
Physics-Uspekhi 3 7 ( 1 1 ) 1 0 9 7 - 1 1 2 3 ( 1 9 9 4 ) © 1 9 9 4 J o i n t l y U s p e k h i F i z i c h e s k i k h N a u k a n d T u r p i o n L t d 

P A C S n u m b e r s : 4 2 . 5 0 . - p 

Quantum optics: quantum, classical, and metaphysical aspects 

D N Klyshko 

Contents 

1. Introduction 1097 
2. Semantic sketch of quantum optics 1098 

2.1 Q u a n t u m Q - l a n g u a g e ; 2 .2 M e t a p h y s i c a l M - l a n g u a g e ; 2 .3 S e m i c l a s s i c a l C - l a n g u a g e ; 2 .4 C l a s s i c a l C * - l a n g u a g e ; 

2 .5 T o w a r d s t h e d e f i n i t i o n o f t h e ' p h o t o n ' n o t i o n 

3. General description of optical experiments 1103 
3.1 I n i t i a l s t a t e o f t h e field; 3.2 E v o l u t i o n o f t h e field in a n o p t i c a l c h a n n e l ; 3.3 D e t e c t i o n 

4. Amplitude interference 1110 
5. Correlation and anticorrelation of photon counts 1111 

5.1 B r o w n - T w i s s effect; 5.2 D e t e c t i o n o f a n t i c c o r r e l a t i o n s ; 5.3 A n t i c o r r e l a t i o n effect 

6. Intensity interference 1114 
6.1 T w o t y p e s o f i n t e n s i t y i n t e r f e r e n c e ; 6.2 B r o w n - T w i s s i n t e n s i t y i n t e r f e r e n c e ; 6.3 A d v a n c e d w a v e s 

i n t e r f e r e n c e ; 6.4 S i m u l t a n e o u s o b s e r v a t i o n o f t w o t y p e s o f i n t e r f e r e n c e ; 6.5 C l a s s i c a l m o d e l s 

7. Conclusion 1120 
References 1122 

Abstract. Presented be low is the critical review of the 
m o d e r n optical experiments devoted to the demons t ra t ion 
of the q u a n t u m na tu re of light and which reveal the 
proper t ies of p h o t o n s . The three main languages used for 
the descript ion of such demons t ra t ion experiments are 
described and compared : the formal q u a n t u m language Q, 
which enables calculat ion of all averaged exper imental 
da ta ; the classical or semiclassical language C, which allows 
a visual quali tat ive descript ion of some effects; the 
metaphysica l language M , which uses vaguely defined 
te rms (such as p h o t o n s , their duali ty, q u a n t u m nonlocal i ty , 
etc.) and provides no new observable results, bu t claims to 
offer the most p ro found reflection of the quan tum-op t i ca l 
p h e n o m e n a . It is p roposed to distinguish the three types of 
p h o t o n s : Q-pho ton (the F o c k state with n = 1), C-pho ton 
(the classical wave packet ) , and M - p h o t o n (the hypothet ica l 
e lementary part icle p roduc ing discrete pulses at the p h o t o n 
detector ou tpu t , and which has no t yet been defined in the 
framework of any consistent theory) . 
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Le t no one expe ctfrom us a complete history and theory of 
the Glass Bead Game. Even authors of higher rank and 
competence than ourselves would not be capable of providing 
that at the present time.... Still less is our essay intended as a 
textb ook of the Glass Bead Game; indeed no such thing will 
ever be written. 

H e r m a n n Hesse Das Glasperlenspiel 

1. Introduction 
One of the areas of concent ra t ion of recent invest igations 
in q u a n t u m optics is the s tudy of different types of the two-
photon interference of light (see Refs [ 1 -9 ] ) . The specific 
feature of these invest igations is the use of two-photon light, 
consist ing of pair-correla ted p h o t o n s and, correspondingly, 
the detection of the coinciding in t ime of ou tpu t pulses of 
two pho tode tec to r s . The possible effects in the interference 
of th ree- and m o r e n u m b e r s of p h o t o n s are being discussed 
[ 1 0 - 1 3 ] . Also, the usua l (ampl i tude or ' one -pho ton ' ) 
interference [ 1 4 - 1 7 ] and the ant icoincidence of p h o t o n 
counts in the two ou tpu t shoulders of a beamspl i t ter (see 
Refs [18, 19]) cont inue to a t t ract a t tent ion. 

Usual ly these experiments are mot iva ted by the wish to 
demons t ra t e the essential nonclassicali ty of some optical 
p h e n o m e n a and to emphasize the pr incipal difference of the 
q u a n t u m and classical descript ion of light. M a n y physicists 
also h o p e tha t such invest igations would lead to the 
fulfilment of Einstein 's unreal ized d ream to unders t and , 
at last, wha t the photon really is. 

In some types of two-pho ton experiments it is possible 
to in t roduce a quant i ta t ive measure of the nonclassicali ty, 
the visibility V of the interference pa t te rn . The poin t is tha t 
the exceeding of the interference visibility V over a certain 
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level m a y contradic t the classical stochastic models of the 
light or the famous Bell inequalit ies [20] following from the 
wide range of classical models (see Refs [7, 8]). In other 
experiments there is no such measure , a l though they are 
frequently t aken to be demons t ra t ing the p h o t o n s t ructure 
of light. Sometimes even the opt ical geometr ical Berry 
phase is considered to be the p rope r ty of p h o t o n s (see 
Refs [21, 22]). 

Q u a n t u m optics p lay a special role in the p rob lem of the 
in terpre ta t ion of the q u a n t u m formalism. Light, first of all, 
is the main source of informat ion abou t the su r round ing 
world and, natural ly , invest igators would like to unde r s t and 
the na tu re of the object delivering this informat ion. 
Q u a n t u m optics often tackles linear p rob lems , which 
simplifies its compar i son with the classical models . The 
aforesaid simplification is because of the fact tha t the 
Maxwel l equa t ions for the classical free-space fields have 
exactly the same form as the cor responding Heisenberg 
equat ions . It is essential tha t light can be directly detected 
by the eye with the ret ina playing the role of a classical 
detector . N o t e tha t the m o d e r n laser techniques enable one 
to p repa re the light field in a t w o - p h o t o n state (plus the 
vacuum componen t ) , which in some approx ima t ion is a 
pu re state and cor responds to the macroscopic scale of 
coherence p h e n o m e n a [23]. 

The pu rpose of this paper is to present a short review 
and schematic descript ion of the main types of quantum 
demonstration experiments of m o d e r n optics, i.e. the 
experiments a iming at two goals: demons t ra t ion of the 
q u a n t u m proper t ies of light and revelation of the na tu re of 
the p h o t o n . A n a t t empt is m a d e to est imate the achieve­
ments in solving the p rob lems and also to classify and 
compare different ' l anguages ' used for the descript ion of 
demons t ra t ion experiments . Section 2 is devoted to defining 
the ' l anguages ' . 

A general descript ion of some typical optical experi­
men t s in different languages is given in Section 3. F o r the 
sake of completeness the convent ional two-modes ampl i ­
tude interference is discussed in Section 4. D e m o n s t r a t i o n 
experiments , using a beamspl i t ter for mixing of two 
t ransversal modes (beams), and two detectors with a 
coincidence circuit (or ana log correlometer) which reveal 
the correlat ion and ant icorre la t ion of p h o t o n s , are analyzed 
in Section 5. Section 6 is devoted to the m o r e complicated, 
four -mode schemes. Two types of intensity interference are 
dist inguished here: the Brown -Twiss interference and the 
advanced waves interference. The main conclusions of the 
review are concent ra ted in Section 7. 

It should be emphasized tha t , for the sake of being 
specific, the range of considered p rob lems is limited here to 
several s ta t ionary effects in the optical wave range . W h e n 
saying a q u a n t u m object, I shall basically keep in mind only 
the electromagnet ic field of this range. 

2. Semantic sketch of quantum optics 
It is possible to define the following main languages of 
q u a n t u m optics (Fig. 1): 

— the q u a n t u m ( Q ) , giving predic t ions which are in 
quant i ta t ive agreement with the experiment and consisting 
of several 'dialects ' ( Q H , Q S , Q C ) ; 

— the metaphysica l (M), p re tending to give the t r ad i ­
t ional realistic in terpre ta t ion of observed p h e n o m e n a and of 
the q u a n t u m formalism mainly with the help of new terms; 

— the classical (C*) and semiclassical (C), present ing the 
q u a n t u m theory and the observed effects in usua l visual 
pa t te rns , wi thout pre tens ions to the universal quant i ta t ive 
descript ion. 

Mix ing of the ment ioned languages, often in a single 
phrase , is typical of m a n y works . I shall t ry to avoid such 
mixing, defining different languages by the cor responding 

Figure 1. S c h e m e o f t h e m a i n l a n g u a g e fami l i e s u s e d for t h e d e s c r i p t i o n o f o p t i c a l p h e n o m e n a . 
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code symbols Q, M , C. The adop ted classification (shown 
below) of languages is in m a n y aspects a reflection of my 
own subjective s tandpoin t . 

The s tar t ing poin t here is m y conviction tha t at present 
there is a necessity to distinguish quantum physics, for which 
a steady and fruitful in terconnect ion between the experi­
men t s and the ma themat i ca l models is typical, and fruitless, 
mainly verbal quantum metaphysics, which is no t control led 
by the experiment bu t p re tends to be a m o r e p ro found 
descript ion of the q u a n t u m p h e n o m e n a . Physics, as an 
exper imental science, cannot evidently avoid criteria similar 
to the Poppe r principle of falsification or the Br idgeman 
opera t iona l determinabi l i ty (at least for some key not ions) . 

On the other hand , it is desirable not to ignore, as is 
accepted in current q u a n t u m optics, bu t as far as possible to 
emphasize the c o m m o n features of the classical and 
q u a n t u m models . 

2.1 Quantum Q-language 
Let us define by symbol Q the language tha t uses 
convent ional ma themat ica l formalism of the q u a n t u m 
theory and well-established q u a n t u m models of the optical 
processes. 

The most impor t an t const i tuents of the Q-language are: 
n o n c o m m u t a t i v e algebra of the 'observables ' , absence of 
the jo int probabi l i ty dis t r ibut ions for the two n o n c o m m u t -
ing observables , and the uncer ta in ty relat ion. 

It is usual ly assumed tha t two main 'dialects ' of the Q-
language, the Schrodinger representa t ion (Qs) and the 
Heisenberg representa t ion ( Q H ) , give equivalent results. 
However , the different time correlat ion functions, descr ib­
ing the observable optical p h e n o m e n a , can be precisely 
defined in the general case only in the Q H - l a n g u a g e . A n 
impor t an t p rope r ty of the Qn-descr ip t ion is the possibili ty 
of t ransi t ion to the explicit Lorentz- invar iant form. M o r e ­
over this language follows closely the classical descript ion 
of the field evolut ion in the s p a c e - t i m e coordinates , which 
is much m o r e convenient and visual and per forms specific 
calculat ions. 

However , the Qn- l anguage leaves little r o o m for differ­
ent ' realistic ' in terpre ta t ions . This is p robab ly the reason 
why, in the discussions of the demons t ra t ion experiments , 
the schematic Schrodinger description (Qs-language) with 
F o c k ' s s ta t ionary vector (|l)fc), or the quas i -s ta t ionary 
vectors of the states and the cor responding Metaphys ica l 
language M (see below) are used. Evident ly the evolut ion of 
the state vector \\j/(t)) in the F o c k basis looks m o r e realistic 
and visual t han the evolut ion of the field opera tor E(r, t) in 
the Heisenberg representa t ion, where it is possible to avoid 
the no t ion of a p h o t o n . 

The overwhelming ( 'silent ') major i ty of physicists are 
completely satisfied with the Q-language, i.e. with the 
p ragmat i c app roach to the q u a n t u m theory, which explains 
and predicts a lot of the observed p h e n o m e n a very well. It 
will also be shown tha t the Q H - l a n g u a g e (unlike the Q s -
language) gives a simple universal descript ion of the main 
optical effects — the classical ones and the essentially 
q u a n t u m ones, i.e. wi thout classic analogies. 

The Q H - and Qs- languages are p u r e ma themat i ca l ones. 
Some rules of cor respondence between the ma themat ica l 
symbols and the measured quant i t ies should be pos tu la ted 
to connect the languages and the experiments . These rules 
are closely connected with the p rob lem of the q u a n t u m 
theory interpretation. I shall speak here on the Copenhagen 

(it is also called o r t h o d o x or minimal) in terpre ta t ion of the 
q u a n t u m formalism ( Q c - l a n g u a g e ) , according to which 
there is no sense in asking too m a n y quest ions abou t its 
na tu re (I shall not t ry to define different versions of the Q c -
language) . In essence, this is not an in terpre ta t ion bu t a 
rejection, if one takes the in terpre ta t ion as an aspira t ion to 
a t t r ibu te to the q u a n t u m objects some a pr ior i dynamica l 
proper t ies (except those determined by its state and ' the 
measur ing projective pos tu la te ' ) . Besides, new 'meta- laws ' 
are pos tu la ted: the complementary principle or (according to 
F o c k ' s formula t ion) the principle of relativity to the 
observation means. 

This principle is reflected in q u a n t u m optics as a ra ther 
vague term, photon duality, which (along with the unde r ­
s tanding of the photon as an elementary particle) is, from m y 
poin t of view, ra ther a metaphysical category, i.e. be longs to 
the M- language because there is no exact opera t iona l or 
Q-definition. 

The mos t impor t an t element of the Qc- language is the 
'measur ing projective pos tu l a t e ' de termining the connect ion 
between the state vector of a q u a n t u m object and the results 
of classical measurements , i.e. br idging the gap tha t divides 
the q u a n t u m and classical worlds . 

W h e n the Q H - l a n g u a g e is used for a quant i ta t ive 
descript ion of the experiment , some ope ra to r s of the 
q u a n t u m mode l are regarded as observables [these are 
usually the different t ime correlation functions for the field 
opera to r s E(r, t)\. The goal of the Qn- theo ry is reduced to 
the calculat ion of the observables average values for the 
determined initial state of object |^f(f0)). 

W h e n the Qs- language is used, it is pos tu la ted tha t the 
projections of the final state \i//(t)) at the same definite 
vectors of the Hilber t space of the system states determine 
the statistics of the observed p h e n o m e n a (which is es tab­
lished in the course of repeat ing trials under 
macroscopical ly identical condi t ions) . In the schematic 
quali tat ive models of q u a n t u m optics the one -pho ton 
F o c k states 11)^ ,where k is the m o d e index, are usually 
chosen as these vectors. 

The no t ion reduction of the state vector is considered to 
be an impor t an t const i tuent of the Copenhagen inter­
pre ta t ion . This te rm has two main aspects: in the first 
one, the p rob lem of the mechanism of an individual (from 
m a n y possible) measurement result is emphasized, i.e. the 
p rob lem of descript ion in the Q-language of the nonun i t a ry 
projection opera t ion ; in the second one, a t tent ion is given to 
the p rob lem of wha t is happen ing with the q u a n t u m object 
state itself in the course of the 'measurement ' . I shall keep 
in mind only the last aspect. The term reduction (according 
to the p roposed definition) m a y be a t t r ibuted to the 
Qc- language , if one assumes tha t it gives only a brief, 
symbolic descript ion of the exper imental s i tuat ion for which 
the correlations of the measurements (or conditional prob­
abilities) of two or m o r e macrodevices are detected. These 
devices inevitably change the state of the object (according 
to the Q-theory including classical C-parameters of the 
devices). It is the so-called back action. The third close term 
is the preparing of the state. 

As an example, it is instructive to consider, according to 
Schiff [24], a t race format ion by an electron in the Wilson 
chamber . The fair calculat ion of electron scat tering by two 
a t o m s shows tha t the electron t race for the high energies 
should, with a high probabi l i ty , be a lmost a straight line 
paral lel to the electron m o m e n t u m p. This actually follows 



1100 D N K l y s h k o 

from the calculat ions of the probabi l i ty of exciting b o t h 
de tec tor -a toms with their diameter a being much larger 
t han H/p (it is the Qs-languages) . On the other h a n d (for the 
est imates or visualization), it is possible to exclude from the 
very beginning the first a tom in the t race and assume tha t 
the electron interact ion with the first a t om is the act of 
measurement of the t ransverse electron coord ina te with 
accuracy a (it is the Qc- languages) . It is also assumed 
tha t an ins tan taneous change (Q-reduction or preparation) 
of the electron wave function takes place, i.e. the t r a n s ­
format ion of the initial p lane wave exp(ipr/h) into a n a r r o w 
beam, as if the first a tom is an orifice of the diameter a in a 
non t r anspa ren t screen in the pa th of the p lane wave. 

If the reduct ion is accepted, as is often assumed, as some 
myster ious , 'other wor ld ' process, indescribable by the 
Q-languages in principle, it should be a t t r ibuted to the 
metaphysica l M- language because it does no t lead to the 
observable consequences different from the predic t ions of 
the Q-theory. 

In the same way the term backaction should be specified. 
If it is accepted as a convenient brief definition of the device 
action on an object which can be explicitly described by the 
inclusion in the Q-theory of the cor responding (classical) 
C-parameters , ensuring the uni tar i ty of the evolut ion of the 
object (i.e. conservat ion of the commut ing relat ions and the 
uncer ta in ty relat ion) , it is the Q-term. If it is accepted tha t 
the backac t ion is something m o r e meaningful , it is the Mi-
term to which no experimental ly verifiable (or according to 
the Popper formulat ion, falsified) predic t ions correspond, 
i.e. this te rm has no operational meaning . 

A popu la r te rm which may, with the same specification, 
be a t t r ibuted to the Q-languages is the entangled state t e rm. 
In the simplest optical case it is a nonfactor izable two-pho ton 
four -mode state which is used for the E i n s t e i n - P o d o l s k y -
Rosen ( E P R ) and Bell pa radoxes demons t ra t ions . Acco rd ­
ing to the Qc- language prescr ipt ions some a pr ior i individual 
proper t ies cannot , con t ra ry to the semiclassical theory, be 
a t t r ibuted to the Q-pho tons . These are frequency, direction of 
the wave vector, and polar iza t ion . N o t e here tha t , 
con t ra ry to widespread convict ion, the condi t ion of the 
entangl ing (nonfactorizabil i ty) of the field state is no t 
obl igatory for the optical demons t ra t ion experiments (see 
Section 6.4) 

2.2 Metaphysical M-language 
F o r the metaphysica l descript ion (M-language) , typical is a 
desire (as yet unreal ized) to go out of the frame of the 
min imal (Copenhagen) in terpre ta t ion and to look behind 
' the scenes ' , behind the ' looking glass ' . It is usually 
achieved with the help of the M- te rms , such as reduction 
of the state vector, photon duality, photon indistinguishabil-
ity, quantum nonlocality, contextuality, contrafactuality etc., 
which t h r o w the unini t ia ted into a state of anxiety. 

The specific indicat ions of the M- language are, accord­
ing to the p roposed de terminat ion , vague te rms (having, as 
a rule, neither an explicit reflection in the formal Q-theory 
nor a clear opera t iona l meaning) , doubtful discussions, and 
the absence of real predic t ions different from those of the 
q u a n t u m theory (Q-language) . M a n y ' fashionable ' no t ions 
and formula t ions of the M- language were adop ted by 
frequent and noncri t ical repet i t ion. 

A n example of a te rm current ly popu la r is quantum 
nonlocality. H e r e the term 'nonlocal i ty ' has actually no 
connect ion with the convent ional mean ing of this word , bu t 

defines, in a squeezed form, something else. This is a 
quant i ta t ive cont radic t ion between the classical and q u a n ­
t u m descript ions of some models (the Bell or K o c h e n -
Specker type pa radoxes ) connected, in essence, with the use 
in the Q-language of the n o n c o m m u t a t i v e algebra of 
observables, and the absence of the no t ion of 'joint 
probabi l i ty d is t r ibut ion ' for the n o n c o m m u t a t i v e observ­
ables. 

The logic of the origin of the term m a y be presented 
briefly as the following (see for details Refs [8, 25] and the 
references therein) . There are two s ta tements : 

1. The Q-language presents some affirmation A (which 
can be confirmed in the experiment) . 

2. The classical C - l a n g u a g e (more precise, with some of 
its dialect C B in t roduced by Bell) also presents the 
affirmation A, a l though only with the use of such add i ­
t ional no t ions as the negative probabi l i ty or the u n k n o w n 
long range forces, manifest ing themselves in the ins tan ta ­
neous m u t u a l influence of separated measur ing devices or 
some other even m o r e unacceptab le assumpt ions . 

F r o m these, despite cont radic t ion with formal logic, the 
conclusion to be d rawn is tha t the Q-theory and physical 
reality are nonlocal. 

However , the main no t ion of optical metaphysics , 
according to me, is tha t of ' the p h o t o n as an elementary 
part icle of the light field'. I shall call it M - p h o t o n , to 
distinguish it from the formally in t roduced Q-pho ton 
'created ' from vacuum by the opera tor a+, and from the 
C - p h o t o n , a wave packet of the semiclassical C- l anguage . I 
shall no t touch old mechanica l models of the p h o t o n s in the 
form of balls with definite energies and m o m e n t a (see the 
review Ref. [26]), which are only of historical interest and 
are successfully used by the au tho r s of manua l s on q u a n t u m 
mechanics to confuse s tudents at once and forever. 
Accord ing to current publ ica t ions the M - p h o t o n is some­
th ing objectively existing in t i m e - s p a c e and result ing in a 
pulse of current at the p h o t o n detector ou tpu t (see 
Section 2.5). 

The formal Q-theory gives no a pr ior i informat ion 
abou t the field , except at most abou t its vector of the 
state The F o c k one-mode state 11)^ or the m a n y - m o d e 
superposi t ion of these states (quantum wave packet) are 
ra ther exotic representat ives of the mul t i tude of all possible 
field states, p repa ra t ion of which is very complicated even 
with the help of m o d e r n laser techniques. In the usua l 
realistic s i tuat ions, there are, according to the Q-theory, 
mixed states tha t are quite different from the ideal ones (see 
Section 3.1 for details). The Q-theory gives no g rounds 
for schoolboy assert ions like 'light consists of p h o t o n s ' , 
which is assumed to be t rue by the overwhelming majori ty 
of physicists. 

Let us emphasize the essential difference of the si tua­
t ions connected with the detect ion of nonrelat ivist ic 
electrons or other F e r m i part icles and of those arising 
from pulses at the p h o t o n detector ou tpu t . In the first case, 
the n u m b e r of part icles is fixed and the no t ion of an 
e lementary part icle is na tura l . In this case it is possible to 
d r aw some conclusions (the so-called ' re t rodic t ion ' ) on the a 
pr ior i pa rame te r s of the electron state vector. In the second 
case, the a pr ior i n u m b e r of the part icles is , as a rule, 
indefinite (see Fig. 3 below) and it is possible only to ask 
abou t the state vector of the field. 

The p rob lem of inconsistency between the no t ion of the 
p h o t o n as an elementary particle, in t roduced in the first 
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pages of manua l s on q u a n t u m mechanics , and the 'realistic ' 
state of the quant ized field (according to the formal Q-
language) is not , unfor tunate ly , ment ioned in the t ex tbooks 
and original papers k n o w n to me. A paradoxica l s i tuat ion 
has arisen in q u a n t u m optics: for its main not ion , M -
p h o t o n (as an e lementary part icle of the light field), there is 
no precisely determined place in formal q u a n t u m theory. 

In general there is a sharp contras t between the very 
high accuracy of some calculat ions (Q-language) , some­
times coinciding with the measured quant i t ies to seven 
digits (and bet ter) , and the vague verbal descript ion of the 
p h e n o m e n a (M-language) , which drives the s tudents to 
despair . Addi t iona l difficulties are created by the absence 
in the t ex tbooks of a distinct border between mathemat i c s 
and physics, between classical and q u a n t u m physics, and 
also by the p o o r te rminology (e.g. by quantization we often 
mean a ma themat i ca l p rocedure leading to discrete Fou r i e r -
t ransforms, which is also useful in the classical approach) . 

The quant i ta t ive calculat ions in the Q-language, which 
describe the observed effects well, are no t needed in the M -
not ions . At the same t ime some Q-terms (type of reduction 
of the state) can be useful as compac t symbol no ta - t ions of 
the definite Q-not ions at the stage of forecasting some new 
effects and their pre l iminary quali tat ive descript ion. It is 
also difficult to imagine m o d e r n physics wi thout the 
' p h o t o n ' language which describes visually at a qual i ta t ive 
level a lot of p h e n o m e n a (however, one keeps in mind the 
Q-pho tons , i.e. packets , of the semiclassical language) . 

2.3 Semiclassical C-language 
The semiclassical description (C-language) is based on the 
semiclassical radiation theory (e.g. see Refs [26, 27]). This 
theory considers mat te r in a q u a n t u m manne r and the field 
in a classical way, i.e. as a superposi t ion of the ' C - p h o t o n s ' , 
classical wavepackets of the energy hco. 

Evident ly a lmost all physicists imagine the light field 
consist ing only of the actually existing C-photons , each of 
them having definite a pr ior i proper t ies : spectral d is t r ibu­
t ion, wave-front shapes, longi tudinal and t ransverse length, 
polar iza t ion. T h o u g h the demons t ra t ion experiments show 
convincingly tha t this visual p ic ture is no t adequa te (e.g. see 
Figs 3 and 10) the classical 'heresy' , learned in school, 
persists. 

The most impor t an t (and myster ious) const i tuent of the 
semiclassical description is the pos tu la te on C-reduction of 
the wave packet (do no t confuse with the Q- and M -
reduct ions considered above) , according to which the C -
p h o t o n can be detected only once, whereas the probabi l i ty of 
this event (it is assumed tha t detection happens ins tan ta ­
neously) is p ropo r t i ona l to the square of the field averaged 
over the detec-t ion volume. Thus , the ' corpuscular ' p r o p e r ­
ties of the C-pho ton manifest themselves at the m o m e n t of 
detection only. 

2.4 Classical C*-language 
This is the language of classical statistical optics describing 
classical analogs of q u a n t u m effects. W h e n I say classical 
analog, I keep in mind the p h e n o m e n o n which has all the 
most impor t an t features of the q u a n t u m effect. Usua l ly it is 
unde r s tood as analog detection at which the detected 
pho to -cur ren t is p ropo r t i ona l to the ins tan taneous intensity 
of the incident light at the detector . 

Of course, this definition can lead to some subjectivism 
and n o n u n i q u e classification of the p h e n o m e n a . F o r exam­

ple, according to me, the mos t impor t an t feature of two-
photon interference (see Section 6.3) is a definite periodici ty in 
the dependence of two-detector correlat ion on the lengths of 
the opt ical pa th s and, therefore, it has an opt ical ana log (see 
Section 6 and Refs [28, 29]). On the other hand , it is possible 
to consider as such a feature, the high visibility V of the 
observed interference pa t t e rn , i.e. the low value of the 
b a c k g r o u n d signal (absence of random coincidences). H o w ­
ever, the absence of the r a n d o m coincidences seems to be 
unspecific for two-pho ton interference because it is related to 
the proper t ies of the light source (not to the specific optical 
scheme) and can be observed in m o r e simple two-mode 
experiments (see Section 5). 

At present n o b o d y has doub t s tha t the classical optical 
models are limited. Nevertheless the search for the features 
c o m m o n with those of classical optics facilitates unde r ­
s tanding of the essence of new effects. It cor responds to the 
t rad i t iona l conservat ism of physics, to the law of ' the 
O c c a m ' s razor ' , to the principles of reduct ionism, to the 
evristic rule 'from the simple to the complex ' . Besides, the 
flagrant contradic t ion between the instinctive realistic 
convict ions (they are sometimes called naive realism) of 
the overwhelming major i ty of physicists and the C o p e n h a ­
gen Qc- language , which defies some a pr ior i proper t ies of 
q u a n t u m objects of observat ion, makes na tu ra l the desire to 
restrict themselves, at the faintest oppor tun i ty , to the 
classical no t ions , 'do no t ment ion the n a m e of G o d in 
va in ' . (Unfor tunate ly , the opposi te , the desire to emphasize 
wi thout any need the q u a n t u m or 'other wor ld ' na tu re of 
the p h e n o m e n o n , frequently happens . ) 

Accord ing to the p roposed definition, C- and C*-
languages, con t ra ry to the M- language , do no t have p re ten­
sions to scientific reflection of the reality at the q u a n t u m 
level. It is evident tha t only the Q-language has such 
pre tensions . The M- , C-, and C*-languages and their 
separate te rms in the best case play auxiliary, heurist ic, 
comfort ing, or mn emo n i c roles. 

2.5 Towards the definition of the 'photon' notion 
Q. As is generally known , the Maxwel l equa t ions in the 
case of the Hami l ton i an descript ion are reduced to the 
system of equa t ions for a mul t i tude of nonin te rac t ing linear 
oscillators. (In the case of the free field these equa t ions are 
of the same form in b o t h classical and q u a n t u m theories.) 
As a result, the theory of the free field is reduced to the 
investigation of every possible initial state and their 
proper t ies for the system of oscillators. In the q u a n t u m 
case, to every state of the system cor responds a po in t in the 
space of this system. 

In the case of one m o d e the Hi lber t space is covered, for 
example, by a complete system of F o c k (\n)) vectors or the 
coherent (|z)) basis vectors. One of the popu la r direct ions in 
m o d e r n q u a n t u m optics is the const ruct ion and investiga­
t ion of new classes of the states and their proper t ies , i.e. of 
the new subspaces of the q u a n t u m oscillator Hilber t space. 
In the f ramework of the Q-language (the formal m a t h e ­
mat ica l system of the pos tu la tes and the q u a n t u m theory 
theorems) all po in t s of this space are equivalent (except, 
pe rhaps , po in t |vac) = \n = 0) = \z = 0)) and therefore, the 
F o c k state \n = 1) with determined energy hco is no t 
dist inguished in any way. 

W h a t is the reason for this special role of the state 
\n = 1) cor responding to the metaphysica l no t ion of the M -
p h o t o n ? Firs t , it m a y be assumed tha t the measurable 
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observables are to be conserved in the closed system. In 
optics, this condi t ion distinguishes the energy of the field 
and, accordingly, the F o c k vectors |1), |2), | 3 ) , . . . as 
'd is t inguished ' ones. Second, vector \n = 1) is dist inguished 
by the weakness of the field interact ion with mat te r in light 
sources and p h o t o n detectors . M a n y - p h o t o n states with 
n > 1 are rarely impor tan t . (This lucky p rope r ty of our 
world reveals itself in the linearity of mos t opt ical effects.) 
Thus , the no t ion of the p h o t o n is t ightly connected with the 
detection process, and a pa radoxica l formulat ion can be 
suggested: a p h o t o n has a fleeting existence only at the 
m o m e n t of its absorp t ion in the detector . 

However , it is possible to imagine a wor ld m a d e of 
mat te r with forbidden one -pho ton t ransi t ions , as, for 
example, in the case of certain pai rs of states (of the 
type Is — 2s in a hydrogen a tom) . In this world the 
main state should be |2) and the e lementary part icle should 
be considered as a ' b ipho ton ' . 

In the f ramework of o r t h o d o x q u a n t u m theory ( Q c -
language) quest ions such as "wha t is a p h o t o n ? " and "wha t 
are its p rope r t i e s? " are senseless. It is possible only to ask 
abou t the proper t ies of a given pu re or mixed field state, the 
project ion of which at vectors \n = \)k determines the count 
statistics of p h o t o n detectors and other measur ing devices. 

In the Q-language the following definition of a p h o t o n is 
possible. The p h o t o n is the objective reality cor responding 
to the s ta t ionary F o c k vector \n = \)k or to the quas i -
s ta t ionary one -pho ton wave packet 1^). However , this 
definition is not very good because, according to the Q-
theory, the state 1^) is pract ical ly never realized in optics 
(see Section 3.1 for further details). 

If this ra re possibili ty is excluded one should conclude 
tha t the p h o t o n appears for a m o m e n t from nonexistence 
only at the m o m e n t of its absorp t ion by the detector! (Thus 
the names of opera to r s a+ and a ought to be swapped.) Let 
us remember in this connect ion the well k n o w n aphor i sm 
reflecting the Copenhagen school creed: " A q u a n t u m 
p h e n o m e n o n is a p h e n o m e n o n only if it is a recorded 
p h e n o m e n o n " . (This aphor i sm is a t t r ibuted to John 
Wheeler , bu t in response to my direct quest ion he denied 
his au thorsh ip . Evident ly the aphor i sm belongs to N Bohr . ) 
W h e n applied to the p rob lem under discussion it m a y be 
reformulated in the following way: "a p h o t o n is a 
p h e n o m e n o n only if it is a recorded p h o t o n " . 

M. The metaphysica l language is based on the conviction 
tha t the no t ion ' p h o t o n ' cor responds no t only to the 
ma themat i ca l symbols |1) or bu t also to some ' real ' 
physical substance with some a pr ior i proper t ies (elements of 
the physical reality according to the wel l -known Einstein 
formulat ion) , and tha t any electromagnet ic field of rad ia t ion 
consists of the set of these independent (neglecting the ra ther 
weak nonl inear i ty of the vacuum) substances, similar to tha t 
for the ideal gas consist ing of nonin te rac t ing a toms . 

It is usual ly assumed tha t the final revelation of ' real ' 
p roper t ies of the M - p h o t o n is only a mat te r of t ime and 
applied efforts. Grea t hopes are p inned on the in t roduct ion 
of new, frequently vaguely determined, t e rms and not ions , 
leaving r o o m for the subsequent in terpre ta t ions and refining. 
This optimist ic po in t of view (which up to n o w is followed 
by a significant number of physicists) has endured since the 
in t roduct ion by Einstein in the beginning of the century of 
the light quantum no t ion , in spite of the apparen t absence of 
any progress in this direction. Nevertheless m a n y still h o p e 

tha t the investigation of new interference schemes based on 
the use of m a n y - p h o t o n light is the 'way to the holy grai l '? 

N o t e tha t the generally accepted s tandard visual 
formulat ion, such as a ' pho ton was emitted (or 
absorbed) by an a t o m ' , or a ' pho ton as a whole is 
t ransmi t ted t h rough the semit ransparent mi r ror or is 
reflected by it ' be longs to the semiclassical C-language, 
because s imultaneously (maybe unconsciously) something, 
similar to the real wave packet , is assumed. 

In the M- language the p h o t o n is frequently defined as 
something which was the direct cause of a separate pulse at 
the p h o t o n detector ou tpu t . To clear up the precise mean ing 
of this M-defini t ion from the poin t of view of the Q-
language compare two experiments: in the first, nonre la -
tivistic electrons are detected (or other F e r m i particles); and 
in the second, discrete p h o t o n detectors are used. 

Let in b o t h cases the following a pr ior i informat ion be 
k n o w n : the sources p repare q u a n t u m objects in the p u r e 
states with definite spin (polar izat ion) componen t s , and 
the detectors 'see ' only one m o d e of the cor responding wave 
fields, the de Broglie electron wave or the Maxwel l 
e lectromagnet ic one. This means tha t the cross section 
and the specific t ime of the detector Tdet are much less 
t han the cor responding scale of the field inhomogenei ty 
(and therefore the q u a n t u m detection efficiency rj is less 
t han uni ty) . 

The appearance of one pulse at the electron detector 
ou tpu t in these circumstances is na tura l ly and uniquely 
interpreted as the consequence of the hi t t ing of one a pr ior i 
existing electron on the surface of the detector dur ing 
interval T d e t . Two or more electrons are unab le to be in 
this interval according to the Paul i exclusion principle. The 
superposi t ion of the one-electron state with the vacuum of 
type = c0\0) + c\|1) is forbidden by the charge con­
servation law: the electron is either present or absent (this is 
an example of the superselection rules). 

In the case of the Bose-part icle detector , possible 
conclusions which follow from the detection of an individ­
ua l event are much m o r e diverse. Suppose tha t initially 
rj = \. Then a pulse in the one -pho ton detector according to 
the project ion pos tu la te means tha t the project ion of at 
the F o c k vector \ri) with n = 1 for the cor responding m o d e 
is different from zero: c\ = ( l | i A ) 0- Hence , = |1) or 

is the state with an indefinite p h o t o n number , e.g. a 
coherent state (see Section 3.1). 

Fu r the r , t ak ing into account the inevitable nonideal i ty 
of the detector leads to rj < 1. This gives an addi t iona l 
possibili ty tha t the field was in the s ta t ionary state \n) with 
any n > 1 [the probabi l i ty of this equals to rj(\ — n)n~l\ 
Only repeated trials with the identically p repared vector 
can refine the p rocedure of the initial state reconst ruct ion 
(retrodiction). 

Therefore, detection of a separate pulse at the photon 
detector output in the general case does not allow us to state 
that it was produced by a single photon: the field can be in a 
multitude of states different from the one-photon state |1). 

Therefore, we arrive at the conclusion tha t the photon as 
an elementary particle of the optical field has no reasonable 
distinct definition and consequently is, according to the 
suggested definition, a metaphysical category. 

M o r e detailed subs tant ia t ion of the above accepted 
' l inguistic ' classification will be given later with the specific 
examples. Of course, a variety of other languages and 
'dialects ' , which cannot be overviewed here, are actually 
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used, so the choice was inevitably influenced by the a u t h o r ' s 
po in t of view. In par t icular , the alternative theories of 
de Broglie, B o h m and others are no t considered at all. 
The same relates also to the different versions of the 
statistical interpretation of the q u a n t u m theory (see review 
Ref. [ 3 0 ] ) , to the general theory of quantum measurements (see 
the m o n o g r a p h by Braginsky and Khal i l i [ 3 1 ] ) , and to the C B -
language of Bell 's dichotomic classical observables [ 2 0 ] (see 
also Refs [7 , 8 , 2 5 ] ) . 

3. General description of optical experiments 
A n exper imental set up usually consists of three main par t s : 
a light source, an opt ical channel , and a detecting device. 
T h u s the theory should describe the proper t ies of light 
emitted by the source, changing of those proper t ies in the 
course of light p ropaga t i on t h rough a linear optical 
channel , and connect ion of the proper t ies (changed) of 
light with the detecting device readings. 

Accord ing to the above discussion, it is convenient to 
consider the formal q u a n t u m descript ion (Q-language) 
consist ing of three main stages: ( 1 ) choice (or calcula­
t ion) of the required initial state of the field at the 
optical channel input , ( 2 ) calculat ion of the field evolut ion 
in the optical channel , and ( 3 ) choice of the opera to r s for 
the observables cor responding to the exper imental measu r ­
ing p rocedure . [Sometimes the field evolut ion is excluded 
with the help of a spectral expansion over the eigenfunc-
t ions of the opt ical channel (see Ref. [ 2 4 ] ) . However , the 
last app roach is less universal and visual.] In this connec­
t ion, consider the wel l -known q u a n t u m trichotomy of the 
Qc- language including a classical device (prepara t ion of the 
initial state of a q u a n t u m object), the object itself (the 
dynamics of which is governed by the Schrodinger or 
Heisenberg equat ions) , and a classical measur ing device. 

A descript ion of these three stages is presented be low in 
different languages. 

3.1 Initial field state 
Q. Since it is not to be involved in calculat ions, let us 
assume tha t the initial field state is k n o w n . This state can 
be either mixed or pure . The latter occurs in two cases: 
( 1 ) when the mot ion of charges in the source are 
describable in the f ramework of a classical consistent 
theory ( ' s emi -quan tum' emission theory) , as is done , for 
example, in the phenomenolog ica l theory of pa ramet r i c 
scattering [ 3 2 ] ; and ( 2 ) when the wave function of the 
system 'source + field' are factorable. 

The state vector or density mat r ix of the field carries the 
informat ion which is no t required for descript ion of mos t 
quan tum-op t i c s experiments , where usually it is sufficient to 
k n o w only the intensity correlat ion function of the first and 
second orders . (A rare exception is an interesting experi­
ment [ 3 3 ] , where the field density mat r ix was reconst ructed 
from the p h o t o n statistics.) In m a n y cases the observable 
effects are specified by one number : g = {a+2a2)/N2. Where 
(...) = ... \\j/)9 N = (n) = (a+a), n = a+a is the Q-pho -
ton number opera tor , and a (a+) is the opera tor of Q-
p h o t o n annihi la t ion (creation) for the individual field mode . 
N u m b e r g is called the photon bunching parameter or a 
fourth normalized moment. 

N u m b e r g is simply connected to the other frequently 
used pa rame te r s describing the photon number fluctuations, 

the dispersion o2 = {n2—N2), and the F a n o factor 
0 = G

2/N\ 

g - l = -
•N 0 - 1 

N ( 1 ) 

At g > 1 the term photon bunching ( the B r o w n - T w i s s 
effect) is accepted; at g < 1 the term antibunching is used. 
In respect of the directly observed p h o t o n counts the te rms 
superpoissonian statistics and subpoissonian statistics at 
0 > 1 and 0 < 1 are used, respectively. 

The correlat ion of the field intensities in the modes A 
and B can be specified by the m o m e n t GAB = (a+ab+b). 
This m o m e n t being normal ized by the average p h o t o n 
n u m b e r s gives the pa rame te r gAB = GAB/NANB (which is 
often called a second order coherence degree [ 3 4 , 3 5 ] ) , where 
NA = (a+a), NB = (b+b). It is convenient also to in t roduce 
the correlat ion coefficient normal ized, as is accepted, by the 
dispersion: 

K 
•NANB 

°A°B 

(G^ +NA •N2

A)l/2(GBB+NB-Nif2' 
( 2 ) 

In the exper iments under considerat ion sources of three 
main types cor responding in the q u a n t u m theory to three 
main types of the initial state for one m o d e of the field are 
normal ly used. 

1. The chaotic (thermal or Gaussian) state is described by 
the equil ibrium density mat r ix cor responding to some 
effective (brightness) t empera tu re . In this case g = 2. 

2. The coherent state \z) [where z = A e x p ( i c p ) is the 
classical pa rame te r of the state] in the F o c k base vectors |z) 
is of the form [ 3 4 , 3 5 ] , 

( 3 ) 

n=0 
Here cn = (zn/Vn\) e x p ( - | z | 2 / 2 ) . Thus , the Q-pho ton 
number is indefinite and its statistics cor responds to the 
Poissonian dis t r ibut ion with {(a+fam) = (z*fzm and 

In the case of an ideal one -mode laser beam it is possible 
to consider pa rame te r cp(t) as a classical stochastic function 
of t ime with a h o m o g e n e o u s dis t r ibut ion and some definite 
coherence scale t c o h ~ 1 / A c o c o h . In this app roach vector \z) 
is related to the individual m o d e with a fixed frequency, bu t 
the field state due to the classical stochasticity becomes 
mixed and describes the rad ia t ion with the final spectral 
width Aco c o h . 

3. The squeezed vacuum \F) state describes the q u a n t u m 
noises of a pa ramet r i c amplifier-converter. He re F is the 
increment of the pa ramet r i c gain p ropo r t i ona l to the 
ampl i tude of laser pumping . In fact, the field state at 
the amplifier ou tpu t is also mixed because there is a 
r a n d o m classical pa ramete r , the phase of the p u m p i n g 
field cp0(t). 

If |F | <̂  1 this state describes two-photon light, emitted 
by the pa ramet r i c amplifier (effect of parametric scattering), 
and 

\F) « \\l/2) = |vac) +^FklaX4\vac) 

= |vac) + 5 > H | l ) , | l ) , . ( 4 ) 
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He re function Fki is the probabi l i ty ampl i tude of finding 
one p h o t o n in b o t h k and / modes . I ts Four ie r t ransform 
describes in C-language a two-photon wave packet depend­
ing on two poin ts in t i m e - s p a c e . 

In the two-mode approx imat ion , 

|^2) = | v a C ) + Fa+b+\vzc) = |vac) + F|1)A\l)B , (5) 

where ope ra to r s a, b and indices A , B relate to the signal 
and idle modes with the frequencies connected by the 
relat ion coA + coB = co0 (co0 is the p u m p i n g frequency). In 
the nondegenera te case modes A and B differ in at least one 
of the pa ramete r s : frequency, wavevector direction, 
polar iza t ion type. 

The results of two-detector experiments are reducible in 
Q-language to the measur ing of pa ramete r gAB for the 
ou tpu t light. The high visibility of intensity interference, 
provided t w o - p h o t o n light is used [ 1 - 6 ] , p roves tha t 
inequali ty gAB 1 [36]. In a typical experiment 
SAB ~ 10 8 , which leads to the negligible low influence of 
r a n d o m coincidences. A degenerate pa ramet r i c amplifier at 
the low amplification level is described by the state with 
g> I-

In the past , the t w o - q u a n t u m t rans i t ions in a tomic 
b e a m s were used as the sources of two-pho ton 
light [1, 2], whereas n o w the m o r e convenient pa ramet r i c 
frequency downconver te rs [ 3 - 6 ] are used. N o t e tha t the 
phenomenolog ica l descript ions of bo th types of t ransfor­
mers have much in c o m m o n [37, 38]. 

At large p u m p i n g ampl i tudes the componen t s with large 
(even) n u m b e r s of Q-pho tons (4, 6, 8, . . . ) are visible and it 
is possible to observe (with the help of a h o m o d y n e 
detector) the squeezing effect (in the degenerate case it is 
decrease in dispersion of one of the quadra t i c componen t s 
at the expense of an increase in the dispersion of the second 
componen t [39]). 

F o r the nondegenera te two-mode pa ramet r i c amplifiers 
at any F [28], 

NA =NB =N = s i n h 2 F , gAA = gBB = 2 , 

gAB = l + c o t h 2 F = 2 + A T 1 , K= \ . (6) 

Therefore the n u m b e r s of the signal and idle p h o t o n s are 
completely correlated, a l though the statistics of each ' h a l f 
of the pa ramet r i c scat tering field from either the signal or 
the idle m o d e (they can be separated with the help of 
frequency, polar iza t ion , or angular filters) is a chaot ic one. 
These circumstances were evidently no t taken into account 
in the paper devoted to invest igations of the M - p h o t o n 
proper t ies [18]. 

A n unusua l peculiari ty of the state | F ) is the nonzero 
nons t a t i ona ry m o m e n t (also called anomalous). If the 
o p e r a t o r s ' t empora l dependence is taken into account it 
takes the form 

M = (ab) = [N(N + 1 ) ] 1 / 2 Qxp(-ico0t i<p0) 

= 0.5 sinh(2F) e x p ( - k o 0 £ - Wo) • (7) 

To study a classical ana log of the squeezed vacuum state 
it is useful to consider a general izat ion of the state \F) 
obta ined by the act ion at the pa ramet r i c a m p l i f i e r -
converter input of an addi t ional chaot ic rad ia t ion with 
an average number of Q-pho tons per m o d e N0 (Fig. 2). 
Wi th the help of the pa ramete r N0, this state enables one to 
t race the con t inuous t ransi t ion of the essentially q u a n t u m 

Figure 2 . S c h e m e for t h e s q u e e z e d v a c u u m a n d s q u e e z e d c l a s s i ca l l igh t 
p r e p a r a t i o n . T h e c l a s s i ca l p u m p i n g field P exc i t e s t h e n o n l i n e a r c r y s t a l 
( h a t c h e d ) w h i c h e m i t s t h e s i g n a l (a) a n d t h e id le (b ) field. T h e c r y s t a l is 
a l s o s u b j e c t e d t o t h e a c t i o n o f t h e i n i t i a l fields a0 a n d b0. A t 
ao — bo — 0 a s p o n t a n e o u s e m i s s i o n is o b s e r v e d a n d a t a0 — b0 ^ 0 t h e 
i n d u c e d r a d i a t i o n is a d d e d . I f N0 — (a^ao) — (b^bo) > 1 / 2 , t h e 
c l a s s i ca l s q u e e z e d l igh t is e m i t t e d b y t h e c r y s t a l . 

light to classical light [28]. At N0 <̂  1/2 it is the squeezed 
vacuum. Wi th N0 1/2 it is the state with a close classical 
analog, the so-called classically squeezed light [13, 28, 40, 
41]. In this case instead of E q n s (6), (7) one gets [28] 

NA =NB =N = N0 cosh(2F) , 

GAA =GBB=2N2= No2 [1 + cosh(4F)] , 

M = N0 s i nh (2F) , GAB = N 2 + M 2 = Nq cosh(4F) , 

gAB = l + t a n h 2 ( 2 F ) = 2 - ^ . (8) 

Let us , apar t from three relatively easily realizable 
states, examine two 'exotic ' pu re states. 

4. The s ta t ionary one-photon state of a single m o d e 
\^)k = ak\ySiC) a n d the quas i -s ta t ionary mul t imode super­
posi t ion of these states are very popu la r in theoret ical 
works . The latter has the following form, 

I'AiCO) = ^ ^ e x p ( - i ^ 0 |1>^ , 
k 

^ | F , | 2 = 1, <ok=ck, (9) 
k 

and is called a one-photon wave packet. Only this state of a 
ra ther specific form is the sole element of the Q-language 
cor responding to the M - p h o t o n . 

Somet imes Fk is interpreted as a wave function of the 
p h o t o n in the m o m e n t u m representa t ion . (Let us emphasize 
tha t Eqn (9) formally is the wave function of the whole 
field, no t of a separate pho ton . ) The Four ie r t ransform of 
function Fk gives a visual s p a c e - t i m e pa t t e rn of the 
p h o t o n . 

In the case of the one -pho ton state of the single m o d e 
N = g = 1 and <P = a = 0, i.e. there is m a x i m u m possible 
an t ibunch ing and no fluctuat ions. 

It is essential for our discussion tha t actual p repa ra t ion 
of the optical field in the state 1^) is very difficult, even 
with the help of m o d e r n laser techniques. It is very likely 
tha t the one -pho ton states of the form of Eqn (9) were 
actually no t realized up to n o w in any of the n u m e r o u s 
demons t ra t ion exper iments aimed at s tudying proper t ies of 
a single M - p h o t o n . Thus , in the work described in Ref. [18] 
only the signal rad ia t ion of a pa ramet r i c downconver te r 
(described according to Eqn (6) in te rms of chaot ic 
statistics) was used. However , in the work described in 
Ref. [16], the two-pho ton states and , respectively, t w o -
detector coincidence circuits were used (a l though, if one 
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of the detectors is considered as being a p repar ing 
componen t of the exper imental set up it is formally 
possible to speak abou t a one -pho ton state). 

N o t e a cur ious p a r a d o x : it is easier to p repa re a t w o -
p h o t o n state such as tha t described by E q n (6) t h a n a one -
p h o t o n state in the form of E q n (9). The reason is the 
following: p repa ra t ion of an a tom in a s ta t ionary excited 
state is connected with great difficulties and in the general 
case its initial state is nons ta t ionary . After some t ime the 
a tom re tu rns to the g round state and the field to a 
nons t a t i ona ry state with the indefinite Q-pho ton number 
which can be schematically presented in the form ana logous 
to Eqn (3). 

If there are m a n y a t o m s or molecules being indepen­
dently excited (for example, in the gas discharge), the 
incoherent mixture of states of the form of E q n (3) should 
be chosen. (Some pa radoxes related to the m a n y - p h o t o n 
emission of the heated mat te r were discussed in Ref. [32].) 

5. It is instructive to examine one m o r e specific state of 
the field having, at first glance, pa radox ica l proper t ies . In 
Qc- language te rms it has two peculiarit ies: it is a state with 
the definite energy hcoc bu t with an unde te rmined Q-pho ton 
number n. Besides, in this state the cube of the field (E ) is 
no t zero [32, 42]. 

Assume tha t in the initial m o m e n t a noncen t ro sym-
metr ic molecule was in the excited state 1 (Fig. 3) and the 
field was in the vacuum state. At t —> oo the molecule goes 
over to the g round state 3, giving the energy Hcoc to the 
field. It is essential tha t the t rans i t ion to the final state can 
proceed a long two pa ths : the direct one 1 => 3 with the 
creat ion of one Q-pho ton and the cascade 1 => 2 => 3, 
creat ing two Q-pho tons hcoA and HcoB with the frequencies 
being related by coA + coB = coc. 

Figure 3 . O n e - p h o t o n a n d t w o - p h o t o n q u a n t u m t r a n s i t i o n s f r o m t h e 
exc i t ed s t a t e 1 t o t h e g r o u n d s t a t e 3 c a n b e s i m u l t a n e o u s l y a l l o w e d in a 
n o n c e n t r o s y m m e t r i c a l m o l e c u l e ( c r y s t a l ) . A s a r e s u l t t h e field w i t h 
de f in i t e e n e r g y 7KW 3 1 = Hcoc b u t i n d e f i n i t e p h o t o n n u m b e r is f o r m e d . 
B e s i d e s , t h e a v e r a g e c u b e o f t h e field (E3) is n o n z e r o . 

The final state of the field can be schematically 
presented in the form, 

M=*\0)A\0)B\\)cexV(-icoct) 

+ ] 8 | l ) A | l ) 1 , | 0 ) c e x p ( - i G ) A r - i G ) 1 , 0 , (10) 

where a, ft are the coefficients depending on the molecular 
proper t ies (see for m o r e details Ref. [32]). It is easy to 
p rove tha t this state is no t the eigenstate for the opera to r s 
of the p h o t o n number , a+a, b+b, c+c and the sum of these 
opera to rs . 

One finds from E q n (10) (aAaBac) = a/T, which leads to 
the nonzero third m o m e n t at the poin t r: 

{E3} oc 2 R e { (aAaBac) exp [i(kc — kA -kB)r]} . 

This effect can be observed with the aid of the inverted 
t ransi t ion in a molecule detector [32]. It can be easily 
modeled in C-language terms. The cubic power of the field 
consist ing of the superposi t ion of three pho ton -packe t s has 
the s ta t ionary componen t : 

E3 oc cos(coA t + cpA) cos(coBt + cpB) cos(coct + cpc) 

= \ ™S(<PA +<PB~ <PC) + / ( 0 • 

However , this mode l contradic ts the first peculiari ty: the 
packet n u m b e r s should be equal to one or two bu t no t to 
three. 

A study of the p u r e state given by E q n (10) shows tha t 
the assert ions such as 'light consists of p h o t o n s ' , which 
assume a definite number n of these const i tuent elements of 
the light m a k e no sense in the Q-language because the 
measured p h o t o n number n in this state in some experi­
men t s is one, bu t in some others , it is two . In the Q c -
language this result is interpreted in the following way: a 
pr ior i the field has no definite n. It is also evidently 
impossible to use the C- and C*-languages, i.e. to present 
the field in this state as a classical s tochast ic field with three 
independent frequency componen t s . 

Similar a rguments are applicable also to the m o r e 
general nons t a t iona ry states of the type given by Eqn (3). 

C. In the semiclassical theory a p h o t o n is accepted as a 
wave packet, i.e. the quas i -monochromat i c and quasi-plane 
classical field £ (r , t) with energy hco, where co is some 
central frequency of the rad ia t ion spectrum ( as a rule, a 
m o n o c h r o m a t i c field is under considerat ion) . The spectrum 
of this field is determined by function Fk from Eqn (9). Let 
us emphasize tha t we consider the C-language as a useful 
palliative, which gives only a quali tat ive description of the 
limited range of the optical effects. 

It is accepted tha t a single packet with the exponent ia l 
envelope curve with the t ime constant 1/2A, where A is the 
Einstein coefficient, is emitted in a spon taneous one -
q u a n t u m transi t ion in an a tom (molecule, crystal). In 
the general case the field is formed by a superposi t ion 
of several such packets with different pa ramete r s , including 
t ime localization. Statistically independent C-pho tons are 
emitted in spon taneous t ransi t ions , whereas in the case of 
induced emission the C-pho tons are bunched with phase 
conservat ion. 

In the case of the s ta t ionary stochast ic field the 
longi tudinal and t ransverse sizes of the packets are 
described by some dis t r ibut ion and their average values 
are determined by the cor responding coherence scales. The 
C-pho ton number in the coherent vo lume cor responds to an 
impor t an t no t ion of the Q-language, to the opera to r of the 
Q-pho ton number nk = akak in m o d e k. In C-theory, nk is a 
r a n d o m discrete quant i ty with some dis t r ibut ion P(nk). 
Inequal i ty (nk) = Nk 5> 1 is often accepted as a condi t ion of 
applicabil i ty of the classical theory. In the C-language this 
cor responds to a large number of packe ts in an individual 
coherent volume. 

A packet with the doubled energy 2hco cor responds to 
the t w o - p h o t o n one -mode Q-state. Two mutua l ly coherent 
packe ts with average energies hcox and hco2 can be pu t into 
the cor respondence to the nondegenera te two-pho ton t w o -
m o d e state. (For m o r e details on the t w o - p h o t o n wave 
packe ts no t ion see Refs [23, 37, 43].) 
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The semiclassical theory gives plausible results for m a n y 
elementary processes: spon taneous and induced emission, 
photoelect r ic effect, etc. [44]. However , it is unlikely n o w 
tha t a n y b o d y accepts it seriously. H e r e we consider the 
semiclassical theory as no m o r e t han a convenient and 
helpful language for the qual i tat ive and graphic p resen ta ­
t ion of some p h e n o m e n a , r emember ing at the same t ime 
tha t it is no t applicable to the effects described in the Q-
language by the states given by E q n s (5) and (10). 

C*. The possible ' s ta tes ' of the s ta t ionary rad ia t ion field in 
classical stochastic optics are determined by the mul t i ­
d imensional nonnegat ive dis t r ibut ion function P(a) = 
P(ai,a2,a3,...) which allows us to calculate var ious 
m o m e n t s ((ak)), ((akai)), ((<z£<z/)), . . . (if, of course, they 
do exist) and the averaged values from other functions of 
the state P(a), 

«/(«)» = J... J d V d 2 0 2 ...P(a)f(a) . (11) 

W e in t roduce here the no ta t ion ( ( . . . ) ) for the opera t ion of 
the classical averaging of the observables. 

C o m m u t a t i v e algebra is used in the C*-language, so 
there is no difference between the ordered and nonorde red 
m o m e n t s (cont rary to the Q-language) . This results in the 
different forms of some mathemat ica l inequalit ies for the 
m o m e n t s in the Q- and C*-theories. F o r example, in the 
q u a n t u m theory G = {a+2a2) = {n2) — N (here N = {n))9 

and provided tha t the dispersion is positively determined 
(a2 = ((n-N)2) = (n2) - N 2 ^ 0), one gets the following 
inequali ty: 

G ^ N 2 - N . (12) 

F o r the normal ized m o m e n t one gets g ^ 1 — N~x, so g can 
be less t han uni ty. 

At the same t ime, in the C*-theory the second term in 
E q n (12) is absent G c l a s s = ((a*2a2)) = ((n2)), so 

g c l a S S = ^ r > i • (13) 

Thus , if the f luctuat ions are absent (p = 0), g = 1 in the 
classical theory and g = 1 — A/"- 1 in the q u a n t u m theory. In 
this connect ion inequali ty g < 1 is accepted as one of the 
criteria of a one -mode light field being nonclassical . The 
states, for which this inequali ty is satisfied, are called 
nonclassical. In this case, the term effect of photon 
antibunching is also used. 

Let us n o w consider two modes . The second m o m e n t s 
for the intensities should satisfy the C a u c h y - S c h w a r t z and 
Cauchy inequalit ies: 

GAB = (nAnB) ^ ((n2

A)(n2))l/2 ^ l-((n2

A) + (n2)) . (14) 

Proceed to the normal ly ordered momen t s : 

(nA) = G A A +NA , (n2

B) = G B B +NB . 

Here , the second terms, which are absent in the C*-theory, 
can be interpreted as a revelat ion of the q u a n t u m (pho tons 
or shot) noise in the energy measurements . N o w Eqn (14) 
takes the form, 

GAB < [(GAA+NA)(GBB+NB)]l/2 

< \(GAA + N A + G B B + N B ) . (15) 

In the symmetr ic case G^ = GBB = G, NA = NB = N so 

G A B ^ G + N , (16) 

or for the normal ized m o m e n t s gAB ^g + N-1. At the 
same t ime there is no q u a n t u m noise in the C*-theory and 
the inequali ty {{nAnB)) ^ ( (« ! ) ) coincides with the inequal ­
ity (^AiOclass ^ ( G A A ^lass-

Let the A and B modes be in a chaot ic state: G = 2N , 
g = 2. Then in the frame of the Q-theory one gets the 
restrict ion 

gAB ^2+N~l . (17) 

In the case of the squeezed vacuum state, E q n (17) is 
converted into an equali ty [see E q n (6)]. Moreover , in 
typical experiments gAB ~ A/"- 1 ~ 10~ 8 , i.e. the classical 
inequali ty ((nAnB))/N2 ^ 2 is b roken by eight orders of 
magni tude! 

Accord ing to E q n (7) in the case of the squeezed state 
there is a nons t a t iona ry m o m e n t (ab). It is no t difficult to 
obta in the following form of the C a u c h y - S c h w a r t z 
inequali ty for ope ra to r s a, b: 

\(ab)\2 ^ (a+a)(bb+)=NA(NB + 1) . (18) 

The sign of equali ty is reached here in the case of the 
squeezed vacuum. T h u s \(ab)\2/NANB = gAB — 1 and 
NA =NB, so Eqn (17) again follows from E q n (18). 

Inequal i ty (18) in the C-theory takes the following form: 

\((ab))\2 ^((a*a))({bb*))=NANB . (19) 

Accord ing to E q n (8) the classically squeezed light satisfies 
this restr ict ion, and the sign of equali ty is reached at high 
gain. F o r typical condi t ions NA=NB=N = \0^ the 
difference of the r igh t -hand sides of Eqn (18) and 
E q n (19) normal ized by N2 reaches 10 8 . 

Therefore, for some field states the normal -o rdered 
m o m e n t s G = (a+2a2) = (: n2:) and usua l m o m e n t s 
(a+aa+a) = (n2) = G-\-N differ essentially, which leads 
to a cont radic t ion with the C-descript ion, for which there 
is no ment ioned difference. Besides, in the case of the 
squeezed vacuum state, owing to the difference of a+a and 
aa+ the classical inequali ty (19) is violated. 

3.2 Evolution of the field in an optical channel 
The evolut ion of the field can be conveniently described in 
the spectral representa t ion with the help of expansion over 
the system of o r thogona l functions — for example, the 
spherical ones or the p lane waves: 

E(r,t) =E{+)(r,t)+E{-\r,t) , 

E ( + ) ( r , t) = ^ uk(r) ak e x p ( - i a ^ ) , 
k 

EH(r> t) = J2 4(r)4exp(ia>40 = [Ei+)(r, t)]+ . (20) 
k 

Here E ^ and E ^ are the posi t ive- and negat ive-
frequency componen t s of the field. F o r the sake of 
simplicity we take into account only one type of 
polar iza t ion and assume tha t there are no field sources 
in the space region under considerat ion. In the case of 
expansion over the p lane waves, 

uk(r)=i\—j±) exp ( i*r ) , (21) 

where cok = ck; L is the periodici ty length. 
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In the classical theory ak determines the ampl i tude (in 
dimensionless units) and the phase of the p lane wave at the 
poin t (r = 0, t = 0), and in the q u a n t u m theory ak is the 
opera tor of the p h o t o n annihi la t ion in the Schrodinger 
representa t ion . Let us p a y a t tent ion to the impor tan t , 
a l though widely u n k n o w n circumstance. In free space 
the Maxwel l equa t ions for the classical fields and the 
Heisenberg equa t ions for the field opera to r s have an 
identical form; therefore the classical and q u a n t u m Green 
functions (p ropaga tors ) coincide. 
QH- The influence of a linear opt ical system (beamspli t ters , 
lenses etc.) on the characterist ics of light is conveniently 
described by the Heisenberg representa t ion with the help of 
the phenomenolog ica l scattering matrix of the system 
connect ing the p lane wave ampl i tudes at the input and 
ou tpu t of an optical channel [32, 42]: 

4 = ^ D k l a t , (22) 
i 

where the p r ime m a r k s the t ransformed quant i t ies . In 
vector no ta t ions af=Da. If the pa ramet r i c frequency 
converters are excluded, then DM ^ h(cok — cot). (For a 
m o r e general case see Ref. [29].) If there is no dissipation 
matr ix , D is un i t a ry and uniquely connected to the 
evolut ion opera to r [21, 45]. Thus , all possible /T -mode 
optical systems, neglecting the losses, realize a group of the 
un i t a ry matr ices U{K). 

It is essential tha t the linear t r ans format ions (22) 
describing the functioning of the optical system are of 
the same form in the classical and q u a n t u m theories (if in 
the latter the Heisenberg presenta t ion is used), and so the 
main pa r t s of our formulae are applicable to b o t h theories if 
the cor responding redefinition of the symbols is done . 
Actual ly ma t r ix D is the phenomenolog ica l classical Green 
function in the spectral representa t ion. 

W e shall be mainly interested in the mixing of two 
t ransverse modes (beams) of ampl i tudes A and B by means 
of the beamspl i t ter wi thout any dissipation, the M a c h -
Zehnder interferometers , and so on. (The same formalism 
describes t rans format ion of the polar iza t ion in an individ­
ua l beam; see Ref. [9].) It is assumed tha t the rad ius of each 
beam is much smaller t han the coherence radius . Besides, 
for the sake of simplicity we shall examine only one 
longi tudinal m o d e (spectral componen t ) in each beam. 
This one -mode approx ima t ion is justified if the coherence 
t ime of the rad ia t ion T c o h ~ 1/Aco (the C-pho ton length 
divided by c) is much larger t han the typical detection t ime 

^ d e t -

Let a and b be the p h o t o n creat ion opera to r s or the 
classical ampl i tudes of the fields in two t ransverse modes . If 
the c o m m o n phase factor is no t t aken into account , the 
beamspl i t ter per forms the t ransformat ion , 

a' = ta + rb, b' = —r*a + t*b . (23) 

H e r e t and r are the phenomenolog ica l ampl i tude 
t ransmiss ion and reflection coefficients for the beamspl i t ­
ter or for the whole optical channel satisfying, in the 
absence of losses, relat ion \t\2 + \r\2 = T + R = 1. T h u s the 
scattering mat r ix of the two-mode optical system m a y be 
presented in the form, 

M a t r i x D has the p rope r ty of uni tar i ty , i.e. 
D+D=DD+ = / , and belongs to the SU (2) g roup . 

Wi th the help of E q n (23) it is possible to express the 
ou tpu t ( t ransformed) m o m e n t s t h rough the input ones 
determined by the proper t ies of the light source. If the 
input beams are mutua l ly incoherent in the first order 
((a+b) = 0), then the ou tpu t intensities have the form, 

A' = TNA + RNB , = RNA + TN B . (25) 

F r o m T + R = l it follows tha t NA + NB = NA + NB. 
Let relat ions (a+2b2) = (a+2ab) = (b+2ba) = 0 be satis­

fied at the input . Then Eqn (23) leads to the following 
relat ions: 

GAA =T2GAA -\-R2GBB + 4TRGAB , 

GBB =R2GAA +T2GBB +4TRGAB , 

GiB = TR (G^ +GBB) + (T- R)2GAB , (26) 

where GAA = (a+2a2), GBB = (b+2b2), GAB = (a+b+ba). If 
T + R = 1 these t rans format ions possess the p rope r ty of 
invariance ( ' the law of correla t ions and f luctuat ions sum 
conservat ion ' ) : 

GAA + GBB + 2GAB = Gjm + GBB + 2GAB . (27) 

Let the input m o m e n t s of the A and B b e a m s be equal 
(NA = NB = N, GAA = GBB = G). In this case, the ou tpu t 
m o m e n t s are also symmetric and from E q n s (26) one finds 
the following relat ions between the m o m e n t s normal ized by 
N2: 

8* = 0 - x)g + 2x8AB , gAB =xg + ( l - 2x)gAB , 

g' + gAB =g + gAB • (28) 

Here the following no ta t ions are used 

x = 2TR = 2T(l - T) = 0, 5 s in 2 (2a) , 

1 — 2x = c o s 2 ( 2 a ) , T = co s 2 a , R = s in 2 a . 
(In the case of the polar iza t ion-dependent beamspl i t ter , a is 
the angle of the pr ism ro ta t ion , and in the case of the 
M a c h - Z e h n d e r interferometer , it is one half of the opt ical 
p a t h difference; see Section 4.) 

The f luctuation t rans format ions into (ant i )correlat ion 
and back p roduc t ion by the beamspl i t ter are described by 
the relat ions (28). Accord ing to E q n (28) the increase 
(decrease) of the ou tpu t intensity f luctuations due to the 
change of the beamspl i t ter pa rame te r s (for the unchanged 
statistics of the incident light) is accompanied by the 
decrease (increase) of the correlat ions between the ou tpu t 
intensities: dgAB/dx = —dgf/dx. 

Actually, by the term 'beamspl i t ter ' one can designate 
any four-pole described by a SU(2) mat r ix with the first r ow 
elements t, r and mixing two modes (distinguished by the 
polar iza t ion or the p ropaga t ion direction) — the Nico l 
pr ism, the M a c h - Z e h n d e r interferometer etc. — or the 
succession of elements of this k ind described by the 
p roduc t of the cor responding matr ices . If pa rame te r s t, r 
are subjected to dispersion the given re la t ionships are valid 
in the spectral representa t ion only. 

The f luctuat ions and correla t ions can also be cha rac ­
terized by the dispersion a\ = GAA +NA —NA, and the 
correlat ion coefficient K normal ized by the dispersion [see 
E q n (2)]. F o r the symmetr ic excitation, 

, ,N2 G2 1 G2 

K = ( g A B - \ ) - 2 - , g = _ + i _ _ , g A B = K — + i 9 

(29) 
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so from E q n (28) one gets 

1 +K' 
(30) 

Hence , it again follows tha t the correlat ion increase at the 
ou tpu t is accompanied by the f luctuation decrease, and vice 
versa. 

Exact ly the same rela t ionships follow from the classical 
theory. Thus , the q u a n t u m specific by no way reveals itself 
in the course of the field p ropaga t i on th rough an optical 
channel . It can reveal itself only in the peculiarit ies of the 
input linear scheme and in the detection process . 

T rans fo rmat ions (26) describe a number of optical 
effects observed with the help of the pa ramet r i c sources 
of t w o - p h o t o n light and which are called photon anti-
correlations, two-photon interference, and so on (see below). 
Actual ly, however , these effects have no connect ion with 
the M - p h o t o n proper t ies bu t reflect the statistics of the used 
light source and the proper t ies of the t rans format ion (26), 
which in their tu rn follow from the t rans format ions of the 
S£/(2)- type [Eqn (23)], c o m m o n to the Q- and C"-lan­
guages. 

The inverse to the t rans format ions given by Eqn (22) 
determine the input m o m e n t s t h rough ou tpu t ones, i.e. give 
a solution of the inverse p rob lem — a reconst ruct ion of the 
incident light proper t ies from the detected da ta . The 
pragmat i c value of such experiments lies in this very 
possibility. Moreover , these experiments can be used for 
measur ing the opt ical channel pa ramete r s : dispersion, 
group-delay [4, 36], detector efficiency [46]. 

Let us n o w examine the nonun i t a ry t r ans format ions [37, 
45]. Let the input m o d e b no t be excited. In the classical 
theory it means tha t 

b = —r a , b = 0, a = ta. (31) 

and in the q u a n t u m theory it means tha t the initial state is 
of the form = \x//)A | vac) f i . T rans fo rmat ions (31) are 
nonun i t a ry . They b reak the commuta t i on relat ions. F o r 
example, n o w \a \ a,+] is equal to T instead of unity. 
However , they can be used in the pre l iminary normal ly 
ordered expressions. This app roach simplifies significantly 
the compu ta t ions and gives the same results as the 
computa t ions with the complete expressions (23), which 
t ake into account the initial state \\j/)A | v a c ) 5 only at the end 
of the computa t ions . 

F requency or space filtration are also nonun i t a ry 
opera t ions . Thus , any detector 'sees' a limited number of 
modes which can be taken into account by the q u a n t u m 
efficiency factor r\(k). The screens and d iaph ragms sur­
round ing the detector restrict its emission d iagram q>), 
and the p h o t o c a t h o d e does the same with its frequency 
characterist ics rj(co). 

Moreover , the opt ical channel usually includes add i ­
t ional frequency filters characterized by some ampl i tude 
characterist ics D(co). All these factors can be taken into 
account in the complete scattering mat r ix D of the whole 
system including the detectors , a l though this t rans forms the 
mat r ix into a nonun i t a ry one, i.e. nonconserv ing the 
commuta t i on relat ions. Similar to the case discussed above 
of two modes mixing, this does no t prevent this mat r ix from 
being used in calculat ions with pre l iminary-ordered oper ­
a tor functions. As a result, the classical and q u a n t u m 
descript ions retain similar forms even if the dissipation is 
taken into account . Such a simple descript ion of the 

nonun i t a ry t rans format ions is unlikely to be possible in 
the Schrodinger representa t ion. 

A n ana logous formalism is also applicable to the case of 
m o r e complicated (mul t imode) opt ical schemes which m a y 
contain resona tors and linear pa ramet r i c downconver te rs 
[29]. Wi th the help of the n o n u n i t a r y scattering mat r ix the 
functioning of a lens can also be described [47]. 

Let the effective detector cross-section be much less t han 
the coherence square of the incident rad ia t ion . U n d e r this 
condi t ion the detector sees only one t ransverse m o d e with 
the ou tpu t ampl i tude , 

A (f, Z) = T " 1 / 2 ^2D(CO) a(co) exp [-ico(t - z/c)] . (32) 
CO 

Here T is the periodici ty interval which does no t enter the 
final expression; z is the coord ina te of the observat ion 
poin t a long the beam axis. N o t e , tha t for D oc ^/co the 
opera tor A(t) is p ropo r t i ona l to the posit ive-frequency 
term of the electric field opera to r E ̂ +\t) bu t for D = ^/fj it 
takes into account the q u a n t u m efficiency of the detector, 
and the mean ing of r(t) =A + (t)A(t) is the p h o t o electron 
flow per uni t t empora l interval [the dimension of A(t) is 

If the frequency t ransmiss ion b a n d of the filter is much 
less t han l/Tdet (where Tdet is the t ime constant of the 
detector) , it is possible to limit the considerat ion to only one 
(central) longi tudinal m o d e with the ampl i tude a(co0) = a. 
In this case the field dynamics is lost; however, this is no t of 
pr incipal interest because it is the same in bo th q u a n t u m 
and classical theories . These considerat ions are used as a 
basis for the applicabili ty condi t ions of the frequently used 
one -mode approx ima t ion (for each beam) . 

Q s . In the q u a n t u m theory there is an al ternat ive 
possibili ty for the field evolut ion descript ion: the descr ip­
t ion in the Schrodinger representa t ion (the classical ana log 
is the F o k k e r - P l a n c k equa t ions appl icat ion) where the 
optical system t ransforms not the opera to r s a and b bu t the 
field state vector F o r t ransi t ion to this representa t ion 
let us express the initial state vector at the beamspl i t ter 
input as the result of action of some combina t ion of 
the creat ion and annihi la t ion opera to r s at the vacuum state 
W)=f(a+, £ + ) v a c ) . 

The t rans format ion inverse of E q n (23) is described by 
the Hermi t i an conjugated mat r ix D~l = D+: 

a = t*a' — rb', b = r*af + tb' . (33) 

Subst i tut ion of the Hermi t i an conjugated expressions in 
function / determines the field state vector at the 
beamspl i t ter ou tpu t : 

|^)' =f(ta,+ - r V + , raf+ + ; V + ) | v a c ) . (34) 

In par t icular , if there is a vacuum state at the input of 
beam B, the initial state vector can be presented in the form 
|^) =f(a+) |vac) =f(a+) | 0 ) A | 0 ) f l , which gives at the ou t ­
pu t W)=f{ta'+-r%'+m'A \%. 

Let one Q-pho ton be at the A-beam input , i.e. 
: ta f(a+) =a+ = taf+- rV + . Then 

| ^> = ( t o / + - r V + ) | 0 > A \0)'B 

= t\l)'A | 0 > i - r * | 0 > A | l > i . (35) 

Accord ing to the project ion pos tu la te , the probabi l i ty 
ampl i tudes for observing the p h o t o n s in exit beams A and 
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B are of the form (^'\\)'A = t*9 (il/f\l)B = —r. F r o m here one 
finds the probabi l i t ies themselves: 

\W\l)>A\2 = \t\2 = T , 

|<^|i>; | 2 = M 2 = « = i - r . (36) 

Sometimes the t rans i t ion ampl i tudes from the initial to 
some final state are considered, which leads to the same 
result: 

= A{\\t*a+ + r*b+\vac) = t* , 

W 1 ) ^ A ( 1 | 1 ) ^ A ( 1 | ^ , + Ivac) 

= A ( 1 | - r a + + ^ + | v a c ) = -r . (37) 

Let the input state n o w be a two-pho ton one with one 
p h o t o n each in modes A and B: 

|^) = a

+b+\vzc) = | 1 , 1 ) , |m, n) = \m)A \n)B . (38) 

In this c a s e / ( x , y) = xy and according to Eqn (34) one gets 

|^)' = (ta,+ - rV+)(ra, + + ; V + ) | v a c ) 

= tr\2, 0) + (T-R)\l9 l ) - f V | 0 , 2 ) . (39) 

In par t icular , at T = R = 0.5 this gives 

M = 0 . 5 ( | 2 , 0 ) - | 0 , 2 ) ) . (40) 

In the mu l t imode case the t ransformed state vector can also 
be expressed analogously with the aid of the p h e n o m e n ­
ological scattering mat r ix of the channel [21]. 

The compar i son of the presented re la t ionships shows 
tha t the Q H - l a n g u a g e is m o r e advan tageous t han the Q s -
language in te rms of the compactness , universali ty, and 
closeness to the C*-language. 

The descript ion of field evolut ion in other languages will 
be discussed later together with the examinat ion of specific 
effects. 

3.3 Detect ion 
QH- The current ly accepted ' s t andard m o d e l ' of p h o t o n 
detection (see Ref. [35]) evidently describes well all the 
exper imental observat ions . The dependencies of the ou tpu t 
count ing ra te for two or m o r e detectors RA, RB,... and the 
coincidence count ing ra te for detector pa i rs RAB,... on the 
different pa rame te r s of the source and the detecting devices 
are, in fact, the main result of the m o d e r n demons t ra t ion 
experiments of q u a n t u m optics. The cor responding 
averages are obta ined as a result of t ime averaging 
(sometimes for hours ) under the s ta t ionary macroscopic 
condi t ions . 

In order to compare with the theoret ical averages over 
the q u a n t u m ensemble ( . . . ) one needs to accept the ergodic 
hypothesis , i.e. to assume tha t the source repeatedly 
p roduces the field just in the same state. (This p rob lem 
has been poor ly investigated in q u a n t u m optics.) The 
count ing rates are determined by the formulae, 

RA = (rA(t)) = (A + (t)A(t)) = r,ANA AVA , 

RB = (rB(t)) = (B+(t)B(t))=riBNBAvB , (41) 

where AvAB = AcoA^B/2% are the effective frequency b a n d s 
of the emission for the beams , and NA^B are the average 
p h o t o n n u m b e r s in the central longi tudinal modes . The 

q u a n t u m efficiencies of the detectors rjA and rjB are 
included in the definitions of ope ra to r s A and B [see 
Eqn (32)]. 

Let us examine an idealized case, where between the 
characteris t ic t imes of detectors , coincidence circuit, and 
field, there is the following re la t ionship: Tdet <̂  r c o i n <̂  T C O H . 

The ant icoincedence count ing ra te can be presented in the 
form of 

RAB = Tcom (A + (t)A(t)B+(t)B(t)) = R a c c g A B . (42) 

Here Racc = TcoinRARB cor responds to the ' r a n d o m ' 
coincidences observed for the independent b e a m s A and 
B, gAB = g A f l ( 0 ) , where 

gAB W = t t V (a+W a W B + ( t +T) B(t + T)> <43) 
K A K B 

is the normal ized intensity correlat ion function for the A 
and B beams . 

N o t e tha t the no t ion of the correlat ion second-order 
function gAB ( T ) , the Four ie r t ransform of which determines 
the spectrum of the intensity fluctuations, comes from the 
Qn- language . The same is t rue for the first-order correla­
t ion function (A + (t) A (t + T ) ) de termining the usua l field 
spectrum. 

Thus , the pa rame te r gAB determines the coincidence 
count ing ra te normal ized by the r a n d o m count ing ra te . 
N o t e tha t pa rame te r gAB — 1 is p r o p o r t i o n a l to the 
correlat ion coefficients of the Q-pho ton flows in two 
b e a m s [see E q n (2)]. N o t e also tha t the opposi te inequali ty 
usually holds in the experiments: r c o i n > Tdet T C O H . In this 
case one should change in Eqn (42) gAB by 
1 + (gAB ~ l ) T c o h / ^ c o i n - This quant i ty is usually close to 
uni ty. A n exception is the two-pho ton light for which 
gAB-l=N-1>l. 

In the general case the observed statistics of the p h o t o n 
detector readings is expressed th rough the field correlat ion 
function and, in principle, the inverse p rob lem can also be 
solved: reconst ruct ion of the field state at the optical 
channel ou tpu t t h rough the observed statistic. Thus , the 
detectors can be considered as classical devices for the 
observat ion of a q u a n t u m object — incident light. However , 
this q u a n t u m object is connected by the classical laws to the 
initial field at the opt ical channel input [see E q n (26) for the 
couplings of the moments ] , so the optical channel m a y be 
regarded as a classical pa r t of the detecting device. In this 
app roach var ious optical schemes can be used only for the 
invest igations of the statistical proper t ies of light sources. 

In some experiments with ana log detectors , the fluctu­
at ion spectrum of the detector pho tocur ren t , which is 
p r o p o r t i o n a l to the cube of the Four ie r t ransform of the 
nonordered intensity correlat ion function, is measured: 

(r(0)r(T))=RS(T)+R2g(T) , (44) 

where r(t) =A + (t)A(t) and R = (r(t)) = rjNAv is the 
average photoe lec t ron flow (N is the average p h o t o n 
number in the central longi tudinal mode , Av is the effective 
spectral bandwid th ) , 

g ( T ) = ^ < A + ( 0 ) A + ( T ) A ( T ) A ( 0 ) ) (45) 

is the normal ized normal ly ordered au tocorre la t ion func­
t ion. 

The first te rm in E q n (44) describes the so-called shot, 
or p h o t o n , noise. It is due to the noncommut iv i ty of the 
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field opera to rs : [A(t), A + (t')] w b(t - t'). The function 
g(z) — 1 describes the so-called excessive noise, which is 
absent in the case of the coherent state, bu t in the case of 
the nonclassical field states it can be compensa ted by the 
shot noise. 

N o t e tha t on the r igh t -hand side of E q n (44) it is 
possible to t ake into account n o n u n i t a r y t r ans fo rma­
t ions, for example, the q u a n t u m efficiency (not uni ty) of 
the pho tode tec to r A => rj After this subst i tut ion the 
opera tor r(t) describes the flow of photoe lec t rons , no t of 
p h o t o n s . 

Qc- The pho tocu r r en t f luctuat ions can be considered as a 
revelation of the q u a n t u m fluctuat ions connected with the 
field energy measurement . These f luctuat ions should be 
absent in the case of the state with the definite energy, for 
example, for the one -pho ton state (with g = 0). However , 
the convent ional field states have no definite energy, which 
reveals itself as pho tocu r r en t f luctuat ions. The coherent 
state (g = 1) gives the shot noise only, which is, therefore, a 
characterist ic q u a n t u m effect connected with the q u a n t u m 
fluctuat ions of energy and having no classical ana log in 
stochast ic optics (in the C*-language the field ampl i tude of 
an ideal laser does no t fluctuate). At the same t ime, the 
excessive (above Poissonian) pho tocu r ren t noises in the 
case, for example, of t he rma l rad ia t ion al low the use, for 
their explanat ion, of a simple classical analogy: they are 
caused by the the rmal f luctuat ions of the field intensity. 

As was ment ioned above, the coincidence detect ion in 
the case of two-pho ton light leads to a very high contras t 
gAB ~ 1> connected with the low probabi l i ty of the r a n d o m 
coincidence. In C-language this can be explained visually by 
the fact tha t for NA = NB <̂  1 the signal and idle packets , 
be longing to the different pairs , rarely overlap. 

M. In the case of the metaphysica l app roach the detecting 
process plays a special role. The observed macroevent (the 
appearance of a pulse at the detector ou tpu t , or a silver 
grain in the pho toemuls ion) is, in the M- language , accepted 
as a p r o o f of the a pr ior i existence of the q u a n t u m of light 
with definite bu t no t yet completely studied proper t ies , 
which is somewhere (maybe emitted at a remote star) , flies 
t h rough the interstellar space and the l abora to ry channel , 
crossing s imultaneously two screen slits or two inter­
ferometer shoulders , and again uni tes as a whole at the 
m o m e n t of detect ion (do no t confuse with the C-pho ton ; 
see below). 

However , the Q-theory gives no g rounds for this or 
some other similar conclusion (see Section 2.5). It does no t 
al low a un ique re t rodic t ion on the basis of a single 
observat ion, even with the a pr ior i informat ion on the 
pur i ty of the state, similar to tha t in vector algebra where 
reconst ruct ion of the vector based at its single project ion is 
impossible. Thus , the M - p h o t o n material izes (like a 
p h a n t o m ) only at the m o m e n t of its detection, to d isappear 
again at the same m o m e n t . 

In the case of the ^ -pho ton field an appea rance of the 
pulse in one detector is accompanied by an even m o r e 
myster ious , super luminal process — M-reduc t ion — i.e. by 
the conversion of the field state into the (n — l ) - p h o t o n 
state (do no t confuse with the Q-reduct ion described for 
n = 2 in Ref. [23]). 

C. In the semiclassical theory the probabi l i ty of the 
pho tocu r ren t pulse appear ing at the detector ou tpu t is 
p ropo r t i ona l to the square of the wave-packet envelope 
describing the C-pho ton . This is why the pulse appears 
most frequently at the m o m e n t when the envelope 
m a x i m u m crosses the p h o t o c a t h o d e surface. 

In the case of a coherent field state the p h o t o n packets 
and, correspondingly, the pho tocu r ren t pulses are dis t r ib­
uted in t ime according to the Poissonian dis t r ibut ion, and in 
the case of a the rmal rad ia t ion they are dis tr ibuted 
according to the geometr ical B o s e - E i n s t e i n dis t r ibut ion. 
The periodic p repa ra t ion of the one -pho ton state should 
give rise to equal intervals between the packe ts and to m o r e 
uniform pulse dis t r ibut ion, i.e. to the sub-Poissonian 
statistics. 

The average pulse count ing ra te R = rjN/TCOH, i.e. rjN 
determines the average number pulse dur ing the coherence 
t ime T c o h . At N <̂  1 the intervals between the packets are 
larger t han the length of the packets themselves, i.e. packet 
over lapping rarely occurs . 

If the subsequent amplifier has the t ime cons tant r a m p , 
much larger t han the average interval between the pulses 
\/R, then the pulses are smoothed , i.e. the detection 
becomes an ana log one. A n d in this case there are shot 
noises plus (in the case g > 1) excessive pho tocu r ren t noises 
in the amplifier b a n d l/Tamp. If g < 1 the noises are be low 
the level determined by the Schot tky formula for the 
detector average current . 

C*. In the classical theory r(t) = A*(t)A(t) mult iplied by 
the factor y/frco in the summat ion [see E q n (32)] has the 
or ienta t ion of the light intensity in the beam which, for 
example, can be measured by a calorimeter . If the 
calorimeter inertia is sufficiently low then it is possible 
to est imate the statistics of the field intensity from the 
f luctuat ions of its readings. If, however , one takes into 
account the discrete na tu re of the charge the shot noises, 
according to the Schot tky formula, should be added. These 
noises are no t connected with the noncommuta t iv i ty of the 
opera to r s and cannot be suppressed at any field state. 

It is possible to investigate the correlat ion and inter­
ference of the intensities of two b e a m s by means of two such 
detectors . In this case a classical ana log of the B r o w n -
Twiss effect should be observed. 

4. Amplitude interference 
Two-beam interferometers m a y be divided into two classes: 
polar iza t ion type and convent ional type (like the Michelson 
or M a c h - Z e h n d e r interferometers) . Their phenomeno log i ­
cal descript ions are identical (see, e.g. Ref. [9]) and 
therefore only the latter will be discussed here. 

Let us briefly examine in the Q-language the conven­
t ional interference of two modes using the example of the 
M a c h - Z e h n d e r interferometer depicted schemati-cally in 
Fig. 4. 
Q . The interferometer scat tering mat r ix is equal to the 
p roduc t of three matr ices , describing the input and ou tpu t 
mi r ro r s and the difference of the optical passes 
k(z\ — Z2) = 2a between the mir rors : 

n = l-(l " ' V ^ W 0 \ ( 1 l \ 

2 V1 1 / V 0 exp ( - ia ) ) \ - \ IJ 
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F igure 4 . S c h e m a t i c r e p r e s e n t a t i o n o f t h e M a c h - Z e h n d e r i n t e r f e r o ­
m e t e r . 

d = 
i s m a 

i s m a 
cos a 

( 4 6 ) 

T h u s for the system as a whole , t = cos a, r = is in a, i.e. the 
interferometer possesses the proper t ies of a beamspl i t ter 
with easily changeable (but frequency dependent ) t r a n s ­
mission T = c o s 2 a and reflection R = s in 2 a coefficients. 
The signs in E q n (46) are chosen so as to satisfy ^(0) = 1. 

QH- Us ing the Heisenberg representa t ion, one easily finds 
with the help of Eqn (23) the ou tpu t intensity of beam A: 

NA = (a'+a') = ((t*a+ + r*b+)(ta + rb)) 

= NA co s 2 a + NB s in 2 a - lm(a+b) sin(2a) . (47) 

H e r e NA = (\//\a+a\\//), and NB = (\//\b+b\\//). If there exists a 
vacuum state at the input of b e a m B, one gets the usua l 
result: 

NA = TNA = NA co s 2 a . (48) 

N o t e tha t this expression describes the interference 
independent ly of the initial field state which influences 
the average intensity NA only. 

F o r m u l a (47) and the ana logous expressions for N'B and 
(a,+br) give un ique algebraic couplings between the input 
and ou tpu t field m o m e n t s in the spectral representa t ion . 
The Four ie r t rans forms of these couplings determine the 
re la t ionships between the correlat ion functions. This 
p rocedure is easily generalizable for the higher m o m e n t s 
[9]. The cor responding results can be symbolically presented 
in the form 

GL = D*mD"G„ ( 4 9 ) 

It should be emphasized tha t these phenomenolog ica l 
re la t ionships are of the classical type. 

Q s . Let us n o w use the Schrodinger representa t ion . 
Accord ing to Eqn (34) one has 

\xl/)f =f[af+ cos a + ib,+ sin a, ia,+ sin a + b , + cos a] |vac) . 

(50) 

This expression should lead to the result equivalent to 
E q n (47) at the a rb i t ra ry initial state [21]. However , for the 
sake of simplicity, we will assume tha t it is the one -pho ton 
state: 
the result 

| 1 , 0). Then / = 

\il/)f = cos a 11, 0) + i s i n a | 0 , 1) 

" cos a + ib sin a. In 

(51) 

and thus 

NA = ( i / / | < 2 + a | i / / ) = T = co s 2 a , (52) 

which is in agreement with Eqn (48). 
The examinat ion performed above shows tha t in the 

Heisenberg representa t ion the interference is described in 
exactly the same manne r as in classical optics: by the 
superposi t ion of two fields with the ampl i tudes a and b. 
The Schrodinger representa t ion camouflages this analogy, 
therefore the effect is frequently interpreted as the result of 
the q u a n t u m interference of two t ransi t ion ampl i tudes from 
the initial and the final state [see E q n (31)] in two 
indistinguishable ways. 

M. The last te rm is related to the M- language because its 
mean ing is qui te myster ious . In the t rans la t ion into the Q-
language it means tha t there are no addi t iona l macroscopic 
pa r t s in the interferometer , which b reak the coherence and 
change the evolut ion (calculated above) of the field. F o r 
example, it is possible to insert in one of the interferometer 
shoulders a beamspl i t ter which directs pa r t of the beam to 
an addi t iona l detector . Similar mul t idetector schemes can 
be easily described in the Qn- l anguage (see Sections 5 and 
6). The other languages add no th ing to the calculat ions 
which predict all statistic characterist ics of the p h o t o -
counts , i.e. the average pulse count ing rates and their 
correlat ion or ant icorre la t ion. 

In the explanat ion of interference in the M- language 
photon indistinguishability is frequently discussed. Here , in 
fact, the effects ana logous to the classical ones and 
connected with the no t ion coherence of the fields are 
discussed. Analogously , the photon distinguishability in 
the t rans la t ion from the 'newspeak ' reduces to incoher­
ence. Ano the r popu la r new term, quantum eraser, is used in 
q u a n t u m optics at the reversible b reak ing and consequent 
res tora t ion of the field coherence in two modes . F o r 
observat ions of the a t tenua ted to ta l in ternal reflection 
the M- te rm, photon tunneling, is used. 

5. Correlation and anticorrelation of 
photocounts 
Let us proceed to the demons t ra t ion exper iments with a 
beamspl i t ter and a two-detector coincidence circuit. 

5.1 B r o w n - T w i s s effect 
Let us first consider the case when, in the scheme presented 
in Fig. 5, m o d e B is no t excited. The count ing ra te RAB(x) 
is detected as the function of the difference cx of optical 
passes between the beamspl i t ter and the pho tode tec to r . 
W h e n x > T C O H the coincidence count ing ra te becomes 
independent of the delay: RAB(oo) = const = RACC = 
RARBTcoin (Fig. 6), where r c o i n is the coincidence circuit 
' g ap ' . The events in channels A and B are independent and 
there are ' r a n d o m ' coincidences only. W h e n x <̂  T C O H the 
extreme value of RAB(0) is usual ly observed. 
Q H . Accord ing to E q n (42 ) RAB(0) = gABRACC. Wi th the 
help of Eqn (26) at GAB = GBB = 0 one finds 
G'AB = TR G A A and g'AB = gj^ . 

Thus , a beamspl i t ter , two detectors , and a coincidence 
circuit enable one to measure pa ramete r gAA character iz ing 
the bunch ing or an t ibunch ing of intensities in the incident 
light: 
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Figure 5. S c h e m a t i c r e p r e s e n t a t i o n o f t h e B r o w n - T w i s s e x p e r i m e n t . 
T h e i n p u t b e a m o f t h e a m p l i t u d e a is i n c i d e n t a t t h e b e a m s p l i t t e r a n d 
is d i v i d e d i n t o t w o m u t u a l l y c o h e r e n t b e a m s . T h e i n t e n s i t y c o r r e l a t i o n 
in t h e o u t p u t b e a m s , a s a f u n c t i o n o f t h e r e l a t i v e d e l a y t i m e T , is 
m e a s u r e d b y t w o d e t e c t o r s A a n d B in t h e c o i n c i d e n c e c i r cu i t . 

0 1 2 T / T C O 1 I 

F igure 6. T h e n o r m a l i z e d i n t e n s i t y c o r r e l a t i o n g v e r s u s t h e r e l a t i v e 
d e l a y T for t h e d i f fe ren t s t a t e s o f i n c i d e n t l igh t : o n e - p h o t o n ( a ) , 
c o h e r e n t (b ) , t h e r m a l (c) , t w o - p h o t o n (d ) . 

gAA = 

The relat ionship gAB = gAA means tha t the beamspl i t ter 
t ransforms the input intensity f luctuat ions into the ou tpu t 
intensity correlat ions. Fig. 6 schematically depicts the 
B r o w n - T w i s s effect for the one -pho ton (a), coherent (b) 
and t w o - p h o t o n light. 

The exceeding of gAA by uni ty in the case of the rmal 
rad ia t ion was first discovered by Brown and Twiss abou t 
forty years ago [48, 49]. This experiment is considered as 
one of the first in q u a n t u m optics. The discovered effect 
caused a lively discussion at tha t t ime; however , in the Q-
and C*-languages it gives only the evidence of 'excessive' 
f luctuat ions in the used light source. M o r e as tonishing from 
the classical poin t of view is the photon antibunching effect 
(gAA < 1) discovered in 1977 in the light of the resonant 
fluorescence of individual a t o m s [50]. 

Q s . In the Schrodinger representa t ion we shall consider 
only the case (a) presented in Fig . 6. F o r the one -pho ton 
state of the input m o d e A the ou tpu t state vector, 
according to Eqn (35), is of the form 

W) = (ta'+ - rV+) \0)'A \0)'B = t\l)'A \0)'B - r* \0)'A \l)'B.(53) 

Here the Q-pho ton belongs to the two ou tpu t modes . As a 
result the coincidence probabi l i ty is equal to zero: 
| ( i / / | l ) A | 1 )# | 2 = 0 , i.e. the effect of complete ant icorre la­
t ion of p h o t o c o u n t s takes place (Fig. 6a). This also follows 
directly from gAA = (\\a+2a2\\) = 0 . 

Q o The Copenhagen language does no t al low us to pose 
' i nappropr i a t e ' quest ions . The p h o t o c o u n t statistics, 
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according to the measurement pos tu la te and the s tandard 
pho tode tec t ion model , is determined by the statistics of the 
field incident at detectors , and in the Heisenberg 
representa t ion the p rob lem is completely resolved by the 
phenomenolog ica l couplings [Eqn (26)] between the input 
and ou tpu t m o m e n t s and the statistics of the incident light. 

M. The B r o w n - T w i s s effect at gAB > 1 is explained 
sometimes by the M - p h o t o n tendency to bunch ing . The 
opposi te inequali ty p robab ly cor responds to an t ibunching , 
i.e. to the M - p h o t o n repulsion, respectively. Such spec­
ulat ive conclusions (explanat ion of the statistics p rope r ty 
of a separate q u a n t u m ensemble by the individual 
proper t ies of its const i tuent hypothet ica l particles) are 
characterist ic for metaphysics . 

In the experiments [51] the ou tpu t intensity correlat ion 
was observed in the course of modu la t i on of the b e a m s ­
plitter t ransmissivi ty by the noise radio-frequency signal. 
The results of the experiment were interpreted as a tendency 
of the M - p h o t o n to obey sometimes the types of statistics 
in termedia te between the Bose and F e r m i statistics. In the 
Q- and C-languages similar experiments with modu la t ed 
optical pa rame te r s are described by the couplings 
[Eqn (26)], where T and R are the functions of t ime. 

C. If t w o - p h o t o n packe ts be long to the c o m m o n coherence 
vo lume it seems na tu r a l tha t the beamspl i t ter is able to 
divide and direct them to the different detectors so tha t the 
detection is a lmost s imul taneous . (Sometimes the appea r ­
ance of such 'tight pa i r s ' of C-pho tons in the the rmal 
rad ia t ion is explained by the induced emission in the light 
source.) A n d vice versa, if the p h o t o n s arrive at the 
beamspl i t ter one by one at equal t empora l intervals, 
there will be no coincidences. In the experiments [50] the 
latter was caused by the finite t ime (order of the reciprocal 
R a b i frequency) of the consequent a tom excitation for the 
resonant fluorescence. 

C*. In the first B r o w n - T w i s s experiments ana log detectors 
were actually used and the correlat ion of the two current 
noises was detected. A simple classical in terpre ta t ion of this 
effect is possible: the input intensity f luctuation at the 
beamspl i t ter should lead to the ou tpu t intensity correla­
t ions and, correspondingly, to the pho tocu r r en t 
correlat ion. 

5.2 Detect ion of anticorrelations 
Let us n o w consider a different detection scheme, which is, 
evidently, close to the one used in Ref. [18]. In fact, this is 
again the p rob lem of the count ant icorre la t ion in the 
ou tpu t b e a m s (Fig. 6a), a l though for ra ther different 
electronic pro-cessing of the ou tpu t pulses. Let us be 
interested no t in the coincidences bu t in their absence, i.e. 
in the anticoincidences. 

Q H . The probabi l i ty of the pulse to be detected by detector 
A, depicted in Fig. 5, dur ing some t ime A^ much larger 
t han the pulse dura t ion is, according to Eqn (41), equal to 
PA(\) = RA At = rjANA AvAt ( the events connected with 
two or m o r e pulses in a single detector are no t t aken into 
considerat ion) . This probabi l i ty is, evidently, equal to the 
sum of m u t u a l probabi l i t ies , t ak ing into account the 
al ternat ive events: appea rance or absence of the pulse in 
detector B dur ing the same interval, i.e. 
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(54) 

T h e coincidence probabi l i ty here is of a familiar form [see 
Eqn ( 4 2 ) ] : 

PAB(h l)=RAB& = gABRARB(Atf=gABPA(l)PB(\) . 
(55) 

F r o m E q n s (54) and (55) one finds the sought-for 
ant icorre la t ion probabi l i ty PAB(\, 0)> normal ized by the 
probabi l i ty of the count in detector A: 

^ 0 , 0 ) t PAB(h i ) • = 1 
n ( l ) 

= 1 -gAA KflAf (56) 

(we took into account the equali ty of the normal ized input 
and ou tpu t momen t s , gAB — gAA)-

Thus , for a sufficiently low count ing ra te in the B 
channel (Rf

B <̂  \ / ( g A A Af) the ant icorre la t ions are observed: 
the pulses in the A channel are not accompanied by the 
pulses in the B channel . This affirmation is t rue for any 
incident light state which influences the bunch ing pa ramete r 
gAA only and, consequently, the threshold value of the 
count ing ra te Rf

B = l / ( & u ^ 0 above which the probabi l i ty 
d rops . In par t icular , in the case of the one -pho ton state, 
gAA — 0, and therefore the coincidences are absent at any 
count ing ra te (of course, inside the limits of the accepted 
assumpt ions) . 

It follows from the aforement ioned tha t the detection of 
coincidences PAB(l,0) = PA(\) themselves is no t the p r o o f 
of light being nonclassical (in the sense of g < 1). The only 
p ragmat i c result of these experiments is the measurement of 
the incident light bunch ing pa ramete r gAA, similarly to the 
case of the coincidences detect ion. 

M. Observa t ion of coincidences is accepted as the p r o o f of 
M - p h o t o n indivisibility in the M- language , of its co rpus ­
cular na tu re . Usual ly , the following condi t ion (which is no t 
fulfilled in any experiment) is added: the incident light 
should be one-photon. 

Moreover , if a tunne l beamspl i t ter is used for beamspl i t -
t ing [19] i.e. a t t enua ted to ta l internal reflection (which is a 
wave effect), as was done in Ref. [18], then cont ra ry to the 
t rad i t iona l po in t of view, each ant icoincidence detection 
demons t ra tes the duality of the M - p h o t o n in the same 
experimental situation. N o t e , however , tha t the perfor­
mance of any beamspli t ter , for example, of a 
semi t ransparent mir ror or a polar iza t ion pr ism is also 
based on the wave na tu re of light. 

C. The absence of coincidences in the case of the one -
p h o t o n source follows in the semiclassical theory from the 
pos tu la te on the C-reduct ion of a p h o t o n packet at the 
m o m e n t of detection. If, however, the coincidences are 
detected, they are explained by the incidence at the 
beamspl i t ter of two p h o t o n s separated by the t empora l 
interval less t han A^. 

C*. In pu re classical theory it is, evidently, possible to 
consider only the ana log m o d e of detection of two 
pho tocu r r en t s and their correlat ion and ant icorre la t ion 
in detectors A and B. Ant icorre la t ion , when only one input 
m o d e is excited, apparen t ly cannot be observed. 

5.3 Anticorrelation effect 
N o w , in the scheme depicted in Fig. 5, let b o t h input 
modes be excited. 

Q H . Accord ing to E q n (26) the ou tpu t m o m e n t s are 
uniquely determined by the input m o m e n t s and by the 
intensity t ransmiss ion coefficient T. Let the input m o m e n t s 
in modes A and B be the same and T = 0.5. Then 

: 0.5g + gAB , gAB = 0.5g • (57) 

Thus , at gAB < 0.5g (weak correlat ion of the input 
beams) the t rans format ion results in the bunch ing 
decrease: g' < g. If g < 2 (i.e. the bunch ing in the input 
b e a m s is less t han the the rmal one) the ou tpu t b e a m s are 
ant icorrela ted: gAB < 1 ( independent ly of the initial correla­
t ion) . 

As will be shown below, the effect of photocount 
anticorrelations at the beamsplitter output has a simple 
classical ana logy (cont rary to the case of a single incident 
beam) — namely, the ant icorre la t ion of the con t inuous 
intensities — and, correspondingly, the pho tocu r r en t s are 
due to the energy conservat ion law and the phase fluctu­
at ions in the incident light. 

In the q u a n t u m theory gAB , as well as g, is allowed to be 
zero; however , in the C*-theory from g c l a s s ^ 1 follows 
gAB ^ 0.5, and the sign of equali ty is reached if the 
fluctuations are absent , when g = 1. This l imitat ion, 
however , does not prevent complete ant icorre la t ion 
(K = — 1) of the ou tpu t intensities. 

In the case of modes differing by the polar iza t ion type 
they can be mixed with the help of the Nico l pr ism (with 
T = c o s 2 a, where a is the pr ism or ienta t ion angle). In this 
case the examined effect reveals itself as a hidden polariza­
tion of the single ou tpu t beam [9]. In reality, the equali ty 
NA = NB means tha t at any a the beam is no t polar ized in 
the convent ional sense of the term. However , if fluctuations 
or intensity correla t ions in the ou tpu t modes (with 
o r thogona l polar iza t ions) are detected the beam shows a 
t ransverse s t ructure with a fourfold symmetry axis. 

Let us n o w consider several types of initial field 
statistics. 

1. In the case of the rmal input b e a m s g = 2, 
a2 = N + N2, and therefore at the ou tpu t g' = 1 + gAB, 
gAB — 1> i-e- the b e a m s become uncorre la ted independent ly 
of the initial correlat ion. The bunch ing (fluctuations) 
increases if there is initial correlat ion (gAB > 1) and 
decreases if there is initial ant icorre la t ion. 

2. In the case of two independent input beams , 
g — gAB — 1> a n d bunch ing (fluctuation increase) and an t i -
correlat ion occur at the ou tpu t : g ' = 1.5, gAB=0.5 and 
K = - 1 / ( 1 + 2 A T 1 ) . 

3. In the case of a two-mode squeezed vacuum, at the 
input [according to E q n (6)] g = 2, o2 = N + N2 ( thermal 
fluctuation in the modes) and gAB=2 + N~1, K=\ 
(complete correlat ion of the modes independent ly of the 
amplification) and at the ou tpu t gf = 3+N , 1, 
G'2 = 2cr2, i.e. the correlat ion is suppressed and the 
dispersion doubled. The invar iant [Eqn (27)] occurs here 
in the form 4N2 + N. 

F o r the a rb i t ra ry t ransmiss ion coefficient T = c o s 2 a one 
finds from E q n (26) the interference dependence on a: 

g A B = 1 + (1 + A T 1 ) cos 2 (2a ) oc 1 + Vcos(4a) , (58) 
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with the visibility V = (1 +N)/(1 + 3N) app roach ing 1/3 in 
the case of classically squeezed light (N 5> 1) and 
approach ing 1 in the case of low squeezing (N <̂  1). 

If a large delay is in t roduced in one of the incident 
beams , the b e a m s become independent . W h e n the initial 
correlat ion is conserved: gAB = gAB [it follows from 
E q n (58) at a = 0]. T h u s the ' con t ras t ' of the effect 
(changing of the count ing ra te by in t roduct ion of a 
delay) at T = R = 0.5 is equal to 2 + N~l. 

The ant icorre la t ion effect was observed in m a n y works 
with the help of two-pho ton light when N <̂  1 (see Refs [4, 
6]). It can be used for measurements of the group of 
femtosecond delays [4, 6]. 

4. In the case of a symmetr ic t w o - p h o t o n state, at the 
input | i / f ) = | l , l ) N = I, g = a1 = 0 (complete an t ibunch­
ing), gAB = 1, and at the ou tpu t Nf = g' = a'1 = 1, gAB = 0, 
i.e. the f luctuat ions are present and the correla t ions are 
suppressed. 

Q s . The ant icorre la t ion effect is 'explained ' in the most 
simple way in Q-pho ton te rms in case 4 ( two-pho ton state 
at the input) . R e m e m b e r tha t in the Qs- language the 
t rans format ion being performed by the 50% beamspl i t ter 
according to E q n (40) is described by the following 
formula, 

M = |l, 1> = 0.5( |2, 0 > - | 0 , 2)) . (59) 

Thus , for T = 0.5 the ou tpu t state vector does no t 
contain componen t |1,1) with one Q-pho ton in each 
beam, which results in the coincidence of p h o t o c o u n t s . 
The ant icorre la t ion effect allows the 27-photon general­
ization: in the case of state | / , / ) , at the input the 
t ransmiss ion coefficient T has / values reducing to zero 
componen t | / , / ) in the ou tpu t state vector [9]. This effect 
reflects the p rope r ty of the SU (2) mat r ix with the (2J + l ) 2 

d imension: its central element is the Legendre po lynomia l 
Pj(T — R), i.e. the effect is the consequence of the mode l 
symmetry, bu t no t of its q u a n t u m specific. 

M. The M- language is usually used for discussing the 
action of a beamspl i t ter on the state of the form 
\x//) = | 1 , 1), and in the course of the discussion some 
conclusions abou t the M - p h o t o n proper t ies are also 
derived. F o r example, the absence in of componen t 
|1 ,1) , leading to the coincidences, is explained by the wave 
' c o m p o n e n t ' of the M - p h o t o n , and the presence in of 
componen t s |2,0) and |0,2) is explained by the corpuscular 
' componen t ' . 

C. In the semiclassical theory, case 4 ( two-pho ton input 
state |1 ,1)) can be modeled in the following way. Two 
p h o t o n packe ts with r a n d o m relative phase cp strike a 
semi t ransparent mir ror from t ime to t ime, s imultaneously 
from b o t h sides. Each packet is a piece of a sinusoid with 
r a n d o m phase and ampl i tude equal to uni ty. 

cp = 0 results in \a\ = y/2, b' = 0, i.e. b o t h p h o t o n s go 
th rough channel A, which cor responds to the ou tpu t state 
|2,0) and to the absence of coincidences, cp = % results in 
a = 0, \b'\ = A/2, i.e. b o t h p h o t o n s go th rough channel 5 , 
which cor responds to the ou tpu t state |0,2) and also to the 
absence of coincidences. However , for all other values of 
the phase there is the finite field ampl i tude in bo th ou tpu t 
channels and some probabi l i ty of the p h o t o c o u n t coinci­
dence. 

Thus , C-language does not allow complete anticorrelation 
of the discrete photocounts. 

C*. Let two quas imonoch roma t i c waves with equal and 
stable incident ampl i tudes , which we assume to be equal to 
uni ty, and with independent ly drifting phases a(^) and /3(t) 
be incident at a beamspl i t ter . Assuming a = exp [ia(^)] and 
b = exp o n e finds the ampl i tudes at the ou tpu t of a 
50% beamspl i t ter : a = (a + b)/y/l and b' = (-a + b)/y/l. 
The ou tpu t intensity can be presented in the form 

n'A = \a\2 = 1 + cos cp(t), riB = \bf\2 = 1 - cos cp(t), (60) 

where cp = a — 
Thus , depending on the existing difference of phases 

cp(t), the intensity is being redis t r ibuted in a r a n d o m 
manne r between two ou tpu t channels . The to ta l energy 
nA + nB =2 is conserved and this is why 
dnAj dt = — dnBjdt, i.e. the intensities are always chang­
ing in opposi te directions, which leads to their 
ant icorre la t ion. 

If at the input , g = gAB = 1, o = 0, then at the ou tpu t 
for the homogeneous ly dis tr ibuted 9 one has NA = NB = 1, 
and 

g = = ((4» = 1 + ( (cos 2 <p(t))) = 1.5 , 

SAB = = 1 - ( (cos 2 <p(t))) = 0.5 , 

<r2 = ( ( " ? » " ^ = 0 . 5 . (61) 

Therefore the intensity correlat ion coefficient 
K' = (GAB - NANB)/G'2 = - 1 , i.e. complete intensity an t i -
correlat ion occurs. 

Let one p lane wave with ampl i tudes a and b of the 
o r thogona l polar iza t ion be presented. The fluctuat ions of 
their relative phase cp{t) result in the f luctuat ions of the 
polar iza t ion state of the input field. N o w the role of the 
semi t ransparent mir ror is played by the polar iza t ion pr ism 
tha t t rans forms the polar iza t ion f luctuation into the an t i -
correlated f luctuat ions of the ou tpu t intensities. 

Tak ing the initial f luctuat ions into considerat ion will 
complicate the descript ion of the effect, bu t will no t change 
its essence. A beamsplitter is a phase detector transforming 
the fluctuations of the relative phase of the input signals into 
the anticorrelated fluctuations of the output intensities. 

6. Intensity interference 
The effect of intensity interference (see, e.g. Ref. [35], 
page 107) is closely linked with the B r o w n - T w i s s effect 
discussed above. It t u rns out tha t , under some condi t ions , 
the observed intensity (ant i )correlat ion at the optical 
channel ou tpu t is dependent on the definite combina t ion 
of optical pa ths . The simplest scheme consists of four 
b e a m s which are mixed either directly at the detector 
surfaces, or with the help of beamspl i t ters (or, in the 
polar iza t ion sensitive case, with Nico l pr isms) and two 
detectors work ing in the coincidence m o d e (or with an 
ana log correlometer) . The mathemat i ca l descript ions of the 
polar iza t ion and usua l interferometers have much in 
c o m m o n (in fact, they are i somorphic ; see Refs [9, 13]). 
There are a number of exper imental versions of the 
observat ion of the effect, which differ in optical schemes 
and in the statistics of the light sources used [9, 13]. 

If two-pho ton or squeezed light ( q u a n t u m or classical) is 
used, the effect is unusual ly dependent on the optical pa th 
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lengths. Recent ly some interest ing experiments involving 
two-pho ton pa ramet r i c light have been described [ 3 - 6 ] . 
The experiments with the sources (nonexistent now) of the 
th ree- and four -photon light are discussed [ 1 0 - 1 3 ] . 

W e shall discuss be low several typical schemes, which 
will al low us to compare different languages applicable to 
the description of the effect . 

6.1 Two types of intensity interference 
Let us consider the scheme depicted in Fig. 7. The 
control lable phase re ta rda t ion a = ka(zai — zai) between 
the input fields ax and a2, each of frequency coa, is 
in t roduced before mixing. Analogously , the phase r e t a rda ­
t ion = kb(zb{ — Zb2) between the field bx and b2 of the 
frequency cob is also in t roduced. 

Figure 7. S c h e m a t i c r e p r e s e n t a t i o n o f t h e f o u r - m o d e i n t e n s i t y 
i n t e r f e r o m e t e r . F i e l d s ax a n d a2, a n d a l so b\ a n d b2, a r e m i x e d b y t h e 
b e a m s p l i t t e r s . T h e o b s e r v e d i n t e n s i t y ( a n t i ) c o r r e l a t i o n o f t h e o u t p u t 
f ields a a n d b is p e r i o d i c a l l y d e p e n d e n t o n t h e p h a s e d e l a y s a a n d ft. 
D e p e n d i n g o n t h e i n c i d e n t field s t a t i s t i c s , t w o t y p e s o f s t a t i s t i c s a r e 
p o s s i b l e : w i t h t h e p h a s e a + ft ( t w o - p h o t o n i n t e r f e r e n c e o r a d v a n c e d 
w a v e i n t e r f e r e n c e ) a n d w i t h t h e p h a s e a — ft ( t h e B r o w n - T w i s s 
i n t e n s i t y i n t e r f e r e n c e ) . B o t h effects a r e t r i v i a l l y e x p l a i n e d in t h e 
f r a m e w o r k o f t h e c l a s s i ca l a p p r o a c h : t h e y a r i s e a s a r e s u l t o f 
t r a n s f o r m a t i o n b y t h e b e a m s p l i t t e r o f t h e i n c i d e n t field r e l a t i v e t o 
p h a s e f l u c t u a t i o n s i n t o t h e a m p l i t u d e a n t i c o r r e l a t i o n . 

Q H . F o r the ou tpu t ampl i tude at t = r = l/y/2, t ak ing into 
account the delays, one gets 

1 
a = —= [ai exp(—ia/2) + a2 exp(ia /2)] , 

V2 

a0 = —^= [—ai exp (—ia/2) + a2 exp (ia/2)] , 
V 2 

b = i/2 ^ e X p ( " i / ? / 2 ) + h l ex^/2)] ' 

b ° = 7 2 ^~bl e x p ( " i / ? / 2 ) + h e x p ( i / ? / 2 ) J ' ( 6 2 ) 

i.e. the scattering mat r ix for the upper pa r t of the scheme 
shown in Fig. 7 is of the form, 

D(a) = 
1 

V2 

exp (—ia/2) exp ( ia /2) 

— exp(—ia/2) exp( ia /2) 
(63) 

F o r the t rans i t ion to the Qs- language, one requires the 
inverse matr ix , 

D~l(oc) =D+(oc) : 
1 

V2 

exp (ia12) — exp ( ia /2) 

exp (—ia/2) exp (—ia/2) 
(64) 

In matr ices D(P), D~l(P), coupl ing ampl i tudes £ 1 ? b2, and 
/?, b0 are of the ana logous form. 

The general scat tering mat r ix of the 4 x 4 dimension is 
of the block form: 

D 
D(oc) 0 

0 D(ft) 

These enable one to find the p h o t o n n u m b e r opera to r s at 
the ou tpu t of the a and b modes : 

na = a+a = — [nai + nai + d\a2 exp(ia) + a2ax exp(—ia)] , 

nb = b+b = ]- [nbl + nbl + b\b2 exp(ijS) + b\bx exp(-i j8)] . 

(65) 

The coincidence probabi l i ty is determined by the 
m o m e n t Gab = (:nanb:). Averaging the p roduc t of na and 
nb, p rovided the m o m e n t s such as (d\a2b\b2) equal zero, 
one gets [compare with E q n (26)] 

Gab(a, fi) = G 0 + G + cos(a + fi) + G_ cos(a - fi) , (66) 

Go =-^{Gaibi + Gajbi + Gaibi + Gaibi), Gkl = (:nknii) , 

mG+ = - (dlb\a2b2), G_ 
1 

(d\b2a2bi) (67) 

(it is assumed tha t m o m e n t s G ± are real). He re the 
combina t ion of m o m e n t s G 0 describes the a l ready familiar 
redis t r ibut ion of the f luctuat ions and correla t ions [see 
E q n (26)] and the te rms conta in ing G + and G_ describe the 
f luctuat ions of two types: with phases a + and a — 
respectively. F o r ka — kb one gets 

a + fi = k(zaib - zaib), a - p = k(Azi - Az2) , 

where za.b = za. + zb., Azt = za. zb.. 
The term advanced wave interference was p roposed by 

me for the interference with phase a + because its ma in 
peculiari ty, the dependence of the intensities correlator on 
the sums of opt ical pa th s za.b between the detector and the 
zth source, is convenient to interpret with the help of 
fictitious advanced waves p ropaga t i ng from one detector 
to the iih source, and after 'reflecting' from it, to the second 
detector [13, 52]. The existence of two (or more) p a t h s za.b 

leads to the interference with phase za.b — za.b. 
The old term, Brown-Twiss intensity interference, was 

conserved by me for the interference with phase a — p. 
It is convenient to define the visibilities of these effects 

G a ^(a, P) oc 1 + V+ cos(a + fi) + V_ cos(a - fi) , 

V± = G±/G0 . (68) 

6.2 Brown-Twiss intensity interference 
Q H . If usua l light sources G + = 0 are used, the h a r m o n i c 
dependence of the coincidence ra te (or the correla tor of the 
ana log pho tocur ren t s ) on a — P (due to G_) is also called 
intensity interference. Condi t ion G_ ^ 0 can be easily 
realized by connect ing modes ax and bx to the ou tpu t of 
one beamspl i t ter and modes a2 and b2 to the ou tpu t of the 
other (Fig. 8), provided tha t the condi t ion coa = cob is 
satisfied. 
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Figure 8. S c h e m a t i c r e p r e s e n t a t i o n o f t h e i n t e n s i t y i n t e r f e r e n c e 
o b s e r v a t i o n for t h e p h a s e a — ft ( t h e B r o w n - T w i s s i n t e n s i t y 
i n t e r f e r e n c e ) . T h e i n p u t fields c a n d d m a y b e i n d e p e n d e n t . 

Assume t = r = l/y/2. Then 

c + c0 _ d + d0 

by = 

V2 ' 

-c + c0 

a2 

bo = 

V2 ' 

-d + d(, 

V2 ' 1 V2 ^ 
Accord ing to Eqn (31) c0 = d0 = 0. Therefore, 

r { c + 2 d 2 ) r (c+d+dc) Gcd 

(69) 

(70) 

If the unconven t iona l light sources, with the unusua l 
statistics, are excluded (see Section 6.4), G+ = 0. 

In the case of symmetr ic excitation, when 
2 Nc=Nd 

one has 

G0=N 

V = 

• N, 

> 8 + 8cd 

Jdd • •gN\ •gcdN' 

G = N 2 gcd 

1 

GCd + Gaa 1 + g/g, 
(71) 

cd 
Thus , for high visibility of interference the bunch ing 

pa ramete r g should be small, i.e. the intensity f luctuation in 
each input b e a m should be m i n i m u m and the correlat ion of 
b e a m s gcd should be m a x i m u m . In the classical theory 
Gcc > Gcd, therefore V c l a s s < 1/2 . 

W e will n o w examine different types of input fields (see 
Fig. 8). 

1. Let the modes with ampl i tudes c and d be selected 
from the fields of two independent sources, for example, 
two stars or two lasers. F r o m their independence it follows 
tha t gcd = 1 so 

V-=A-> (72) 1 +g 
and the visibility is determined by the intensity f luctuat ions 
of the sources. Thus , in the cases of independent coherent 
or t he rma l input fields, the visibility of the intensity 
interference is 1/2 or 1/3, respectively. 

2. If the squeezed vacuum state is at the input , then 
from Eqn (6) it follows tha t g = gcd — A/"- 1 = 2, and 

_ 2N + 1 _ cosh(2F) 
4N + 1 2 c o s h ( 2 F ) - l 

(73) 

where F is the pa ramet r i c amplification coefficient 
p ropo r t i ona l to the p u m p i n g ampl i tude . F o r weak 
p u m p i n g (N = F2 <̂  1, spon taneous pa ramet r i c scat ter­
ing) V_ = 1; for s t rong p u m p i n g (parametr ic 
super luminescence) V_ = 1/2. The high visibility of the 
intensity interference, provided tha t pa ramet r i c two-pho ton 
light is used, can be considered to be an essentially 
nonclassical effect connected with the inequali ty Gcc <^ Gcd 

for the input field momen t s . (For typical experiments , 
Gcc/Gcd ~ 10-«.) 

3. If the squeezed classical light is incident at the input , 
then according to E q n (8), 

cosh(4F) 
V = 

1 + 2 c o s h ( 4 F ) 
(74) 

Thus , for weak p u m p i n g (i.e, noncorre la ted Gauss ian noise 
at the interferometer input) V_ = 1/3, as in the case of the 
the rmal sources, and for s t rong p u m p i n g (complete 
correlat ion of the input intensities) V_ = 1/2, as in the 
case of the independent lasers with the Poisson statistics or 
in the case of the s t rong squeezed vacuum. 

N o t e tha t , t hough the correlat ion coefficient of signal 
and idle modes K is equal to uni ty for the squeezed vacuum 
(F <^ 1, NQ <̂  1) and for the classical squeezed light 
(F > 1, NQ 1), the absence of r a n d o m coincidences 
results in 100% visibility in the first case only. 

Q s . Consider the case 2 at N <̂  1 in the Schrodinger 
representa t ion . If the vacuum componen t is omit ted, the 
input two-pho ton state is of the form: 

|1A0) = c + J + | v a c ) = | l ) c | l } d . (75) 

To find the t ransformed state at the ou tpu t of the first 
beamspl i t ter pair , one should inverse the t rans format ion of 
the opera to r s [Eqn (69)]: 

CL\ — b\ 
d = a2 

V2 ' 
ax +bi 

~7T dn = a2 + b2 

~7T~ 
(76) 

Here c 0 and d0 are the opera to r s of the unused input modes 
of the input beamspl i t ters tha t are in the vacuum state. 
Inser t ing E q n (76) in E q n (75) one finds 

Wi)=\{4-b\){at-b$)\™c) 

= ^ (| 1010) + |0101) - |1001) - |0110)) , (77) 

where \klmn) = |l)a_ | l ) f c [ | l ) f l 2 

On per forming a subst i tut ion according to E q n (64) we 
get 

a — ao /• /~\ a-\-a0 , . a\ = — j = - e x p ( i a / 2 ) , a2 = — e x p ( — i a / 2 ) , 
V2 

b-b0 

V2 
exp(i j8/2) , b2 

V2 

b + b0 

' V2 
e x p ( - i / > / 2 ) . (78) 

F r o m the above one gets the state of four ou tpu t modes , 

|^2) = l { e x p ( - i a ) | 2 0 0 0 ) + exp (-i j8) | 0200) 

- e x p ( i a ) | 0 0 2 0 ) - exp (i£) | 0002) 

+ 2 c o s [ ( a - j 8 ) / 2 ] ( | 0 0 1 1 ) - |1100» 

+ 2 i s i n [ ( a - j 8 ) / 2 ] (|0110) - |1001))} , (79) 
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where \klmn) = \l)a |1) b \ \ ) a Q 

The coefficient of vector 11100) equals 

= - 0 . 5 c o s [ ( a - j 8 ) / 2 ] (80) 

and according to the measur ing pos tu la te cor responds to 
the probabi l i ty ampl i tude of one p h o t o n for each a and b 
m o d e to be found. F r o m here one finds the coincidence 
probabi l i ty , 

1 
ab [ l + c o s ( a - j 8 ) ] (81) 

This expression, as well as Eqn (73) for N <̂  1, describes 
the two-pho ton intensity interference with the phase a — ft 
and the visibility V_ = 1. N o t e tha t calculat ions based on 
the state given by E q n (75) do no t describe the r a n d o m 
coincidences lowering the visibility for N ~ 1 [compare 
with Eqn (73)]. 

6.3 Advanced waves interference 
If squeezed or t w o - p h o t o n light is used, the m o m e n t 
G+ = {a\b\a2b2) j2 in E q n (66) m a y be different from zero 
and the interference with the phase a + will be observed. 
This effect is called the two-photon interference, t hough it 
can be observed (a l though with a lower visibility) with the 
help of the classical squeezed light and the ana log 
detectors . 

Let the pa ramet r i c downconver te r with two signal 
a2) and two idle b2) modes (Fig. 9), having a 

c o m m o n p u m p i n g [52] (the signal and idle frequencies 
m a y be different), be a four -mode light source. 

Figure 9 . S c h e m a t i c r e p r e s e n t a t i o n o f t h e i n t e n s i t y i n t e r f e r e n c e 
o b s e r v a - t i o n for t h e p h a s e a + ft ( t w o - p h o t o n o r a d v a n c e d w a v e 
i n t e r f e r e n c e ) . T w o n o n l i n e a r c r y s t a l s s u b j e c t e d t o t h e c o m m o n 
p u m p i n g P f o r m t h e f o u r - m o d e field w i t h n o n z e r o c o r r e l a t o r 
(aibia2b2) - (axbx)*(a2b2). 

Q H . Analogous ly to E q n (6), one has 

Gaxbx = (atbtbxax) = Gaibl = (a\b\b2a2) = 2N2 +N , 

Gaib2 = (atbtb2a1) = Gaib{ = (a\b\bxa2) = N2 , 

{aXb\a2b2) = (axbx)*(a2b2) = N(N + 1) . (82) 

Inser t ing these expressions in E q n (67) one finds 

G0=\ (Gaibl + Gaibi + Gaihl + Gaibia) = ^N(3N + 1) , 

G+=\(aibU2b2) = \N{N + 1) , (83) 

(nanb) oc c o s (a — f$) 

Figure 10 . S c h e m e for t h e o b s e r v a t i o n o f t w o - p h o t o n i n t e r f e r e n c e o f 
t h e p o l a r i z a t i o n t y p e . T h e s o u r c e e m i t s p h o t o n p a i r s w i t h t h e 
c o r r e l a t e d p o l a r i z a t i o n s w h i c h a r e d e t e c t e d b y t w o d e t e c t o r s a n d t h e 
c o i n c i d e n c e c i r cu i t . T h e c o i n c i d e n c e r a t e is d e p e n d e n t o n t h e a n a l y z e r 
o r i e n t a t i o n a n g l e s in a c c o r d a n c e w i t h t h e ' t w o - p h o t o n M a l u s l a w ' 
c o s 2 ( a — p) t h a t is i n c o m p a t i b l e w i t h t h e v i s u a l s e m i c l a s s i c a l i d e a s o f 
p h o t o n p a c k e t s w i t h r a n d o m p o l a r i z a t i o n s , b u t f o l l o w s d i r e c t l y f r o m 
t h e m o d e l w i t h t h e a d v a n c e d w a v e Ea£Y, e m i t t e d b y o n e o f t h e 
d e t e c t o r s . 

and thus 

V+ = 
N+ 1 
3N + 1 

(84) 

Thus , again the superclassical visibility V+ = 1 cor responds 
to weak p u m p i n g and V+ = 1/3 cor responds to s t rong 
pumping . 

Let us examine the polar iza t ion version (Fig. 10) of this 
effect [1, 2, 5, 6], when indices 1 and 2 specify two po la r ­
ization states of the same beam {a and b). The analyzers 
with the t ransmiss ion coefficients ta = cos a and tb = cos/? 
are used as beamspl i t ters . The ampl i tudes of the input fields 
are [compare with Eqn (62)] 

: ax cos a + a2 sin a, b = bx cos + b2 sin (85) 

Consequent ly , the opera to r s of the p h o t o n number at 
ou tpu t s a and b are of the form [compare with E q n (65)] 

na = a+a = nai c o s 2 a + nai s in 2 a 

+ {a\a2 + a2ax) cos a sin a , 

nb = b+b = nbi c o s 2 ft + nbl s in 2 ft 

+ (b~lb2 + b^bx) cos ft sin ft . (86) 

= 0 one F r o m the above discussion, at {a\a\bxb2) = , 
finds [compare with E q n (66)] 

Gab = Gaibl cos2 a cos2 0 + Gaibi s in 2 a s in 2 0 

+ Gaibl cos2 a s in 2 ft + Gaibl s in 2 a co s 2 ft 

+ 4 ( G + + G _ ) c o s a c o s £ sin a sin ft (87) 

(it is again assumed tha t the m o m e n t s G ± are real). 
Inser t ing the values of the corre la tors given by E q n (82) 

at N <̂  1 ( two-pho ton light), Ga{b{ = Gaibl = 2 G + = N in 
E q n (87), one has 

Gab =N(cosa c o s £ + s i n a s i n £ ) 2 = 0 .5Ncos 2 (a - j8) . (88) 

Thus , the coincidence probabi l i ty is dependent on the 
difference of the analyzer or ienta t ion angles only, and for 
the crossed analyzer there are no coincidences independent of 
the individual values of angles a and (5. The latter effect 
shows most visually the inadequacy of the C-language (see 
below). 
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Q s . Two pairs of the signal and idle modes , having a 
c o m m o n coherent pumping , are in the first order of the 
p u m p i n g described by the t w o - p h o t o n state, 

1 ^ ) = - ^ (| 1 1 0 0 ) + 10011)) = -J=( a +Z>++ a +Z>+) |vac) , (89) 

where \klmn) = | l ) a i \l)b \\)a2 \l)b . The vacuum c o m p o ­
nent is omit ted because it is of no interest in the experiment 
under considerat ion. The state given by E q n (89) is called 
entangled: the signal Q-pho ton , as well as the idle one, 
belongs to two modes with indices 1 and 2 simultaneously. 

Us ing E q n (89) one easily finds the nonzero momen t s : 
(a^b^aibi) = 1/2, where k, I = 1,2. As the result one again 
has V+ = 1. 

Let us n o w obta in the results given above in the 
Schrodinger representa t ion . Wi th the help of Eqn (64) 
one finds the ou tpu t state, 

\*2) = - L {cos[(a + j8)/2] (| 1100) + |0011)) 

+ i sin [(oc + p)/2] (| 1001) + |0101» } , (90) 

where \klmn) = | l ) a \ \ ) b \ \ ) \ \ ) b . T h e coefficient of vector 
11100) is equal to 

= _ c o s [ ( a + />)/2] , (91) - n o o - ^ 

and according to the measur ing pos tu la te cor responds to 
the probabi l i ty ampl i tude of one p h o t o n for each a and b 
m o d e to be found .F rom here one finds the coincidence 
probabi l i ty , [compare with E q n (81)] 

1 
: 4 1 

^ = 7 [ l + c o s ( a + £)] (92) 

This expression describes the t w o - p h o t o n intensity inter­
ference with the phase a + / ? and the visibility V+ = l. 

Figure 1 1 . F r e q u e n c y d e g e n e r a t e d p a r a m e t r i c d o w n c o n v e r t e r w i t h t h e 
a d d i t i o n a l b e a m s p l i t t e r m i x i n g t h e s i g n a l a n d id le m o d e s p r e p a r e s t h e 
field w i t h n o n z e r o c o r r e l a t o r (c+2d2) a n d (c+cd+d). T h i s field, b e i n g 
i n c i d e n t a t t h e i n p u t o f t h e i n t e r f e r o m e t e r d e p i c t e d in F i g . 8, e n a b l e s 
o n e t o o b s e r v e s i m u l t a n e o u s l y b o t h i n t e n s i t y i n t e r f e r e n c e t y p e s . 

6.4 Simultaneous observation of two types of interference 
In the examples presented above, the interferences of 
different types were observed only separately: either with 
the phase a + ft or with the phase a — Let us examine the 
combina t ion of the schemes presented in Figs 8 and 11. 
(Recently its polar iza t ion version has been realized [53].) 
Here , instead of two pai rs of the signal and idle modes (see 
Fig. 9) only one such pair is used. However the signal (c1) 
and idle (df) modes (of the same frequency bu t differing in 
the p ropaga t ion direction or in the polar iza t ion type) are 
prel iminari ly mixed by a 50% beamspl i t ter (see Fig. 11). 

As a result the fields at the input of the interferometer 
depicted in Fig . 8 are of the form, 

c' + d' 

V2 
-c' + d' 

V2 
(93) 

N o t e tha t , according to E q n (7), there exist the following 
relat ions: 

(c 2 ) = -(d2) = (c'd') 

= + 1 ) ] 1 / 2 e x p H t w - i p o ) • (94) 

M. N u m e r o u s pape r s are devoted to the descript ion of 
different versions of two-pho ton interference in the M -
language. In these paper s the p a t h s chosen by the p h o t o n s , 
the influence of their undis t inguishabi l i ty and dist inguish-
ability, the manifesta t ion of the duality, the influence of the 
initial state entangling, etc., are discussed in detail. 

A n example of the s ta tement in the M- language is given 
below. Let the field be in the state given by E q n (89). W h e n 
observing a p h o t o n , for example, in the ax mode , instanta­
neous reduction of the field state occurs: the second term in 
E q n (89) d isappears and in the first te rm only componen t 
| l ) ^ i is left, i.e. the bx m o d e is prepared in the one -pho ton 
state. Detec tor B is informed instant ly abou t this due to the 
quantum nonlocality. In general , the detection of a p h o t o n in 
any of the four modes is at the same t ime a p repa ra t ion of 
the one -pho ton state for the cor responding 'pai r ' mode . In 
reference to the experiment depicted in Fig. 9 it is possible 
to conclude tha t the p h o t o n s are created locally: either b o t h 
in crystal 1, or b o t h in crystal 2. 

Actual ly this type of language gives no informat ion in 
addi t ion to the compu ta t ion results: in fact, it is possible to 
speak abou t the p h o t o c o u n t coincidences observat ion for 
two equivalent detectors . (The reduct ion in this context is 
discussed in m o r e detail in Ref. [23].) F o r the detect ion of 
coincidences one needs to have some coupl ing channel 
between the detectors , as there is, of course, no long-range 
interact ion here. 

The t ransformed m o m e n t s at the interferometer input , if 
E q n (93) is taken into account , are of the form 

Gcc = GM = 1-(G'CC + G'M + AG'cd) =N'(3N'+ 1) , 

Gc = Gdc = X- (G'cc + G'M) = N12 , (95) 

where Nf is the intensity of each mode . F r o m here, one 
finds the pa rame te r s determining the visibility: 

G 0 = T ^ ( G ' e + G'dd + 2G'cd) = l-N'(4N'+ 1) , 

G + =^(G'C + G'dd - AG'cd) = -l-N'(N'+ 1) , 

G — — GrA — ~T7 Glr — ~ N ^ 
8 c d 16 0 0 8 

(96) 

N o t e tha t Eqns (93) and (96) result in a characterist ic for 
the squeezed light p roper ty , the factorizability of the 
momen t s : 

G+ = \{c+2d2) =\{c+2){d2) = -\\(c'd')\2 . (97) 

In the result, the visibilities of the two simultaneously 
observed interference pa t t e rns are given by 
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V+=^± = - — 
Go 2 Gcc + Gcd 

V = — = - ^'cc 

~~ G0~2G'CC + G'CT 

1 G'cc-2G'cd tf' + l 

cd 

AN' + 1 

N' 
~~ AN' + 1 ' (98) 

F o r weak p u m p i n g N' <̂  1 so the intensity interference 
with the phase a — /? d isappears (V_ =Nf); however the 
two-pho ton interference with the superclassical visibility 
| y + | = 1 conserves. F o r s t rong p u m p i n g V_ = —V+ = 1/4, 
so the coincidence ra te is p ropo r t i ona l to 1 + 0.5 sin a sin 

A n addi t ion to the pa ramet r i c downconver te r input of 
the Gauss ian noise of large intensity results in squeezed 
classical light (see Fig. 2). A n d according to E q n (8) one 
gets 

G 0 = ^ 0

2 [ l + 2 c o s h ( 4 F ) ] , 

16 
A f 0

2 [ l T c o s h ( 4 F ) ] , 

v+ = -
1 1 =F cosh(4F) 
2 1 + 2cosh (4F) 

(99) 

(100) 

Thus , for weak p u m p i n g ( F < ^ 1 ) , i.e. for the Gauss ian 
noise at the input of the interferometer depicted in Fig. 8, 
V+ = AF2/3 <̂  1, V_ = 1/3, and for s t rong p u m p i n g 
V_ = -V+ = 1/4 (similar to the case N0 = 0 and F > 1). 

Q s . Let us examine the same effect in the Schrodinger 
representa t ion for the initial state of the form, 

l«A> = | l ) c | l > W + < H v a c > . (101) 

N o t e tha t this is a factorized state: every Q-pho ton belongs 
to one mode . 

At the ou tpu t of the first beamspl i t ter (see Fig. 11) one 
has [compare with Eqn (75)] 

1 1 
l ^ o ) = ^ ( ^ + 2 - ^ + 2 ) | v a c ) = ^ ( | 2 , 0 ) - | 0 , 2 ) ) . (102) 

Fu r the r , each b e a m c, d is divided again in half at the 
input mi r ro r s of the interferometer (see Fig. 8). Inser t ing 
E q n (76) in Eqn (102) one finds the four -mode field state 
inside the interferometer [compare with Eqn (77)]: 

i 
2\/2 

(af- 2a\b\ + bf-af + 2a\b\ - ^ 2 ) | v a c ) 

2\/2 
(|2000) - 2 | 1 1 0 0 ) + |0200) 

- | 0 0 2 0 ) + 2 | 0 0 1 1 ) - |0002» . (103) 

H e r e \klmn) = \k)ai \l)b{ \m)ai \n)bi. 
In the Qc- language the two initial p h o t o n s m a y be 

dis tr ibuted over four modes . The factors 2 before states of 
the type 11100) are interpreted usual ly in the M- language as 
the consequence of indistinguishability of two p h o t o n s . 

Examine further the act ion of the ou tpu t mi r ro r s of the 
interferometer depicted in Fig. 8. Subst i tut ing Eqn (78) in 
E q n (103) one finds tha t the state at the interferometer 
ou tpu t consists of ten independent componen t s [compare 
with Eqn (79)]: 

l*2> Ax/2 
{ -2 i sin a ( | 2 0 0 0 ) + |0020)) 

- 2 i s i n £ ( | 0 2 0 0 ) + |0002)) 

- 4 c o s a | 1 0 1 0 ) + 4 c o s £ | 0 1 0 1 ) 

+ 4i sin [(a + j8)/2] (| 1100) + |0011)) 

+ 4 cos [(a + j8)/2] (| 1001 > + |0110» }. (104) 

H e r e \klmn) = \k)a\l)b\l)aQ \l)bo- The coefficient of vector 
11100) is the probabi l i ty ampl i tude of finding the p h o t o n s 
in the ou tpu t modes a and b: 

— is in [ (a + /J)/2] (105) 

Therefore the probabi l i ty itself is of the form ana logous to 
E q n (92): 

1 
4 

Pab=-[\-cos(a + P)] . (106) 

The ou tpu t state | ^ 2 ) a l s o be longs to the class of 
factorable states because it can be t ransformed again to 
the initial form [Eqn (101)] by the choice of some definite 
representa t ion: in fact \\j/0) and \\//2) are the same states in 
different representa t ions . The t ransi t ion between them is 
performed by the un i ta ry t rans format ion which is realized 
by the beamspl i t ters . 

In the course of discussions on the t w o - p h o t o n inter­
ference effect and, in par t icular , abou t the Bell inequalit ies 
violat ion, special significance is a t t r ibuted to the entangling 
(nonfactorabi l i ty) of the field state. Therefore one might 
conclude tha t the state \\//2) is unsui table for the d e m o n ­
strat ion of violat ions of these inequalit ies. However , this 
conclusion is e r roneous : the above obta ined 100% visibility 
of the two-pho ton interference V+ in the scheme under 
considerat ion witnesses the opposi te . 

If needed, it is possible to conserve the condi t ion of state 
entangling, if the cases with the appearance of two p h o t o n s 
in one m o d e [with the componen t s of the form |2000) in 
E q n (104)] are ignored. This can be done while processing 
the stored da ta . In the convent ional experiments the 
coincidence detectors do no t detect these events a u t o m a t ­
ically, i.e. according to the measur ing pos tu la te they project 
vector \\l/2) into the subspace formed by the vectors of the 
11100) type only. Project ing is a nonun i t a ry t rans format ion 
so the obta ined state is nonfac torable . Thus , one is 
compelled to conclude tha t , t hough the ou tpu t state \\//2) 
is actually an unentangled one, in the course of the 
poster ior i processing of the exper imental da ta it becomes 
entangled. 

Artificiality of the presented formulat ion shows tha t the 
entangl ing of the state discussed above is apparen t ly due to 
the use of the M- language . 

6.5 Classical models 
C*. Bo th types of intensity interference determined above 
can be trivially explained in classical te rms: they are the 
results of t r ans format ion by beamspl i t ters of the input field 
phase f luctuat ions into the ou tpu t field intensity fluctu­
at ions (see the end of Section 5). 

Let the fields ak, bk (£ = 1,2) in Fig . 7 have constant 
ampl i tudes (equal to uni ty) and drifting phases : 

ak(t) = exp [-vck(t)] , bk(t) = exp [-iyk(t)] . (107) 

Phases xk(t) and yk(t) p lay the role of hidden parameters. 

file:///klmn
file:///klmn
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The ou tpu t ampl i tudes are of the form [compare with 
E q n (62)] 

a(t) = — =̂ [exp(—be i — i a /2 ) + exp(—bc2 + i a /2 ) ] , 
v 2 

b{t) = [ e x p ( - i y i - ifi/2) + e x p ( - i j 2 + ip/2)] . (108) 

F r o m the above it follows tha t the expressions for the 
ou tpu t intensities can be presented in the form [compare 
with Eqn (65)], 

na = 1 + cos(x + a ) , nb = 1 + cos(v + P) , (109) 

where x = x\ — x2, y = y\ — y2. 
Let j c i 5 j c 2 and v l 5 y2 be the independent phases . Then 

((na)) — ((nb)) — 1j i-e- t n e convent ional interference is 
absent . W e can then form the intensity correlator [com­
pa re with E q n (66)] 

Gat = ((nanb}} = i + ^ E « C 0 S ( X + *±y±P))) • (no) 

Consequent ly the s ta t ionary interference with the phases 
a=b/? and the visibilities V± = 1/2 is possible for 
x(t) ±y(t) = const. These condi t ions m a y be called phase 
correlat ion and ant icorre la t ion. The first condi t ion, giving 
the convent ional intensity interference, is satisfied if, for 
example, x\ =yi, x2 = y2, i.e. for ax = b\ and a2 = b2 (see 
Fig. 8). The second condi t ion is satisfied \ix\ + y\ = x2 + y2, 
i.e. if the nondegenera ted pa ramet r i c genera tors are used (see 
Fig. 9), for which the phases (as well as the frequencies) of 
the signal and idle waves are drifting in the oppos i te 
directions. 

N o t e tha t the app roach to the beamspl i t ters and 
polar iza t ion pr i sms as phase detectors can, with the help 
of the phase difference opera tor , be extended in the 
q u a n t u m descript ion [8]. 

Thus , both interference types with the phases a =b ($ (in 
particular, the two-photon interference) have close classical 
analogs, whose visibility, however, cannot exceed 1/2. 

C. Let us t ry to describe the polar iza t ion version of t w o -
p h o t o n interference [1, 2, 5, 6] in te rms of p h o t o n packets 
with the a pr ior i determined polar iza t ion . N o w in the 
scheme depicted in Fig. 7, symbols <z1? a2 and £ 1 ? b2 are the 
polar iza t ion componen t s of the beams a and b, respec­
tively; the dashed lines are the analyzers with the 
or ienta t ion angles a and p. Accord ing to E q n (88) the 
observed coincidence probabi l i ty is p ropo r t i ona l to 
c o s 2 ( a — P). 

Assume tha t the C-pho tons in every pair possess the a 
pr ior i definite polar iza t ion a long some two directions a, and 
Pi9 and are changed at r a n d o m at every tr ial with number / 
(this is again an example of h idden parameters ) . Assuming 
the field ampl i tude to be equal to uni ty, one gets the input 
ampl i tudes in the iih trial: 

au = cos at, a2i = sin at , 

bli = cospi, b2i = smpt. ( I l l ) 

At the ou tpu t , according to Eqn (85) one has 

a = cos(a — a , ) , b = cos(/? — Pt) . 

F r o m here one finds the intensities according to the M a l u s 
law: 

nai = c o s 2 ( a - a,-), nbi = c o s 2 ( £ - pt) . 

The averaging over the h idden pa rame te r s results in the 
following intensity corre la tors : 

Gah = « w » = « c o s 2 ( « - a,-) cos 2 05 - ft)}} . (112) 

F o r the h o m o g e n e o u s dis t r ibut ion of the polar iza t ion 
directions, one gets 

°ab = \ [1 + « c o s ( 2 a - 2a,) cos(2/J - 2ft)}}] 

= i { 1 + ^ < c o s [ 2 ( a - ^ + ^ - ^ ] ) ) 

+ ^ « c o s [ 2 ( a - « , - / ? + ft)]}}J . (113) 

To m a k e this expression dependent on the difference a — P 
only the direct ions at and Pt should be completely 
correlated. 

Let a, = Pb i.e. the p h o t o n s in pai rs are of the same 
polar iza t ion. Then the second term in E q n (113) vanishes in 
the course of averaging and the thi rd term is independent of 
the trial number : 

G a , = l c o s 2 ( a - f t ) = l | L + i c o s [ 2 ( a - f t ) ] J . (114) 

W e again get the limiting classical visibility 5 0 % : for the 
crossed po la ro ids the coincidence probabi l i ty does no t 
vanish, bu t decreases by half in compar i son with the 
m a x i m u m one. 

Thus , it is impossible to explain in the C-language, as well 
as in the C*-language, the 100% visibility of the two-photon 
interference and, in particular, the absence of coincidences at 
crossed analyzers in the Clauser type experiments [1, 2, 5]. 

So, the 100% visibility of the intensity interference is an 
essentially q u a n t u m effect. It can be predicted in the 
f ramework of the C-language with the help of the mode l 
with the advanced waves [38, 52] and the M a l u s law (see 
Fig. 10). The unpolar ized advanced wave (packet) , ' emit ted ' 
in the backward direction in the t ime and space by one of 
the detectors — for example, by detector A — a t the m o m e n t 
of p h o t o n detection becomes polar ized in direction a, 
'reflects' from the source, and its /^-component is detected 
by detector B. 

It should be emphasised tha t the advanced waves play 
here a pu re 'mnemon ic ' role, reflecting the Q-calculat ion 
s tructure, so they do not be long to the M- language . Besides 
the two-pho ton interference they are useful for a qual i tat ive 
descript ion and predict ion of other effects of two-photon 
optics [54]: two-photon diffraction [54], photon mutual focus­
ing [23, 55], and biphoton frequency filtration [37, 38]. 

7. Conclusion 
1. The main criteria in the compar i son of the advantages of 
the al ternat ive languages is the possibili ty of predict ing new 
effects; the ability to generalize, classify, and systematize 
the p h e n o m e n a ; and universali ty, compactness , simplicity, 
and visibility. (The last item is of a historic, relative 
character : for N e w t o n ' s con temporar ies his language was 
p robab ly less visual than tha t of Aris tot le and Descar tes) . 
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The descript ion of several optical experiments in differ­
ent languages presented above has demons t ra ted an 
obvious advan tage in favour of the Q H - l a n g u a g e (the 
q u a n t u m theory in the Heisenberg representa t ion) for 
these criteria. The Q H - l a n g u a g e gives an universal quan t i ­
tat ive descript ion of every possible mul t imode 
interferometer t h rough their classical scattering matr ices . 
A n d different interference effects are explained just as in the 
classical theory: these occur because of the superposi t ion of 
two or m o r e oscillations. The C*-language (classical 
s tochast ic electro-dynamics) , similar in spirit to the Q H -
language, gives useful classical analogies of the observed 
effects. 

However , the possibili ty of descript ion of an individual 
event, namely, of the appearance of an individual pulse at 
the detector ou tpu t , which in the M- language is 'explained ' 
by the arrival of a M - p h o t o n , is ignored here. The a t tempt 
to describe casually the individual events in s p a c e - t i m e and 
the in terpre ta t ion of different opt ical effects as the result of 
the myster ious p ropaga t ion of M - p h o t o n s via different 
p a t h s is, p robab ly , one justification for the existence of 
the M- language . The latter is to a certain extent based in the 
Qs- language ( q u a n t u m theory in the Schrodinger represen­
ta t ion) , which is less convenient for the quant i ta t ive 
calculat ions of the real optical p rob lems . 

The general ba lance of two pai rs of similar languages 
( Q H , C*) and (Qs, M ) moves in favor of the first pair . It 
appear s as if the impor tance and perceptiveness of the M -
language in current publ ica t ions is overest imated and the 
usefulness of the C*-language is underes t imated . 

The 'every day ' C-language of the p h o t o n packe ts is 
indispensable for the visual descript ion of the overwhelming 
major i ty of opt ical p h e n o m e n a . The no t ion of the t w o -
p h o t o n packet , which is formed with the help of advanced 
waves, is useful for the description and predict ion of 
different effects of two-pho ton optics (biphotonics). 

2. W h a t was new in the opt ical demons t ra t ion experi­
men t s of the last decades? In the f ramework of the Q H -
language their results reduce to the measurements of 
correlat ion functions or of the fourth order field m o m e n t s 
such as Gaa = (a+2a2) and Gab = (a+b+ba) (see Section 3.2). 
In other words , any possible optical schemes ( together with 
the detectors) serve as classical devices for the measurement 
of the m o m e n t s or the correlat ion functions of the initial 
light. A n d the detected inequalit ies of the Gaa < (a+a)2 type 
(pho ton an t ibunch ing effect) and Gaa < Gab type ( two-
p h o t o n correlat ion) reveal the inadequacy of the classical 
C*-language (see Section 3.1). 

If one has confidence in the m o d e r n pho tode tec t ion 
models and the Maxwel l equat ions , describing p ropaga t ion 
of light t h rough a linear opt ical system, then possible 
manifes ta t ions of the nonclassicali ty in the experiments 
under discussion, i.e. violat ions of inequalit ies of the 
C a u c h y - S c h w a r t z or Bell types, are explained not by 
the peculiarit ies of the optical scheme bu t by the statistical 
proper t ies of the used light source, which are transferred by 
the classical Green functions to the optical t ract ou tpu t . In 
the Qn- language , all linear opt ical schemes are described by 
the classical p r o p a g a t o r s and, therefore, the q u a n t u m 
specificity, if it is present , is connected only with the light 
source used at the system input . 

Fu r the r , the visibility magni tudes of the t w o - p h o t o n 
interference exceeding l/y/2 lead to violat ion of the Bell 

inequalit ies and thereby deny the possibili ty of describing 
the cor responding experiments in the C B - l a n g u a g e ( lan­
guage of the d ichotomic Bell 's observables) . These 
inequalit ies can be proved by means of the no t ion joint 
probability for some variables (corresponding to the n o n -
commut ing opera to r s in the Q-theory) . Their violat ion in 
the experiment should be na tura l ly considered as evidence 
of nonappl icabi l i ty of the no t ion of jo int probabi l i ty . 

The Bell inequalit ies m a y also be proved with the help of 
the locality condi t ion (i.e. in the absence of interact ion of 
the remote detectors by means of u n k n o w n forces) and 
therefore their violat ions are usually interpreted (rather 
inconsistently, from my poin t of view; see Section 2.2) as a 
manifes ta t ion of the quantum nonlocality. N o t e tha t in the 
experiments discussed, a localized two-pho ton light source 
is used and the field p ropaga t i on th rough the in terferom­
eters to the remote detectors is described by the classical 
Green functions. Therefore it is unclear h o w the q u a n t u m 
nonlocal i ty arises. 

The possibili ty of dupl icat ing all t w o - p h o t o n experi­
men t s with the help of classical squeezed light and ana log 
detectors is essential. H e r e the ana logous interference 
dependences should be observed, bu t with one differ­
ence, the visibility should be lower (see Section 6.5). This 
kind of experiments which is easily realised, can be 
completely described in the C-language. 

3. At the same t ime these exper iments yielded good da ta 
for the commen ta ry in the M- language , which, however , do 
no t br ing closer the solution to the M - p h o t o n mystery, i.e. 
the physical essence which gives rise to the appearance of an 
individual pulse at the pho tonde tec to r ou tpu t . Similar 
discussions do not involve any new experimental ly verifi­
able or refutable conclusions and, if one follows the Popper 
definition, cannot be considered as scientific ones. 

Apparen t ly , in m o d e r n q u a n t u m optics there are no 
exper imental results tha t contradic t the s t andard Q-models . 
At the same t ime I do no t k n o w any experimental ly 
observable results, which follow from the concepts and 
no t ions of the M- language , such as the a pr ior i p r o p e r ­
t i e s — duality, distinguishability and undistinguishability, 
circular polarization, tendency to bunching or antibunch­
ing, etc a t t r ibuted to the M - p h o t o n s . It is no t excluded tha t 
B o h r ' s words abou t ' the cont radic t ion to science's spirit of 
myst ic ism' m a y be related to some M- te rms and not ions . 

Tak ing the risk of being accused of p ragmat i sm, 
opera t ional ism and other 'heresies ' , I would like to no te 
the difference between the consistent with the experiment 
scientific theory and its possible in terpre ta t ions . The choice 
of the latter is, according to the definition, a mat te r of taste, 
and the impor tance of in terpre ta t ion should no t be over­
est imated as it t akes place in current q u a n t u m optics. It 
seems tha t some 'mode ra t e ' opera t ional ism is, however , 
necessary for dist inguishing between physics and me ta ­
physics. Similar considera t ions are also t rue in classical 
physics; however , in q u a n t u m physics the gap between 
mathemat i c s and visual th inking is m o r e evidently revealed. 

I do not , of course, call into quest ion the existence of the 
optical field as an objective reality (even when ' nobody sees' 
it), bu t I only suggest tha t exact bo rde r s be d rawn between 
three mul t i tudes : the firmly established objective laws, the 
comput ing a lgor i thms with the precisely determined useful 
t e rms (Q-language); and the speculative fruitless no t ions 
and te rms isolated from the experiment (M-language) ; and 
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the 'naive rea l ism' (C-language) . One should certainly no t 
reject the ' p h o t o n ' no t ion . However , it is wor th formulat ing 
its m o d e r n s tatus precisely. 

I hope tha t the classification p roposed above of the Q, 
M , and C-languages used in q u a n t u m optics, with distinct 
bo rde r s between them will help in a logical comprehens ion 
of the results of the demons t ra t ion opt ical experiments , 
b o t h the k n o w n and the p lanned ones. 

4. Nevertheless , let us t ry to find some excuse for the 
widely used M- language . It is impossible, certainly, to reject 
in general the impor tance of some indistinct intuit ive 
no t ions which const i tute the basis of h u m a n th inking 
and frequently are of evristic value. As the his tory of 
physics shows, they can be in future formally founded in 
the f ramework of some quali tat ive theory, the origin of 
which is sometimes p r o m o t e d by these no t ions . It is no t 
ruled out tha t one of the in terpre ta t ions using the M -
p h o t o n no t ion is able to p r o m o t e its r ank up to the one of a 
scientific theory (however, the lack of progress in the 
founding of cor responding no t ions dur ing the last 60 years 
is surprising). One m a y hope tha t the M- language does, 
nevertheless, form some base for the development and 
acceptance in the future of a new thesaurus tha t will 
br idge the existing gap between the q u a n t u m formalism 
and the t rad i t iona l form of the physical realism. 

Let me also recollect the wel l -known s tandpoin t on the 
art as a 'superscience' , intuitive, heurist ic, 'brain r i gh tha l f 
me thod of reality cognit ion. A n ana logous role is played by 
the q u a n t u m metaphysica l M- language . It helps ( together 
with the semiclassical C-language) to classify the k n o w n 
effects and predict on a qual i tat ive level the results of new 
exper imental s i tuat ions. In general, the refusal, at some 
stage, of the axiomat ic app roach p r o m o t e s the movemen t 
ahead. (Note in this connect ion the Hede l theorems.) 

W h e n we solve specific p rob lems of q u a n t u m optics, the 
use of the M - or C-languages is, apparent ly , op t imal at the 
first and final stages: before and after the m o r e strict, mode l 
calculat ions in the Q-language. 

5. Summing u p , we arrive at the pessimistic vision of the 
m o d e r n state of ' the great q u a n t u m p r o b l e m ' of 20th cen­
tury physics, the p rob lem of present ing a realistic 
in terpre ta t ion of the state vector. Despi te the efforts of 
several genera t ions of physicists, h u n d r e d s of articles, 
dozens of conferences and m o n o g r a p h s , the invention of 
lots of terms, there is evidently no reasonable , commonly 
accepted al ternat ive to the Copenhagen Qc- language . 

Q u a n t u m optics is dist inguished by the fact tha t when 
observing light by a naked eye we perceive a q u a n t u m 
object, the light field, directly, so the interface between the 
classical and q u a n t u m wor lds can be pu t somewhere in the 
eye ret ina. (In this context the exper iments on the detection 
by a naked eye of the nonclassical light, for example, of the 
two-pho ton one, and the absolute measurements of the 
ret ina q u a n t u m efficiency with the help of such light seem to 
be of interest.) 

Let us imagine tha t weak light from a star is observed by 
the naked eye. Let the average flow of p h o t o n s R be much 
less than , for example, 1 p h o t o n per second. If the q u a n t u m 
efficiency of the eye is 0.1, then the mind registers, on 
average, each tenth p h o t o n . A n d we are sure tha t every 
sensing of a flash in the eye is caused by some preceding 
reason, i.e. by the arr ival and absorp t ion of the M - p h o t o n . 

However , according to the only quali tat ive light theory 
based on q u a n t u m electrodynamics, there are a pr ior i no 
M - p h o t o n s ; there is a field state only, a pu re or a mixed 
one. The Q-theory predicts only the average ra te of flashes 
R (which is determined by the project ion of the state vector 
at the Fock vectors 11)^) and the other statistic pa rame te r s 
of our sensing. So, wha t do we see at the flash momen t : the 
M - p h o t o n or the state! 

The latter suggestion is cont rad ic tory to all our instincts; 
however , the first one has no quant i ta t ive theoret ical base. 
All existing ma themat ica l models of the q u a n t u m measu r ­
ing process contain two nonover l app ing mul t i tudes of 
objects: the c-numbers and the ^ -numbers . It means tha t 
' the iron cur ta in ' between the classical and q u a n t u m wor lds 
remains impenet rable and q u a n t u m optics is helpless here, 
as well as in other direct ions of q u a n t u m physics. The M -
p h o t o n remains , as 60 years ago, a ' thing in i tself and we, 
as before, play the role of P la to ' s cave inhabi tan ts , 
observing only the shadows of the q u a n t u m world projec­
t ions. 
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