex-
perimental results are shown in fig. 1 and agree

p(%) 4 - V=125 cm/sec
o - V=208 cmjsec
+= V=314 cm [sec

*-Laser

| | |

A-D 500 1000 1500
B 300 600 900 B osec
C 200 400 E00

Fig. 1. Conditional probability p.(7) of a second count
occurring at a time 7 after a first has occurred at time
T=0.

tem with different coherence times.

Next we discuss experiment b). The time in-
tervals distribution between two successive pulses
can be derived from the above conditional prob-
ability as follows:

po1(1) =alexp[-] (%) ds} (2)
[¢]

where p(1 is the probability density of the second
event occurring at 7 while the first one has oc-
curred at 7 = 0. A start-stop system was used to
perform the measurement and the experimental
results are reported in fig. 2a and b on a semi-
logarithmic plot.

While the laser light gives a single exponen-
tial, the thermal light has a short-time dependence
which tends to an exponential with an initial time
constant twice as large as that of the long-time
asymptotic exponential, in accordance with (1)
and (2). '

For the Gaussian field comparison with the
spectral amplitude distribution I{w) of I (f) meas-
ured with a wave analyzer gives the correct cor-
respondence between I{w) and |y11(7) | that is

l711(7) |2 = fm PP(w) cos wr dw ,
0

within the experimental errors.
The same experiment has been previously
performed with a two meter laser going on two
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Intensity Interferometry in Quantum Optics
A a - TV = 1.25cem/sec

B V = 2.09 ecm/sec
C V = 3.14 ecm/sec
D Laser

500
300
200 400 800

Fig. 10-1 The relative intensity correlation versus time for thermal and ccherent sources.
Experimental results apply to a laser and to an artificially synthesized chaotic source
created by passing the laser radiation through ground glass which is rotated at speeds of
1.25 em/sec, 2.09 em/sec, and 3.14 ¢m/sec, respectively. The relative intensity correla-
tion decays from 2 to 1 in a time characteristic of the spectral bandwidth of the chaotic
radiation. The equilibrium value of unity is reached in a shorter time interval for a higher
rate of rotation of the ground glass indicating thereby a correspondingly wider band of
frequencies. In the case of laser light, essentially no intensity correlation was observed
compatible with the absence of intensity fluctuations. [After F. T. Arecchi, E. Gatti, and
A. Sona, Phys. Rev. Letters 20, 27 (1966); reprinted with permission.




in textbook form. Indeed, some of our analysis is original and has not
been previously published elsewhere.

There are, of course, several sources that are basic to the subject and
from which the reader may gain additional insight into similar or related
topics. Notable among these are the following:

1. M. Born and E. Wolf, Principles of Optics, Pergamon, Oxford, 3rd
ed. (1965).

2. R. J. Glauber, Quantum Optics and Electronics (C. DeWitt, A.
Blandin, and C. Cohen-Tannoudji, eds.), Gordon and Breach,
New York (1964). '

3. L. Mandel and E. Wolf, ‘“Coherence properties of optical fields,”’
Rev. Modern Phys. 37, 231 (1965).

Indeed, the last article has a veritable wealth of references to the recent
literature which we do not attempt to duplicate here. Ocecasionally in
our chapter bibliographies we include texts or articles not explicitly cited
in which further relevant discussion may be found.
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R. GLAUBER: Quantum Optics and Heavy UGO FANO: Quantum Theory of Interference

Ion Physics. Effects in the Mixin i
of Light from Phase-
( Quark Matter 2005, Budapest, 2005 ). Independent Sourcei. ¢

Am. J. Phys. 29, 539-545 (1961)
R. Hanbury Brown + R. Q. Twiss

Intensity interferometyry

Vo gnd

E (n *) = E L‘]U\*J al EL.]U'.*) Fic. 1. Lowest-order diagrams representing liﬂ:

emission by a pair of atoms and its absorption by anot
pair of atoms. The heavy dots indicate ground-state lines.
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6 John Bell’s legacy: questioning quantum mechanics is fruitful

Quantum mechanics was, and continues to be, revolutionary, primarily
because it demands the introduction of radically new concepts to better
describe the world. In addition we have argued that conceprual quantum
revolutions in turn enable technological quantum revolutions.

John Bell started his activity in physics at a time when the first
quantum revolution had been so successful that nobody would ‘waste
time’ in considering questions about the very basic concepts at work
in quantum mechanics. It took him a decade to have his questions taken
seriously. For somebody who has observed reactions to his work on
the EPR situation and entanglement, in the early 1970s, it is certainly
amusing to see that an entry of the Physics and Astronomy Classifi-
cation Scheme is now assigned to ‘Bell inequalities™®”. With his questions
about entanglement, John Bell was able to clarify the Einstein—Bohr
debate in an unanticipated manner, offering the opportunity to settle
the question experimentally. His work. without a doubt, triggered the
second quantum revolution, primarily based on the recognition of the
extraordinary features of entanglement, and pursued with efforts to use
entanglement for quantum information. In fact, it not only triggered the
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Fig. 1. - Triggered experiment. The detection of the first photon of the cascade produces a gate w,
during which the photomultipliers PM; and PM, are active. The probabilities of detection during the
gate are p, =N/N;, p,=N,/N; for singles, and p,=N,/N, for coincidences.
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Fig. 2. — Anticorrelation parameter « as a function of wN (number of cascades emitted during the
gate) and of N, (trigger rate). The indicated error bars are * one standard deviation. The full-line
curve is the theoretical prediction from eq. (8). The inequality = =1 characterizes the classical domain.
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A. Aspect, P. Grangier / Wave-particle duality

4
SINGLE-PHOTON

INPUT 7

Fig. 5. Mach-Zehnder interferometer. The photomultipliers PMz;, and PM,, are gated as in the
previous experiments, so that the interferences are due to single photon wave packets. The path
difference is controlled by moving the mirrors. -

We have also demonstrated a source that produces single photon wave-packets,
with a synchronized triggering signal. On a beam splitter, these single photon
pulses exhibit a very clear anticorrelation, that is to say a behaviour characteristic
of single photons, as predicted by quantum mechanics.

With such a source, it is thus possible to revisit the question of single photon
interferences.
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A. Aspect, P. Grangier / Wave-particle duality
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Fig. 6. Number of counts in outputs Z1 and Z2 as a function of the path difference 8 (one channel

corresponds to A/50). (a) 1 s counting time per channel; (b) 15 s counting time per channel

(compilation of 15 elementary sweeps). This experiment corresponds to an anticorrelation parameter
a=0.18.




OU-MANDEL DIP | 19¢

Counter

— i . :
Coincidence

Counter

Counter




OU-MANDEL DIP | 19

260 280 300 320 340 360
Position of beam splitter (.cm)

£
=
o
—
S
o
-
c
=
O
Q
QO
Q
C
QL
9
O
<
O
O
—
(@
o)
pzd




OTONOK BOZONOK [ 200
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RESZECSKES SZIMMETR

\J (Symmetric) (rh [ KyS; . K,S, ) =

% [(D K1, (ry )(Dk232 (F;) + (Dk151 (F, )(Dkzsz (1 )]

\P(asymmetric) (r” I‘2 | k151, k232) —

% [(D kss, (ry )(Dk232 () = (Dk131 (F, )q)kzsz (1 )]




ESZECSKES SZIMMETR

LPlg;k)z, (F;Fp) = % [(Pk1 (r, )(Pk2 (ry)— Pk, (I, )(sz (I, )]
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n pontszeru részecskébol allo idealis gazra:
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Advanced Information on the Nobel Prize in Physics 2005
( 4 October 2005, Information Department, www.kva.se )

1.) ,, In contrast to a common misconception, there were no accurate data on photoemission of
electrons at the time of Einstein’s publication. Such results were provided after his work by
several investigators, culminating in the convincing demonstrations by R. A. Millikan, which

were quoted in the citation for his Nobel Prize in 1923.” A 2005-6s Nobel-dij informaciés anyagban ez a mondat egyeriien
téves, ugyanis Lenard kvantitativen kimérte, hogy az energiakiiszob létezik. Einstein gondolatmenetét pontosan
Lenard igen alapos mérései inicializaltak. Errol hires cikkében igy ir:

“Az a szokasos felfogas, mely szerint a fény energidja folytonosan oszlik el a fény atjarta
térrészben, a fényelektromos jelenségek magyardzata kapcsan kiilondsen nagy nehézségekre vezet
amint azt Lenard ur uttéré munkdjaban kifejtette.7

“Annak ellendrzésére, hogy nagysagrendi egyezésben all-e a levezetés a tapasztalattal,

... [valasszuk a kovetkezd paramétereket]. Ekkor [ a potencialra ] P.10-7 = 4,3 Volt adodik, mely
nagysagrendileg megegyezik Lenard ur eredményeivel.9 ”

“En magam ugy latom, hogy a fenti felfogas nem 4ll ellentmondéasban a fényelektromos jelenség
Lenard ur altal megfigyelt tulajdonsagaival. Ha a gerjeszt6 fény minden energiakvantuma az
Osszes tobbitdl fiiggetlentiil adja at az energiat az elektronoknak, akkor az elektronok
sebességeloszlasa — mas szoval a gerjesztett katodsugarzas jellege — a gerjesztd fény intenzitasatol
fiiggetlen lesz; masrészt — egyébirant azonos feltételek mellett — a testbdl kilépd elektronok szama
a gerjesztd fény intenzitasaval egyenesen aranyos lesz.10

[1] A. Einstein : Uber einen die Erzeugung und Verwandlung des Lichtes betreffenden heuristischen
Gesichtspunkt. Ann. der Phys. 17, 132-148 (1905) Ebben a cikkben fogalmazza meg Einstein a
fénykvantumok hipotézisét. Erdekes, hogy Lenard ugyanebben az évben kapott Nobel-dijat.

2.) “ Attosecond pulses can be formed if the equidistantly spaced high harmonics are phase-
locked together, in a way analogous with the case of a mode-locked laser in the visible

region. ” { as was first proposed by Farkas and Toth [2a] in 1992.} | A 2005-6s Nobel-dij informaciés anyagban a mondatot igy
illett volna folytatni a torténeti hiiség kedvéért legalabb. |

2a) Gy. Farkas, Cs. Téth: Proposal for attosecond light pulse generation using multiple
harmonic conversion processes in rare gases. Phys. Lett. A168 , 447-450 (1992)




ein - féle fenykvantumok.(Hogy is kezdod

1) Erdekes, hogy - tekintettel arra, hogy a Wien-formula mar 1896-t6l ismert volt - a
fenti gondolatmenetet kovetve, 9 évvel korabban kovetkeztetni lehetett volna a (kis
stiriiségu) fekete sugarzas Einstein altal kapott “szemcsésségére”. A Planck-allandé
felfedezése el6tt azonban valdsziniileg nem vet6dott volna fel hogy numerikus
becslést adjanak a kvantumok energiajara, s enélkiil az egész megkozelités a
levegoben l6gott volna. Azért az is érdekes, hogy Planck a Wien-féle képlet
exponensében szereplo § paraméterbél mar 1899-ben kiszamitotta a hataskvantumot.

Mas: Ha a fekete sugarzas igazi részecske-gaz volna, akkor egy (1/3)-os faktor hianyozna a Plack-
torvény alapjan kiszamolt allapotegyenletbdl. Ezt sem Einstein, sem a kortarsak nem vették észre.

2) Fotoeffektus. hv = A + E,, . “En magam ugy litom, hogy a fenti felfogis nem all

ellentmondasban a fényelektromos jelenség Lenard tur altal megfigyelt
tulajdonsagaival. Ha a gerjeszto fény minden energiakvantuma az osszes tobbitol
fiiggetleniil adja at az energiat az elektronoknak, akkor az elektronok
sebességeloszlasa — masszoval a gerjesztett katodsugarzas jellege — a gerjeszto fény
intenzitasatol fiiggetlen lesz; masrészt — egyébirant azonos feltételek mellett - a
testbodl kilépo elektronok szama a gerjeszto fény intenzitasaval egyenesen aranyos
lesz.” [ Einstein (1905), 1922-es Nobel-dijanal a fotoeffektus magyarazatat emelik ki ]




discrete particles moving in empty space. But as soon as we take the next step in
physical development, that of ceasing to regard space as mere empty geometrical
continuity, the atomic constitution of matter ( each ultimate atom consisting of
parts which are incapable of separate existence, as Lucretius held ) is raised to a
natural and necessary consequence of the new stanpoint. We may even reverse the
argument, and derive from the ascertained atomic constitution of matter a
philosophical necessity for the assumption of a plenum, in which the ultimate atoms
exist as the nuclei which determine its strains and motions.”

[ Larmor : Aether and Matter. (1900) ]

A részecskék tehat az éter szingularis pontjai lennének, a sugarzas és a forras veégiilis
egy entitas, s ezzel érthetové valik egyben a kisugarzas ‘mechanizmusa’.




E2_B?=0

»Hence at very great distance from the origin the field is practically a self-
conjugate field and so the energy travels with a velocity very nearly
equal to the velocity of light.” (H. Bateman, 1915)
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E2_B?=0

»Hence at very great distance from the origin the field is practically a self-
conjugate field and so the energy travels with a velocity very nearly
equal to the velocity of light.” (H. Bateman, 1915)




132 FIELDS WITH MOVING SINGULAR CURVES [cH.

In Sir Joseph Thomson’s theory of the Réntgen rays the
kink in the tube of force becomes longer and longer as it
recedes from the charge. A similar remark applies to the

oscillations of the thread attached to our point charge. This
phenomenon may be due entirely to the fact that the tube of
force and thread extend to infinity. If we suppose that the
tube or thread does not extend to infinity but ends at some
other point charge, the circumstances of the motion will be
different. If in this case we treat the thread as a singular
line of an electromagnetic field and suppose that it is given by
an equation of the form

J(a,8)=0




Betesziink két egymassal
termodinamikailag kommunikalo
dobozt V-t és v-t, egy termikus
sugarzassal kitoltott Hohlraum-ba,
pillanatnyi energiajuk H és n. Az
egyensiuly bealltaval, a
homogenitas kovetkeztében
H,:n,=V:v. Entropiajuk S=klogW,
dW=exp(S/k)dn. S=Z+c és n=ng+s,

o

ahol ¢ random eltérés n,-tol. S-et ¢-




Ujabb erdmények a fekete sugarzasroél [S.V.]

Wave ‘AE;ZEi/MV‘ GAUSS:T]=§+C
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‘AE§=hvE§+E§/MV‘ PLANCK : ¢ DARK :

Boson Wave-Particle

|AE? =2nhv-E. +EZ/M, —hv E:

Dark Fluctuation ( ? )

CLASSICAL ( POISSON ) : x BINARY ( Fermion ) : u,

(AE™)? =mhy-EV"

[(AE®)? =2°hv-EY —[EV /M,

Particle Fermion Wave-Particle
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A historical overview is given on the basic results which appeared by the wear 1926 concerning
Einstein’s fluctuation formula of black-body radiation. in the context of light-guanta and wawve-
particle duality. On the basis of the orginal publications — from Planck™s derivation of the black-body
spectrum and Einstein’s introduction of the photons up to the resulis of Born, Heisenberg and Jordan
on the guantization of a continuum — a comparative study is presented on the first lines of thoughts
that led to the concept of gquanta. The nature of the particle-like fluctuations and the wawe-like fluctua-
tions are analyvsed by using sewveral approaches. With the help of classical probability theory, it is
shown that the infinite diwvisibility of the Bose distribution leads to the new concept of classical
“poissonian photo-mualtiplets™ or to the ““binary photo-multiplets™ of fermionic character. As an ap-
plication, Einstein’s fluctuation formula is derived as a sum of fermion type fluctuations of the binary
photo-multiplets.

Kevwords: Black-body radiation: Einstein’s fluctuation formula:; wave-particle duality.




Einstein, Ehrenfest es P

(c) A féenykvantumok nemcsak mint az emisszio és abszorpcio
“atomjaiként” funkcionalnak, hanem léteznek az iires térben is

Einstein: igen, Planck: nem

1911-ben Ehrenfest bebizonyitja hogy a kvantaltsag sziikséges és elégséges
a Planck eloszlas érvényességéhez

Poincaré, hazatérvén az I. Solvay Kongresszusrol, mas modszerrel szintén
bebizonyitja ezt. 1912-ben publikalja. Ez gy6zi meg Jeans-t, Planck

AL [ ] 0 od llS




A fotoelektron energiaja, E = hv - A, nem fiigg
a kivalto féeny erosségétol. Planck megjegyzése.
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Mivel a teljes térszogre kiintegraltunk, egy energiaadagot két ellentétes iranyban
terjedo foton is kaphat. Nem véletlen tehat a pontszeri részecskék ,, misztikus”
interferenciaja, ugyanis ezek valgjaban egyaltalan nem lokalisak.







“All diese 50 Jahre Briiten haben mich kein bifchen weiter gebracht
zu der Frage was Lichtquanten sind. Heute glaubt jeder Lump, er
wisse es — doch er irrt sich.”

“Teljes otven év toprengése sem vitt egy kicsit sem kozelebb a
kérdés megvalaszolasahoz: ‘Mik a féenykvantumok?’ Manapsag
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Korrelacio II.

Ernydk bemutatésa

r*l 1. térgy elSbukkan

Habituacid

2. targy elfbukkan

2. targy visszatér
Az ernybk eltdvolitasat

! ! kovetben
Vart eredmény

! Véaratlan eredmény

5.11. ABRA

Kisérleti elrendezés annak kimutatasara, hogy a csecse-
mék képesek a folytonossag-megszakitottsag jelzéseit
arra hasznalni, hogy két kllénbézé targy létezésére ké-
vetkeztessenek = (Forras: Spelke 1995)




PARADOXONOK

Fizikai Szemle 1998/5. 149.0

SZAZADVEGI FELADAT: A KEZDET PARADOXONAINAK FELOLDASA
Tisza LaszIo

az MIT emeritus professzora, az Eotvos Tarsulat tiszteleti tagja

... Planck 6vatos stratégiaja alkalmas volt h értékének megallapitasara, am ahhoz, hogy
maganak a hataskvantumnak jelentést lehessen tulajdonitani, egyenesen a
kvantumjelenségekhez kellett fordulni. A kisérleti ismeretek akkori gyér voltat tekintve ez
elképesztd feladat volt, melyet Einstein és Bohr tiizott ki. Ok elég batrak voltak ahhoz, hogy
a talalgatasban vallaljak a hibazas lehetéségét, s tudtak, hogy hogyan leplezzék
kétértelmiiséggel és paradoxonnal a tudatlansagot. Viszont azt is tudtak, hogyan vonjak ki a
kétértelmiiségbdl az igazsagot, és ez példaképpé tette Oket: a batorsaqg és kétértelmiiséq
életmédda valt. Ez teljesen rendjén is lehet példaul a kozmolégiaban, am a kétértelmiiség és
a paradoxon mar nincs helyén a részecskék leirasanal, miutan azok rutinobjektumokka
valtak laboratériumok ezreiben. A "részecske" sz6 jelentésének kétértelmiisége tette
annyira csokonyossé az Einstein-Planck vitat is.”...

..."“Sajnos, Einstein ezt [ marmint a ‘Progressziv Egyesitést’ ] nem tette meg mindig, 1905
marciusaban irt egy cikket a fénykvantumrol, ebben azt mondta, hogy a sugarzasi
rendszernek diszkrét strukturaval kell rendelkeznie. Ha itt is a Progressziv Egyesitést
alkalmazta volna, akkor azt kellett volna mondania, hogy ha fenntartjuk a newtoni pontszerii
részecske fogalmat, akkor baj lesz. Egy pont nem tud hullamozni. [ Ezt de Broglie is mindig
hangsulyozta. ] A hullamzas azt jelenti, hogy van egy véges koherenciatartomany. ”...
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rfeld. Atombau...1919...

Arnold Sommerfeld
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TUMOPTIKA” SZO ELSO MEGJE

Zur Quantenoptik.

Yon Gregor Wentzel in Minchen, ZE[TSCI ‘11{]1_‘,11 [*UR

(Bingegangen am 2. Febrnar 1924.)

Seit Einsteins Ableitung des Planckschen Strablungsgesetzes P H 1 S I [<

pllegt man in der Quantenstatistik den Emissions- und Absorptions-
vorgingen gewisse Wahrscheinlichkeiten zuzuschreiben, ohne aber iiber

HERAUSGEGEBEN VON DER

ROANZUNG ZU THREN VERHANDLUNGEN®

diese nithere Angaben zu machen. Wir wollen hier einen allgemeinen DEUTSCHEN PHYSIKALISGIEN GESELLSGIAFT

"é‘ )24 |: Teljesen korrekt palyaintegralos
, ( Feynman elott 25 évvel ).
q

ciffequa

Mit 08 Textliguren

}_I h ase. {Ausgotsben Tehrunr — Miiex 14

- §1. Die Phase. DBetrachten wir den Weg eines Lichtstrahls

vom emittierenden Atomsystem E bis zum absorbierenden Atom- A A

system 4. Fiir die Wellentheorie der Interferenz ist wesentlich die * hudell p

Phase: N

A
ds v
p=[F="2]nas ()
B E

FRIEDR VIEWEG & SOHN UND
ARTGES, BRAUNSCHWEIG

(v = Frequenz, 1 — Wellenlinge, n = Brechungsindex, ds = Weg- 1924

element). Wir behaupten, daB die Phase @ quantenmiBig als eine
rein mechanische GroBe gedeutet werden kann.

Als die wichtigste Grundlage der Quantentheorie darf man wohl
den Satz ansprechen, daB ein atomares System nicht strahlen kann,
solange es sich in mechanischen Zustinden befindet, d. h. dal Ein-
und Ausstrahlung immer mit unmechanischen ,Ubergéngen® ver-
bunden sind. Aber nicht nur der Emissions- und Absorptionsakt wird
unmechanisch sein; auch lings seines ganzen Weges wird das Licht

in_den Atoman 188 AnraneeLELeN H:llnl: NATATN nnmachanizcha

JULIUS STRINGER
BERLIN




kvantalasa: Born, Heisenberg és

The average of a matrix is a diagonal matrix with the same diagonal
elements as that of the original matrix. —» kinematic effect.







The Quantum Theory of the Emission and Absorption of
Radiation.
By P. A. M. Drrac, St. John’s College, Cambridge, and Institute for
Theoretical Physics, Copenhagen.

(Communicated by N. Bohr, For. Mem. R.8.—Received February 2, 1927.)

§ 1. Introduction and Summary.

The new gquantum theory, based on the assumption that the dynamical
variables do not obey the commutative law of multiplication, has by now been
developed sufficiently to form a fairly complete theory of dynamics. One can
treat mathematically the problem of any dynamical system composed of a

number of particles with instantaneous forces acting between them, provided it

is describable by a Hamiltonian funetion, and one can interpret the mathematics
physically by a quite definite general method. On the other hand, hardly
anything has been done up to the present on quantum electrodynamics. The
questions of the correct treatment of a system in which the forces are propa-
gated with the velocity of light instead of instantaneously, of the production of
an electromagnetic field by a moving electron, and of the reaction of this field
on the electron have not yet been touched. In addition, there is a serious
difficulty in making the theory satisfy all the requirements of the restricted
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FERMI AND NEUTRON PHYSICS

Dr. Bethe:

Thank you very much Dr, Segré. I think I can see
from the applause that you all enjoyed the personal
flavor of this talk as much as T did.

Segre has mentioned the puzzle that was posed by
the activities induced in uranium by neutrons, and you
all know that this puzzle found its solution in the dis-
covery of fission by Hahn and Strassmann in late 1938.
You also know that the political situation which Segre
mentioned and which looked bad in 1935 became in-
creasingly bad in the ensuing years; Italy came under
the domination of Nazi Germany and Fermi, like Segre

263

before him, decided to leave Italy for a more hospitable
country. You know that Fermi received the Nobel prize
of 1938 for the research in neutron physics which you
have just heard, and you know that having received the
Nobel prize in Sweden, he then took the wrong boat—
instead of the boat to Italy he took that to America.
We were most fortunate to have him come and work
with us here in this country in early 1939, and much of
history would have been different if he had not come.
Just at the same time that Fermi came to this country,
came the news of fission and this news led to very
spectacular developments about which you will now hear
from Dr. Zinn of the Argonne National Laboratory.

MASODIK VILAGHABORK

REVIEWS OF MODERN PHYSICS

VOLUME 27,

NUMBER 3

JULY, 1955

Fermi and Atomic Energy

WaLTER H. ZINN

Argonne National Laboralory, Lemont, Illinois

E are assembled here today to honor the memory

of a great scientist, and a cherished friend. This
tribute would be paid to him even if nuclear physics had
not brought about the discoveries and events of the

was transferred entirely to the Los Alamos Laboratory
in New Mexico. In July and August of 1945, the atomic
bombs were detonated, thus bringing to a close Fermi’s
immediate participation in the development of weapons.
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STOCHASTIC PROCESSES |

Although it would be absurd to write a book on stochastic processes
which does not assume a considerable background in probability on
the part of the reader, there is unfortunately as yet no single text which
can be used as a standard reference. ToO compensate somewhat for this

e a considerable background in probability on
s unfortunately as yet no single text which car

Probability is simply a branch of measure theory, with its own special
emphasis and field of application, and no attempt has been made to
sugar-coat this fact. Using various ingenious devices, one can drop

ply a branch of measure theory, with its own s

law of large numbers) rigorously. However, such a treatment is no
longer necessary and results in a spurious simplification of some parts
of the subject, and a genuine distortion of all of it.

There is probably no mathematical subject which shares with proba-

hilitv the featiiree that nn the nne hand manyv Af itc mnct alomantass




“PROBABILITY THEORY” [1

An Introduction
to Probability Theory
and Its Applications

WILLIAM FELLER (1906 - 1970)

Eugene Higgins Professor of 2 [lathematics

Prineceton University

VOLUME I

Revised Printing

Preface to the revised printing

IN' CONTRAST TO THE FIRST EDITION, THE THIRD WAS MARRED BY A
disturbing number of errata. In the present revised printing all dis-
covered errata are corrected. Moreover. some formulations have been
improved and hints to problems added where this could be done without
resetting type. I am grateful to my publisher for permitting these costly
changes which should make for much better readability.

Almost all changes were suggested either by Professor R. E. Machol
and Dr. J. Croft working together in Chicago. TII., or else by Lt. Col.
Preben Kiihl (now retired) of the Royal Danish Army. They have
read the book with unusual care and understanding, and 1 have ereatly
profited by the ensuing enjoyuble correspondence.

Princeton, N.J.
June, 1970
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It is of some interest to put the expression for the unit cell in a form

in which it applies to all kinds of particles, to electrons for instance
5 . i light is defined b

as well as to photons. The unit cell for light is defined by LIGHT AND INFORMATION *

ds
(22 —5-dRdwdt = 1. (1)

BY
The first factor [2] relates to the polarization, this is peculiar to light.

The second 2 stands for the “spatial phase”, i.e. for the fact that for
every spatial period one can distinguish a sine and a cosine compo- D. GABOR
nent. We have dropped the factor (2), considering the “‘time phase” Imperial College, London
as unobservable. ’
We now put this into a more general form by making use of Ein-
stein’s equation
E = hv (2)
where E is the energy of the particle, and of de Broglie's relation

?—T (3

where # is its momentum. This gives the general definition of the cell

_ 2pe
(2] S5-dSdRdEdt = 1. (4)

In the case of light $ = hfec = E/c, and we can write (4) in the form

& o
oo ASAQETdE dt = | (S)

while in the case of slow electrons $2 = (mv)2 = 2mE, and the cell is

e is the substance of a Ritchie lecture, delivered by th th
—h—Q-GSdQEdEdﬂ—; 1. (6) y the author

b1 at the University of Edinburgh. The contents of the lecture
fo a wider audience through the distribution of a limited number
d notes, which have since become widely quoted in the literature.
en often expressed that a permanent record of the lecture should
Ily available. We are glad to be able to meet this wish.

There is a fundamental difference between light optics and electron
optics, where by Pauli’s exclusion principle the maximum occupation
of a cell is one or two. It will be shown in a moment that two anti-
parallel electrons in a cell in a free beam is an extremely unlikely
case; it is guestionable whether it can occcur at all. Two electrons
in a cell with opposite spins could not be distinguished from a particle
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CIII. Communication Theory and Physics.

By D. GaBOR,
Imperial College, London *.

[Received August 10, 1950.]

SUMMARY.

The electromagnetic signals used in communication are subject to the
general laws of radiation. Omne obtains a complete representation of a
signal by dividing the time-frequency plane into cells of unit area and
associating with every cell a *‘ ladder ’ of distinguishable steps in signal
intensity. The steps are determined by Einstein's law of energy
fluctuation, involving both waves and photons.

This representation, however, gives only one datum per cell, viz.,
the energy, while in the classical description one has two data: an
amplitude and a phase. It is shown in the second part of the paper that
both descriptions are practically equivalent in the long-wave region, or
for strong signals, as they contain approximately the same number of
independent, distinguishable data, but the classical description is always
a little less complete than the quantum description. In the best possible
experimental analysis by an electronic device the number of distinguishable
steps in the measurement of amplitude and phase is only the fourth
root of the number of photons. Thus it takes a hundred million photons
per cell in order to define amplitude and phase to one per cent each.
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PROBABILITY AND INFORMATION
THEORY, WITH APPLICATIONS . x
TO RADAR dward: ido-frekver

ner-fiiggvény”, va

By

P. M. WOODWARD, B.A.
Principal Scientific Officer, Telecommun e —————————
Research Establishment, Ministry of SH

AUTHOR’S PREFACE

THE first two chapters of this short monograph are concerned with
established mathematical techniques rather than with fresh ideas.
They provide the code in which so much of the mathematical theory
of electronics and radar is nowadays expressed. Information theory
is the latest extension of this code, and I hope that it will not be
considered improper that I have tried in Chapter 3 to summarise
so much of C. K. SEaNNON’s original work, which already exists in
book-form (The Mathematical Theory of Communication, by CLAUDE
SHaN¥oN and WARREN WEAVER). The account which is given in
Chapter 3 may perhaps spur the reader who has not studied the
original literature into doing so.
LONDON Chapters 4 and 5 deal with some of the fascinating problems,
PERGAMON PRESS [ which have been discussed so often in recent years, of detecting
signals in noise. The present approach was suggested to me by
SHANNON’s work on communication theory and is based on inverse

probability; it is my opinion that of all statistical methods, this one
comes closest to expressing intuitive notions in the precise language

ix
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IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 36, NO. 5, SEFTEMBER 1990

The Wavelet Transform, Time-Frequency
Localization and Signal Analysis

INGRID DAUBECHIES, MEMBER, IEEE

Abstract —Two different procedures are studied by which a frequency
analysis of a time-dependent signal can be effected, locally in time. The
first procedure is the short-time or windowed Fourier transform, the
second is the “wavelet transform,” in which high frequency components
are studied with sharper time resolution than low.frequency compo-
nents. The similarities and the differences between these two methods
are discussed. For both schemes a detailed study is made of the
reconstruction method and its stability, as a function of the chosen
time-frequency density. Finally the notion of “time-frequency localiza-
tion” is made precise, within this framework, by two localization theo-
rems.

I. INTRODUCTION

A. The Windowed Fourier Transform and Coherent States

N SIGNAL ANALYSIS one often encounters the so-
called short-time Fourier transform, or windowed

tion (see [2], [3]; we shall come back to this in Section
II-C-1). The Gabor functions have been used in many
different settings in signal analysis, either in discrete
lattices (with -, <27 for stable reconstruction) or in
the continuous form described next. In many of these
applications their usefulness stems from their time-
frequency localization properties (see e.g., [4]).

Whatever the choice for g (Gaussian, supported on an
interval, etc.), it is interesting to know to which extent the
coefficients c,,,(f) of (1.1) define the function f. This is
one of the main issues of this paper.

The coefficients c,,,(f) in (1.1) can also be viewed as
inner products of the signal f to be analyzed with a
discrete lattice of coherent states. Let us clarify . this
statement. By “coherent states” we understand here the
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Communications in

Commun. Math. Phys. 114, 93-102 (1988) A

© Springer-Verlag 1988

A Block Spin Construction of Ondelettes™
Part II: The QFT Connection

Guy Battle**
Mathematics Department, Cornell University, Ithaca, NY 14853, USA

Abstract. We apply the Lemarié basis of ondelettes to the Battle-Federbush
cluster expansion for the ¢3 quantum field theory. Since there is no infrared
problem for this model, we also show how the large-scale ondelettes can be
thrown away and replaced by unit-scale functions. Finally, we apply the block
spin machine of Part I to the construction of exponentially localized ondelettes
orthogonal with respect to the free, massless action of the scalar field.




Rényi Alfréd az AB, ill. a B halmaz elemei szdmdnak a hdnyadosdval egyenls.*
akadémikus, egvetemi tands Természetesen felvetddik a kérdés, hogy a P(A|B) feltételes valdszintiségek kap-
csolatban vannak-e a relativ gyakorisdgokkal, tehdt hogy az dltaldnosftott elmélet-
nek van-¢ gyakorisdgi interpretdcioja.
A vilasz erre a kérdésre igenl§ és igen egyszerli. A P(A|B) feltételes valoszinfiség

VA L 0 S Z i N U S E G - az dltaldnositott elméletben is (éppugy, mint a Kolmogorov-elméletben) gy inter-

pretdlhatd, mint az a szdm, amely koril 4-nak a B feltétel melletti feltételes relativ

S Z A M I T A S gyakorisdga ingadozik. Tehdt az dltalénositott elméletnek a valdsdghoz vald viszonya

¢lvileg ugyanaz, mint a Kolmogorov-féle elméleté.

12.§. FELADATOK

1. Bizonyitsuk be, hogy ahhoz, hogy adott p:, p2, pi12 valés szimokhoz talilhaté legyen olyan
A és B eseiény, amelyekre P(A)=pi, P(B)=p2, P(4B)=pi2, a kdvetkezd négy egyenlStlenség
fennalldsa sziikséges és elégséges:

&) 1—p1—p2+p12=0,
2 P1—P12=0,
3) Pz—p12=0,
@ P12=0.

UTMUTATAS. Az (1)—(4) egyenldtlenségek jobb oldaldn A B, A B, AB és AB valé6sziniisége 4ll; ezek-
nek természetesen nemnegativaknak kell lenniiik, tehat a feltételek sziikségesek. Elégségességiik

TANKONYVEIADO, BUDAPEST, 1968




12.§.] Feladatok

a kovetkezoképpen lathatd be: (1)—(4)-bdl nyilvan

0=pu:=pi=pi+p:—p.=1,
€s hasonl6képpen
O=pu2=pr=p,+p,—p.=1.

A pi, p2, pi2 szamok tehit nemnegativak és egynél nem nagyobbak.

Legyen egy P véletlenszeriien valasztott pont az I=(0, 1) intervallumban egyenletes eloszlasu,
azaz annak valészinfisége, hogy P az I valamely részintervalluméba esik, legyen egyenld az illetd
intervallum hossz4val. Legyen A az az esemény, hogy a pont a O<x<p;, intervallumba esik, B
pedig az, hogy a Pi1—P12<X<pi+p2—pi, intervallumba esik. Ekkor nyilvanvaléan P(4)=p,
P(B)=p,, P(AB)=p;,.

2. Altaldnositsuk az 1. feladat allitsit » eseményre (n=3,4, ...).
3. Vizsgdljuk meg, hogyan egyszeriisithetsk a 2. feladat feltételei, ha feltessziik, hogy Dijiy o if=
=P(4i, 4i, ... 4,) (I=i<i<..<i=n) csak k-t6l figg (k=1,2,...,n-1).
4. Hogyan egyszeriisithetdk a 2. feladat feltevései, ha feltessziik, hogy minden iy, i,, ..., i-ra
k=2,3,...,n) '
Pigiz oo 4, =Diy Diy .. pik?




E. Szabo Laszl6

A NYITOTT JOVO
PROBLEMAJA

DETERMINIZN

4.2, A Pitowsky-1érel

ységparticid, tehdt
\."’ Ei=1, (¥i#j)[EnE;=0]
Ekkor tetszdlepes A £ Z-ra fenndll, hogy
.-.
plA) = }‘,’II'.-'-:F:,'I plE;)

4.2. A Pitowsky-tétel

63. Halasszuk el tovibbra is annak tisstizdsit, hogy mit jelent pontosan
agy esemény valoszinisége, v is, hogy miként rendeliink eseményekhez
gnek nevezert szamokat. Minded £y ninik, h er a hoz-

slés weiszdleges lehet, vagyis oz e Enyekher telsedl =, nulla és

g esd szamokat rendelhetiink. Most azt Togju ey Ini, hogy
milven felidieleket kell ezekmnek a szdmoknak kielégitenilik ahhoz, hegy a
szoban forgd események és a hozzdjuk rendelt | valdszindségek™ reprezen-

tezik ilyen reprezentacio [

a korrelacios meérés ered
hittere, a la Boole ]. Erde
kézenfekve problémaval e

madell, $ benne az eseményalgebrinak olyan Xy, X2,
lyekre fenndll, hogy

pi = p{X;}




Fortschritte
der Physik

Progress

of Physics

Correlations in single-photon experiments

Sandor Varrd
Research Institute for Solid State Physics and Optics, PO Box 49, 525 Budapest. Hungary

Received 6 September 2007, accepted 8 September 207
Published cnline 21 December 2007

Key words Single-photon experiments, correlations, bunching, anti-bunching
PACS 42,50 Ar, 42,50 Ct, 42.50 Dwv, 42,50 Xa

Correlations of detection events in two photodetectors placed at the opposite sides of a beam splitter are
studied in the frame of classical probability theory. It is assumed that there is always only one photon present




The role of self-coherence in correlations of bosons

and fermions in linear counting experiments.

Nortes on the wave-particie duality

Sandor Varro
Research Institute for Solid State Physics and Optics
af the Hungarian dcademy aof Sciences

H-1525 Budapest, P. O. Box 49, Hungary,
E-mail: varro@mail kfla hu

Abstract. Correlations of detection events in two detectors are studied in case of single-
quantum excitations of the measuring apparatus. On the basis of classical probability theory and
fundamental comservation laws. a general formula i1s denived for the two-point correlation
functions for both bosons and fermions. The results obtained coimncide with that denrvable from
quantum theory which uses quantized field amplitudes. By applyving both the particle and the
wave picture at the same time, the phenomena of photon bunching and antibunching. photon
anticorrelation and fermion antibunching measured in beam experiments are interpreted in the

frame of an mtuitively clear descrniption.

Keywords: Hanbury Brown and Twiss effect. photon bunching, fermion antibunching, Photon anti-

correlation. wave-particle duality .




I EGYKVANTUMOS MERESI A
ARMAS [TERNARIS | KIMENET.

/-

A, B és C egymast kolcsonosen kizarjak és egy teljes
eseményrendszert alkotnak. Ugyanakkor nem fiiggetlenek.

ANB=0BNC=0
P(AnB)=0+P(A)-P(B)P(A) +P(B)+P(C)=p+q-+r=1

[ S. V.: Correlation in single-photon experiments. Fortschritte der Physik 56, 91-102 (2008) ]




JENCIAK, SOROZATOK, M(

n!

ka(n) = P(E.»n =M,n, = k) - m!k'(n—m—k)'

PE=mmn=k)=> WP, =mn, =k), with Y W =1
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S. Varro : Correlations in single-quantum experiments. A note on wave-particle duality.
40th Physics of Quantum Electronics, 2010, 3-7 January, Snowbird (Utah) USA




SPACE FOR TABLE 1.

Reflected
singles 71z,

Transmitted
singles 713,

Expected(1)
coincidences

Expected(2)
coincidences

Measured
coincidences

Calculated(1)
comcidences

Calculated(2)
coincidences

2940

3876

25.5%

2#

5

37 (0.24)*

3= (025)"

78260

95840

308

49

9

11

11

91908

124912

64.1

54

23

19

20

241920

326400

204

202

86

86

88

409200

535920

456

455

273

273

399840

219960

492

492

341

337

257400 344880 367 367 282 275

Table 1. Gives a comparison of the experimental data of Aspect and Grangier [58] on single-photon
anti-correlation with the theoretical results quoted by the authors and with that of the present work.

The seven raws correspond to the total number of coincidence gates n_ = N, T =10"x {5664, 152564,
179080, 391680, 481800, 422520, 241560} during which the number of counts were registered. We
have calculated these numbers on the basis of the experimental data given by the authors. namely. we
have taken for the trigger rates N, = {4720, 8870, 12100, 20400, 36500, 50300, 67100}sec”’, and for

the gate durations T'= {1200, 17200, 14800, 19200, 13200, 8400, 3600} sec, as have been given by the
authors in the first and fourth columns in Table 3 in their paper. In the present table. in the first and the

second columns, the calculated number of reflected photons, n, = N, T . and the calculated number

of transmutted photons. n,, = N, T ., are shown. respectively. The numerical values of the fluxes N,

N

Ir
reference [58]. In the third column (with heading “Expected(1) coincidences™) the calculated number

N,, and the durations of the data acquisition 7' have been taken from Table 3 of the original

of accidental comncidences N, N, T /N, are shown. as has been given in Ref [58]. These would be
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Counter

ﬁiﬂtgle paTh 1 (a) Faint laser pulses
pnotons

Counting time (s) Ny

Coincidence 4,780 40448

- ) 4.801 49451
P"ﬁ: 4.823 49204
%0 _|Gounter 4.869 19480

FB CCD = path 2 4,799 4937TT

4.846 40211
4.707 40042
Fig. 1. Wavefront-splitting set-up based on a Fresnel’'s| 4.735 40402

(FB). APDs are avalanche silicon photodiodes opera jggg jgggg

photon counting regime. An intensified CCD camers

line) records interference fringes in the overlapping re (b) Single-photon pulses
the two deviated wavefronts., When the CCD is removy  Counting time (s) N N2
then possible to demonstrate the single photon behav)  5.13s 49135 50865

recording the time coincidences events between the two| 2190 ol aifse

] 5.166 49007 50003
channels of the interferometer. 5173 40007 50996
5.166 48783 51217
5.167 48051 51040
5.169 40156 50844
5.204 40149 50851
5.170 40023 50077
5.170 48783 51217




-PHOTON WAVEFRONT-SPLITT

simulaticn |
& data

Intensity (a.u,)

4l
al
al
il
ok
-

. D..E 0.4

Distance {mm)
Fiz. 4. Observation of the interference pattern expanded by
the evepiece and recorded by the intensitied COCID camera. ITm-
age (a) (resp. (b)) and (¢)) is made of 272 photocounts (resp.
2240 and 19773) corresponding to an exposure duration of 20 s
(resp. 200 s and 2000 s). Graph (d) displays the resulting in-
terference fringes obtained by binning columns of COCD image
() and fit of this interference pattern using coherent beam
propagcation in the Fresnel diffraction regime. and taking into
account the finite temporal coherence due to the broad spec-
tral emission of the NV colour centre. A wvisibility of 949 can
be associated to the central fringe.
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I[. INTERNATIONAL CONFERENCE ON THE PHYSICAL INTERPRETATION OF
RELATIVITY THEORY (1990, Imperial College of London )

... ‘Contributors should note that the starting point of the conference programme is the
acceptance of the accuracy and excellence of Relativity Theory, so that questions raised are
directed towards examining the philosophical, historical, and methodological aspects of the
formal structure (mathematical theory), and the implications which these several
interpretations have for the physical theories, listed under the specialist sections. Therefore
polemical ‘anti-Einstein’ and ‘anti-Relativity’ papers will not be accepted for inclusion in the
programme.”...

III. INTERNATIONAL CONFERENCE ON THE PHYSICAL INTERPRETATION OF
RELATIVITY THEORY (1994, Imperial College of London )

... S0, | am authorized to invite you formally to participate in this conference. But we have
a problem: outspoken opposition to the establishment is not welcome. However an
intelligent critisism presented in moderate terms will be tolerated — and if you can promise
that the style of your presentation will not be offensive to the orthodox, | can promise you
that you will not be alone with your heresies! Is this acceptable to you?”...

[ G. Galetzky und P. Maquardt: Requiem fiir die Spezielle Relativitat
(Haag und Herchen Verlag Gmbh, Franfurt am Main, 1997), p. 19. ]
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Quantum dissidents: Research on the foundations of quantum theory

circa 1970

Olival Freire |Jr.

Universidade Federal da Bahia, Instituto de Fisica, Campus de Ondina, 40210340 Salvador, Bahia, Brazil

ARTICLE INFO

ABSTRACT

Article history:

Received 19 February 2009
Received in revised form

5 September 2009

This paper makes a collective biographical profile of a sample of physicists who were protagonists in the
research on the foundations of quantum physics circa 1970. We study the cases of Zeh, Bell, Clauser,
Shimony, Wigner, Rosenfeld, d’Espagnat, Selleri, and DeWitt, analyzing their training and early career,
achievements, qualms with quantum mechanics, motivations for such research, professional obstacles,

Keywords:

History of quantum mechanics
Quantum dissidents

Scientific controversies

Zeh

attitude towards the Copenhagen interpretation, and success and failures. Except for Rosenfeld, they
were all dissidents, fighting against the dominant attitude among physicists at the time according to
which foundational issues had already been solved by the founding fathers of the discipline. Theirs is a
story of success as the foundations of quantum mechanics finally entered the physics mainstream
despite the fact that their expectations of breaking down quantum mechanics were not fulfilled.

a¥als A L |
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2 H. D. Zeh, 2008, interview with Fabio Freitas.

3 Ich mach es zu einer Lebensregel, so weit vermeidlich auf keinen Zeh zu
treten, aber der Empfang eines von einem gewissen Dr. Zeh aus lhrem Institut
verfassten preprint veranlasst mich von dieser Regel abzuweichen. Ich habe allen
Grund anzunehmen, dass ein solches Konzentrat wildesten Unsinnes nicht mit
Ihrem Segen in die Welt verbreitet ist, und ich glaube Thnen von Dienst zu sein,
indem ich lhre Aufmerksamkeit auf dieses Ungliick richte.*’L. Rosenfeld to J. H. D.
Jensen, 14 February 1968. Next Jensen tried to attenuate Rosenfeld’s reaction, while
fearing for its consequences: *| hope, that he does not quite have his reputation
ruined,” Jensen to Rosenfeld, 1 March 1968. Rosenfeld then considered Zeh’'s case
in a “somewhat favorable light” though still considering Zeh's paper “more like a
possession claim of a monopoly of highest wisdom™ than "as an invitation to a
factual discussion,” Rosenfeld to Jensen, 6 March 1968. The affair occupied three
more letters between Rosenfeld and Jensen: Jensen to Rosenfeld, 10 April 1968; 9
May 1968; Rosenfeld to Jensen, 25 April 1968. Rosenfeld Papers, Niels Bohr
Archive, Copenhagen. I am indebted to Anja Jacobsen and Felicity Pors for
recovering these letters and Christian Joas for the German translation.

4 H. D. Zeh, 2008, interview.

> About Zeh's ulterior reflections on quantum mechanics, see (Camilleri,
2009).

® H. D. Zeh to J. A. Wheeler, 30 October 1980, Wheeler Papers, Series II, Box
Wo-Ze, folder Zeh, American Philosophical Society, Philadelphia.
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Foundations of Physics, Veol. 1, No. 1, 1970

On the Interpretation of
Measurement in Quantum Theory
H. D. Zeh

Institut fiir Theoretische Physik, Universitit Heidelberg, Heidelberg, Germany

Received September 19, 1969

It is demonstrated that neither the arguments leading to inconsistencies in the description
of gquantum-mechanical measurement nor those “explaining” the process of measurement
by means of thermodynamical statistics are valid. Instead, it is argued that the probability
interpretation is compatible with an objective interpreration of the wave function.
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Single quantum dots emit single photons at a time: Antibunching
experiments

Valéry Zwiller?
Solid State Physics, Lund University, SE-22100 Lund, Sweden

r, SE-16440 Kista, Sweden
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Flip mirrd
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t

Coincidences

At101
At=120 ns

ion

FIG. 1. A microscope objective is used to collect the quantum dot lumines- | 5 1
cence through a glass hemisphere. The collected light is subsequently fil-  |jjeg | 0
tered by a bandpass filter and a pinhole, and correlations are measured using bie d Time (ns)
a Hanbury—Brown and Twiss interferometer. A flip mirror can be used to

image the quantum dots (inset). The white circle in the inset indicates the
pinhole size, selecting a spot with diameter of around 3 pm.

FIG. 3. Correlations obtained under cw excitation following 7.5 h of inte-
gration. The fit was obtained with a single exponential function with 7
=0.74*=0.11 ns.




OLIVER et al. [1999

beam
splitter

from the
(1=-p) beam splitter

4
o
\ \ back-reflection

Fig. 1. (A) Scanning electron micrograph of an electron beam splitter device fabricated on a GaAs
two-dimensional electron gas system. Schottky gates define the input quantum point contact
(QPC) (port 1). Schottky gates and an etched trench (top center) define the output QPCs (ports 2
and 3). Port 4 is pinched off. The beam splitter is realized by the 40-nm finger (middle center). (B)
Transmission and reflection model of the input QPC (port 1) and the beam splitter. /, is the input
current. /, and /5 are the output currents, The probability p that electrons reach the beam splitter
is the normalized conductance of the input QPC (port 1), accounting for the partial transmission
through the QPC and the back-reflection from the beam splitter. The beam splitter has a
transmission probability T. Prob(1 — 3) = pT. Prob(1 — 2) = p(1 - T).




letters to nature

Observation of Hanbury Brown-
Twiss anticorrelations
for free electrons

Harald Kiesel, Andreas Renz & Franz Hasselbach

Institut fiir Angewandte Physik der Universitit Tiibingen, Auf der Morgenstelle 10,
D-72076 Tibingen, Germany

Fluctuations in the counting rate of photons originating from
uncorrelated point sources become, within the coherently illu-
minated area, slightly enhanced compared to a random sequence
of classical particles. This phenomenon, known in astronomy as
the Hanbury Brown-Twiss effect'”, is a consequence of quantum
interference between two indistinguishable photons and Bose

Einstein statistics®. The latter require that the composite bosonic
wavefunction is a symmetric superposition of the two possible
paths. For fermions, the corresponding two-particle wavefunc-
tion is antisymmetric: this excludes overlapping wave trains,
which are forbidden by the Pauli exclusion principle. Here we use
an electron field emitter to coherently illuminate two detectors,
and find anticorrelations in the arrival times of the free electrons.
The particle beam has low degeneracy (about 10™* electrons per
cell in phase space); as such, our experiment represents the
fermionic twin of the Hanbury Brown-Twiss effect for photons.

#4 ® 2002 Nature Publishing Group
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Figure 1 Electron optical set-up (lop) and fast coincidence electronics {pottom) to
meaasune elactron anticornzlations. The quadmipoles producs an eliptically shapad beam
of coharent electrons (schematically shown in the pictograms of Fig. 3). For geomeatrical
reasons, fewar coharant alactrons miss the collactors than for Botropic magnification.
This greatly reduces the measuring time Ty, The parts of the sphercal conss emerging
from the cathode represant single coharance volumina. Betweaen the electron source and
the quadrupole a biprism (inset) is insered temporarily o check the coherence of
illumination of tha collactors. The vary short alectron avalanches frise time and width of
about 0.5 ng) leaving the channal plates are transfemad coaxially from the colleciors via
microwane amplifizrs (oandwidth 1.3 GHz) to modified constant fraction trigger modules
that extract iming signals with low varance of transit time resuliing in a2 vary good time
resolution. A fast coincidence cincuit preselects events within a time window of = 3ns and
opans the gate of a time-to-amplitude comvarter. The time spectra with a resolution of
28ps are accumulated by a multichannal analyser. Capacitive crosstalk between the
collzciors was well below 1% and did not cause spurious coincidences.
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Intensity interferometry for the study of x-ray coherence

M. Yabashi*
SPring-8/JASRI, Mikazuki, Hvogo 679-5198, Japan

K. Tamasaku and T. Ishikawa'
SPring-8/RIKEN, Mikazulki, Hvogo 679-5148, Japan
(Received 30 September 2003: published 26 February 2004)

Intensity interferometry has been performed for the study of x-ray coherence. A high-resolution monochro-
mator at £=14.41 keV was developed for enhancing the interference signal. Transverse coherence profiles of
undulator radiation were evaluated from measurements of mode numbers. The obtained coherence length in
vertical, which 1s perpendicular to the scattering plane of the monochromator. was proportional to the distance
from the light source, as i1s expected from the Van Cittert—Zernike theorem. Vertical emittances of the storage
ring were determined from the measured coherence lengths. Degradation of transverse coherence with phase
object was measured and analyzed based on the propagation law of mutual intensity.




INTENSITY INTERFEROMETRY FOR THE STUDY OF ... PHYSICAL REVIEW A 69. 023813 (2004)

High-resolution monochromator

Graphite Be

Undulator filter windows DCM window 3rd crystal : slit
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To coincidence

L X 1 I
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FIG. 1. Top view of the experimental setup. Undulator radiation (AE/E=10"") is monochromatized with the double-crystal monochro-
mator (DCM) using cryogenically cooled Si (111) [40] in AE/E~10"*, and with the high-resolution monochromator (HRM) in AE/E
~107%. The slit placed after the HRM adjusts beam size to the two avalanche photodiodes (APDs). The distances from the center of the
undulator to the components for two beam lines are indicated below the figure. while those to the slit (L) appear in the text.

INTENSITY INTERFEROMETRY FOR THE STUDY OF . .. PHYSICAL REVIEW A 69, 023813 (2004)

TABLE I. Sample characters and experimental conditions for refractive contrast imaging.

Purity Roughness Thickness X-ray wavelength Sample-to-camera distance
Material (%) (Ra, pm) (pm) (nm) (1m)

Graphite? 100x9 0.086 1.8

Be (powder foil) 98.5 =1 250 0.10 1.5
Be (ingot foil) 99.8 0.1 250 0.10 1.5

*Density of 1 glem’.




Figure 1| The experimental set-up. A cold cloud of metastable helium
atomsisreleased at the switch-off of a magnetic trap. The cloud expandsand
falls under the effect of gravity onto a time-resolved and position-sensitive
detector {microchannel plate and delay-line anode) that detects single
atoms, The horizontal components of the pair separation Ar are denoted Ax
and Ay. The inset shows conceptually the two 2-particle amplitudes (in black
or grey) that interfere to give bunching or antibunching: 5, and §, refer to
the initial positions of two identical atoms jointly detected at D, and D..
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Figure 2 | Normalized correlation functions for "He* (bosons) in the upper
plot, and *He* (fermions) in the lower plot. Both functions are measured at
the same doud temperature (0.5 1K), and with identical trap parameters.
Error bars correspond to the square root of the number of pairs in each bin.
The line is a fit to a gaussian function. The bosons show a bunching effect,
and the fermions show antibunching. The correlation length for *He" is
expected to be 33% larger than that for *He* owing to the smaller mass. We
find 1/e values for the correlation lengths of 0.75 = 0.07 mm and

0.56 * 0.08 mm for fermions and bosons, respectively.
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EUTRON ANTI-BUNCHIN

M. Iannuzzi, A. Orecchini, F. Sacchetti, P. Facchi and S. Pascazio: Direct experimental
observation of free-fermion antibunching. Phys. Rev. Lett. 96, 080402 (2006)

translator

-

to DAE

FIG. I (color online). Schematic drawing of the experimental
setup: M, monochromator; S, beam splitter: D1 and D2, detec-
tors; C, coincidence counter; DAE. Data Acquisition
Electronics. The two detectors can be positioned at the same
distance from S, and one of them can be moved across this
distance. The collimators are not shown.
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“Dear Colleague,

you published recently a paper ( Prog.Phys. 56 (2008) 91) which
closely relates to a frequently discussed paper in neutron optics on
anti-bunching (M. lannuzzi et all. PRL 96 (2006) 080402 ). Since we are
interested in advanced neutron optics this experiment would be quite
substantial but most colleagues do not believe on these results. Thus
we are organizing a Mini-workshop on this topic (6.-8. March 2008). In

the attachment | send you some more information and would like to
invite you to this rather informal Workshop. We can finance your travel
and accommodation costs.

| look forward to meeting you in Vienna

Best regards

Helmut Rauch”




The role of self-coherence in correlations of bosons

and fermions in linear counting experiments.

Nortes on the wave-particie duality

Sandor Varro
Research Institute for Solid State Physics and Optics
af the Hungarian dcademy aof Sciences

H-1525 Budapest, P. O. Box 49, Hungary,
E-mail: varro@mail kfla hu

Abstract. Correlations of detection events in two detectors are studied in case of single-
quantum excitations of the measuring apparatus. On the basis of classical probability theory and
fundamental comservation laws. a general formula i1s denived for the two-point correlation
functions for both bosons and fermions. The results obtained coimncide with that denrvable from
quantum theory which uses quantized field amplitudes. By applyving both the particle and the
wave picture at the same time, the phenomena of photon bunching and antibunching. photon
anticorrelation and fermion antibunching measured in beam experiments are interpreted in the

frame of an mtuitively clear descrniption.

Keywords: Hanbury Brown and Twiss effect. photon bunching, fermion antibunching, Photon anti-

correlation. wave-particle duality .
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Fuarther Remarks on the Coherence Properties of a Thermal
Neutronn Beam ().
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(vicevuato il 14 Dicembre 187(0)

Summary. — The possibility of obtaining experimental evidence for
antibunching effoets dne to the Fermi-Dirac statisties of the neutron
is diseussed and anticipated.




B, t,
(11) pot|v + 1) Ar = B(0)X LoD {1 + &g —%—glg({})} Ar.

Therefore, while for classieal particles the eonditional probability is C-Ax,
for bosons (fermions) a bunching (antibunching) effect is present, whose size
is due both to spatial and fime coherence of the beam through the factors
#:(0) and i, respectively.

In practice, j§ into the other.
short regolving i We conclude that to this encouraging predietion some experimental efforts
should follow.

gate the functio
general case of

# ok %

We are indebted to Prof. F. T. Arrccnr for a critical discussion. Ome of
us (S.B.) is grateful to the Comitato Nazionale per I'Energia Nucleare for
(12) having made this collaboration possible.

® RIASSUNTO

i discute ¢ si anticipa la possibilith di oftenere prove sperimentali per oli effetti con-
trari all’aggruppamento dovuti alla statistica di Fermi-Dirac del neutrone.




Volume 132, number 4 PHYSICS LETTERS A 3 October 1988

ON THE FEASIBILITY OF A NEUTRON HANBURY BROWN-TWISS EXPERIMENT
WITH GRAVITATIONALLY-INDUCED PHASE SHIFT

M.P. SILVERMAN
Department of Physics, Trinity College, Hartford, CT 06106, USA

Received 15 March 1988; revised manuscript received 11 May 1988; accepted for publication 8 July 1938
Communicated by J.P. Vigier

It is shown that a gravitational potential difference between the two components of a split fermion beam in a Mach-Zehnder
type interferometer can influence the fermion second-order, one-point correlation function and hence the conditional probability
of fermion arrivals at one output port. Manifestation of the effect requires use of two statistically-inequivalent input beams. The
configuration is a particle analogue of the optical Hanbury Brown-Twiss experiments. Contrary to previous report of a signal-to-
noise performance orders of magnitude higher than that characterising the cross-correlation of particle fluctuations in two beams,’
it is shown that both types of measurements are characterised by comparable signal-to-noise expressions, The implications for
observation of neutron antibunching are discussed.




claim is correct, then the goal of a hybrid Hanbur}'
Brown—Twiss/Colella—Overhauser—Wcrr_ler cxpe_lz—
ment with neutrons would become possible provid-
ing that gravity can influence the 'seconc!-orlcller. otnf;-
point correlation function of fermions (in the inte
eter of fig. 1). . )
ferlc:ln‘:his Lette%' I show that g,ravity can indeed in-

Consider, for example, two input neutron beams
with mean de Broglie wavelength A, =4.48 A and re-
spective resolutions (Ad),/2,=0.01, (AL)> /Ay =
0.02 (corresponding coherence times T, =8.0x
10-'2s, 75 =4.0x 10-'2 s) vielding a count rate of
20 neutrons/s at a detector with resolution time of
I ns [16,17]. It follows from €qs. (7) and (9a), (9b)

BS, ' that the fermionic contribution to the second-order
y ' correlation function can be written as

% gDy —1= —2.55X107*[1+0.35 cos(8)
+0.041 cos(26)] . (11)

S, With disregard of gravity, the threshold (S/N=1)
counting time to observe antibunching of neutrons
Fig. 1. Schematic diagram of a four-port fermion interferometer with characteristic cohen_ence Fime T, z‘5>< 10-12 g
wi%ﬁ beam splitters BS, and BS;, mirrors M, and M,, detectors by means of auto-correlation with delay time ¢t~ 5 ns
D, and D,, time-correlator/counter C, and recording device R. and counting window T~1 ns is from eq. (10c)
Tllw two hzc;rizontal beam paths of length dhaw_z ve;nctal r;eip;a;:; Tio0: =2.5%10'2 s or ~ 8 < 10* years. The analysis of
- HE ex . . .
tion z. The conditional probability calculated in the ref. [12] would have predicted a total counting time
arrival of neutrons at D,. of ~14 h.




AZONBAN; EXTREM KICSI DEGENERACIOS
PARAMETER; 6 ~1014

“ Dear Professor Varro,

The neutron iIntensity i1s Indeed rather low. When we consider
the phase space density (degeneracy parameter) it is 10E-14
and that means that there i1s on the average always only one
neutron in the apparatus, the next one i1s still In the
Uranium nucleus of the reactor fuel.

Best regards,
Helmut Rauch

“All the performed experiments belong to the regime of self-interference
because the phase-space density of any neutron beam is extremely low (10-14)
and nearly every case when a neutron passes through the interferometer the
next neutron is still in a uranium nucleus of the reactor fuel.”

[ H. Rauch, J. Sumhammer, M. Zawisky and E. Jericha: Low-contrast and low-
counting-rate measurements in neutron interferometry.

Phys. Rev. A 42, 3726-3732 (1990) |




10 ~

tinteraction =7 + 7D

~ y J J

olarizéciéstulajdonségétél ES a tényleges detekt

-

FIG. 1 (color online). Schematic drawing of the experimental
setup: M. monochromator; S, beam splitter: D1 and D2, detec-
tors: C. coincidence counter: DAE. Data Acquisition
Electronics. The two detectors can be positioned at the same
distance from S. and one of them can be moved across this
distance. The collimators are not shown.
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oldalon a plazmon bomlas miatt megjelen6 fotonok korrelaciéja ,,opposite-output” kisérlet

lehet6s6got veti fel. Ebben a korrelacios kisérletben mind a hullam, mind a részecske karakter

kulcsfontossagu, tehat a két ,,komplementer jelleg” egyidejiileg jelen van. Az abran lévé ,time
ht spectrometer helyett (amely itt az elektronokat méri) egy fotodetektort kell
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Linear and nonlinear absolute phase effects in interactions of
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Abstract

It has been shown that in
non-oscillatory wakefield
field strength, and the dy
incoming pulse. When
metal surface or a gas j
scheme can serve as a
relativistic laser intensity
prepulse, which is follo
kinematics lead to the aj
are downshifled due o
intensity-dependent freq
attention has also been p
It is also shown that the
magnitude forming a qu
has obtained.
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Attosecond electron pulses from interference of
above-threshold de Broglie waves

S. VARRO awp Gv. FARKAS
Research Institute for Solid State Physics and Op
(Receven 2 May 2007; Accerrenp 27 August 200)

Abstract

It is shown that the above-threshold electron
interfering to yield attosecond electron py
superposition of high harmonics generated
model is based on the Flogquet analysis o
generated by the incoming laser field of lon)
the propagation of attosecond de Broglie w
propagate without changing shape. The cled
surface is largely degraded due to the pr
Accordingly, above the metal surface, thery
and there exist “revival layers,” where th
durations in the parameter range we considg
pulses has been estimated to be on order
photocurrent can perhaps be used for monit

Keywords: Charged particle beam sources

mechanics: Strong-field excitation: Surface

Varré, S., Intensity and phase effects... [ Chapter in the book , Laser Pulses” ]

X

Intensity Effects and Absolute Phase Effects
in Nonlinear Laser-NMatter Interactions.
Attosecond Pulse Generation and Probing

Sandor Varré

Research Institute for Solid State Physics and Optics
of the Hungarian Acadeniy of Sciences

Hungary

1. Introduction

The generation of short pulses of electromagnetic radiations rely in many cases on nonlinear
interactions, and, on the other hand. the resulting sources may have very large intensities,
and can induce high-order nonlinear processes. Of course, these two faces of light-matter
interactions are intimately connected, but they can usually be treated separately, depending
on the emphasize put on one side or on the other. The subject of the present chapter belongs
to the physics of ,strong-field phenomena” taking place in laser-matter interactions, and it
partly concerns quantum optics, too. A brief overview of theoretical methods for treating
nonlinear light-matter interaction is given, and some characteristic examples of extreme
short-pulse generation are presented. We review the basic classical and quantum
approaches in simple terms, by possibly aveiding invelved mathematical derivations. We
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Abstract.

In the present paper, an example of entanglement between two different kinds of interacting
particles, photons and electrons is analysed. The initial-value problem of the Schridinger
equation is solved non-perturbatively for the system of a free electron interacting with a
quantized mode of the electromagnetic radiation. Wave packets of the dressed states so
obtained are constructed in order to describe the spatio-temporal separation of the subsystems
before and after the interaction. The joint probability amplitudes are calculated for the
detection of the electron at some space—time location and the detection of a definite number
of photons. The analytical study of the time evolution of entanglement between the initially
separated electron wave packet and the radiation mode leads to the conclusion that in general
there are non-vanishing entropy remnants in the subsystems after the interaction. On the basis
of the simple model to be presented here. the calculated values of the entropy remnants
crucially depend on the character of the assumed switching-on and -off of the interaction.

PACS numbers: 03.65.Ud, 42 50.Hz, 03.65 . —w, 42.50.Dv

(Some figures in this article are in colour only in the electronic version.)




lusos fenyimpulzusok ,. kvantumf

(see e.g. Varro (2008c)). By introducing the formal polar decomposition of the quantized
amplitudes, a=E(ata)l/2, a=(afta)l/2Et, we define

C=(E+EN /2, S=(E—EN/2i, AC={(C—-C)?, AS={(5—S), (26)

where the wvariances AC2 and AS? characterize the phase uncertainties. In Fig. ¥ we have
plotted the sum of this variances as a function of frequency in a Gaussian few-cycle pulse
(which may result from high-harmonic generation, resulting in a quantum state like |D(t))
above in Eq. (22)).

05 1.0 15 20
]

Figure 7. Shows the normalized quantum amplitude distribution |og|2 of a 3—cycle
femtosecond pulse and the dependencece of the quantum phase uncertainty AC2+AS?
associated to each spectral components with normalized frequency ®/wo. The pulse has
been represented by a continuous Gaussian multimode coherent state, like that given in Eq.
(22). The spectrum is peaked around g , where the quantum phase uncertainty has its
minimum (it is essentially very close to zero).
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Figure 2. Shows the time-evolution of the von Neumann entropies (a): Si. (¢): Sz and the Schmidt numbers (b): K.

(d): K; of the photon number distribution given by Eqs. (26), and (27), respectively. in the special case when p, =0,
and for the numerical value ¢, = 2. The subsecripts refer to the switching function used in the calculation. In the
defining equation of ¢ . Eq. (23). we have set }I{U} =LUy = 107 and A /4mw =10’ . This means that for the optical
radiation we have taken the wavelength A = 10~*cm and the intensity [ = 10" / em? . For the initial width of the

-8 . " . . .
electron wave packet W = 107" cm . i.e. one Angstém has been assumed. The time scales in this figure are the same as
that i Fig. 1. As is seen in these figures, in each cases of the two different switching functions there are ‘entropy
remnants’ left in the subsystems after the interaction was swithed — off.










