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Abstract. A review of m o d e r n concepts of p h o t o n noise 
(PN) , which is observed even in the case of an ideal laser, is 
presented. M e t h o d s of t rans format ion , squeezing, and 
nondemol i t ion observat ion of P N , are described. The 
optical nondemol i t ion m e t h o d s seem to be very impor t an t 
for the in terpre ta t ion of P N . The experiments with PN 
suppression by negative electron feedback are analysed in 
detail within two al ternat ive approaches , which could be 
called the a pr ior i and a poster ior i concepts . Accord ing to 
the first approach , PN exists in the laser beam from the 
beginning, while according to the second it appears only in 
the detectors . The theory based on the a pr ior i concept 
predicts the squeezing of the in-loop field — in contras t to 
the a pos ter ior i one. Several possible crucial experiments 
using the nondemol i t ion m e t h o d s are discussed. 

1 . Introduction 
A n ideal laser must emit a 'pure s inusoid ' E0 s i n ( a v ) with 
constant ampl i tude and frequency. However , when the 
laser light is detected, one observes the pho tocu r ren t i(t) to 
fluctuate: in addi t ion to the cons tant componen t 7 0 , it 
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conta ins some noise with a spectral density p ropo r t i ona l to 
7 0 and a wide frequency b a n d A Q limited only by the 
inertia of detector and electronics. This noise is named 
photon noise, or quantum, vacuum, shot noise. 

The his tory of P N studies goes back to the wel l -known 
works of Einstein, in which he revived N e w t o n ' s co rpus ­
cular theory of light at a new level. However , despite the 
long per iod of t ime tha t has elapsed since the discovery of 
P N , up to n o w its in terpre ta t ion has met certain difficulties. 
These difficulties are part ial ly connected with the general 
p rob lem of describing the measurement process in q u a n t u m 
mechanics (see, for example, Ref. [1]). Recently, the p rob lem 
of the P N in terpre ta t ion has acquired a qui te unexpected 
sharpness and even a certain pract ical significance in 
connect ion with the experiments of Y a m a m o t o et al. (see 
below). In this connect ion, it appear s wor th discussing the 
state of the p rob lem in the light of experience gained in 
q u a n t u m optics in recent years. 

Ge t t ing rid of the P N , which limits the informat ional 
capaci ty of optical connect ion systems and the accuracy of 
optical measurements , remains an unsolved p rob lem in 
con t empora ry q u a n t u m optics. He re large hopes are being 
placed on the squeezed light [ 2 - 8 ] , in which PN decreases at 
some frequencies (Fig. 1). 

Technically, the simplest and clearest me thod for 
decreasing (squeezing) the observed PN is the use of a 
negative electronic feedback (FB) stabilising the light 
intensity and pho tocu r ren t [ 9 - 2 1 ] . Then the a l ternat ing 
componen t of the de tec tor ' s current after amplification 
modu la te s the intensity of the incident laser light in the 
opposi te phase (Fig. 2). Such a scheme successively ' sup­
presses ' the real modu la t i on (determined or noise- induced) 
of the incident light, as well as the de tec tor ' s shot noise and 
intrinsic noise of the amplifier. 

The first experiments of this type were carried out by 
Y a m a m o t o et al. in 1986 [9] and by F o f a n o v in 1988 [10, 11]. 
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Figure 1. Photocurrent noise intensity (per unit frequency band), F, as 
a function of frequency, Q, in the case of (a) ideal laser coherent light 
(Poissonian noise), (b) additional noise modulation of the laser 
producing super-Poissonian ('excess') noise, and (c) amplitude-
squeezed laser light {sub-Poissonian noise). The maximum frequency 
modulation is assumed to be less than the limiting frequency of the 
electronics. 

Z 

Figure 2. The scheme of the detector's PN squeezing by a negative 
feedback (FB). 1—modulator, 2 — b e a m splitter, 3 and 3'— detectors, 
4 — amplifier, 5 — spectrum analyser. The noise of the external 
detector 3 increases when the FB is switched-on. 

The m a x i m u m suppression of the pho tocu r ren t shot noise 
by this means has recently been observed by M a s a l o v et al. 
[12] (by 18 t imes in spectral density at frequencies near 
Q/2K W 20 M H z ) . One uses two ways for control l ing the 
light intensity — th rough the excitation current of the laser 
[ 9 - 1 1 , 13] and with the help of an electro-optical m o d u l a t o r 
[12]. 

However , a pr incipal quest ion arises as to whether the 
q u a n t u m fluctuat ions of the light incident on the laser will 
be suppressed here as well. There exist two opposi te 
opinions on this subject. Accord ing to the 'opt imist ic ' 
po in t of view, the noise of b o t h the current and the light 
are being squeezed [6, 9, 12, 1 5 - 1 7 ] , whereas according to 
the 'pessimistic ' one, only the current noise is being 
squeezed [ 1 9 - 2 1 ] . Pessimists believe tha t the light remains 
unsqueezed (classical) and even gains some extra fluctu­
at ions due to the modu la t ion . These f luctuat ions are 
ant icorrela ted with the de tec tor ' s shot noise, which causes 
the observed suppression of the latter. (In some works , only 
current noise is considered and this d i lemma is no t 
discussed at all.) 

One can pu t forward two apparen t ly convincing 
a rguments in favour of the pessimistic poin t of view, on 
the basis of the wel l -known proper t ies of optical m o d u l a ­
tors and beam splitters. N o t e in advance tha t they b o t h 
failed in the f ramework of the theory presented in this 
paper , which mainly uses the app roach of Shapiro et al. 
[15]. 

The first a rgument is based u p o n the fact tha t a classical 
source of the field (a linear light modu la to r in the F B loop 

would provide an example) always adds only a coherent , 
classical componen t to the initial field. Hence by in t roduc ­
ing the F B , the original classical light mus t remain classical, 
unsqueezed. 

Fu r the r , it was discovered experimental ly tha t the 
'external ' light b e a m extracted from the F B loop by a 
beam splitter no t only reveals no squeezing, bu t even has 
excessive f luctuat ions. This fact would appear also to p rove 
the correctness of the pessimists, as the beam splitter is 
t hough t always to keep the type of the light statistics — its 
squeezing or u n s q u e e z i n g — u n c h a n g e d , so tha t the ' in-
l o o p ' light incident on the beam splitter should also be 
super-Poissonian, unsqueezed. 

It is essential tha t even if the ' in - loop ' light is actually 
squeezed, the p rob lem of its extract ion for further appl ica­
t ions remains . F o r this one should use, instead of 
convent ional beam splitters, ra ther complicated m e t h o d s 
of optical ' nondemol i t ion ' measurements of intensity ( Q N D 
methods ) [1, 2 2 - 2 9 ] . The pract ical real isat ion of such 
m e t h o d s of measurements [ 2 7 - 2 9 ] , as well as observat ion 
of the squeezing of P N in laser light (see Refs [2 -8 ] ) , has 
great mean ing in the his tory of PN studies. Opt ical Q N D 
m e t h o d s m a k e it possible to solve experimental ly the 
quest ion abou t the in-loop field squeezing in the presence 
of F B , so it ceases to be an academic p rob lem. 

Not i ce here tha t the schemes with F B can find ano ther 
appl icat ion as well. Thus , on the basis of these schemes, a 
new me thod for the 'e lectronic ' amplification and gen­
erat ion of light wi thout the use of popu la t ion inversion [30] 
has recently been suggested and studied experimentally. In 
this me thod , the amplification of the original laser light 
modu la t i on in the ou tpu t b e a m is essentially due to the F B . 

The theory of optical systems with F B has been 
developed in Refs [6, 9, 1 2 - 2 1 ] . The models used can be 
divided in two main g roups which we refer to as a priori and 
a posteriori. The first g roup predicts the squeezing of the in-
loop field under some condi t ions; the second one denies this 
possibili ty or ignores it. 

In a priori models [6, 9, 12, 13, 15 - 17], the PN is present 
in the light field from the beginning; it formally arises 
because of the use of nonnormal ly -o rdered q u a n t u m field 
correlat ion functions (or because of in t roducing Poissonian 
sources of noise into the classical kinetic field equa t ions 
[17]). 

In a posteriori models [ 1 9 - 2 1 ] , the P N arises only in the 
pho tode tec to r (according to Refs [19, 21], as a result of the 
quantum measurement process) , so tha t owing to the F B the 
field can acquire only excessive classical f luctuat ions. 

In the present work we shall t ry to show tha t in order to 
describe experiments with F B and with a nondemol i t ion 
measur ing ins t rument , the a priori concept mus t be used. 
W e stress tha t the p roposed classification makes sense for 
describing only the specified group of experiments . But for 
the major i ty of opt ical effects, bo th approaches yield the 
same predict ions . 

Some paper s have used a semiclassical descript ion in 
which the field is no t quant ised and only its intensity is 
considered [14, 15, 17]. The photoe lec t ron statistics have 
been computed in Refs [14, 15, 21] by the theory of 
s tochast ic 'po in t ' processes with delayed self-action. This 
app roach is based essentially on the a posteriori concept of 
P N and cannot in principle predict the in-loop field 
squeezing due to F B and describe the case when the 
original light has some pre l iminary squeezing. 
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In Ref. [19], based on q u a n t u m measurement theory and 
a mode l of a laser with power control led by the amplified 
pho tocur ren t , the conclusion is d rawn tha t the field emitted 
by the laser with F B is classical. 

In Ref. [20], classical character of the in-loop field is 
justified on the basis of very general a rguments abou t the 
cor respondence between classical and q u a n t u m electro­
dynamics when describing the interact ion between 
macroscopic objects. 

Ref. [21] stresses the connect ion of the p rob lem of 
pho tode tec t ion with F B with the theory of con t inuous 
q u a n t u m measurements . The paper disputes the appl icabi l­
ity in this case of the convent ional theory of pho tode tec t ion 
[31], which expresses the observed pho tocu r ren t statistics 
t h rough correlat ion functions of the incident light, since 
" . . .G laube r ' s app roach is valid only for the fields whose 
sources are not correlated with the detector ' s a tomic 
s t a tes" . N o t e , however , tha t the characterist ic a tomic 
timescales for pho to ion i sa t ion processes are certainly 
m a n y orders of magn i tude less t han the real t ime delay 
in the F B loop, so tha t the correla t ions of the incident light 
with the de tec tor ' s a tomic states are hard ly of impor tance in 
the case considered. In fact, it is just G laube r ' s correla t ions 
tha t have been used in Ref. [21] to determine the initial 
absolute probabi l i t ies for the poin t process, from which 
condi t ional probabi l i t ies were derived af terwards. 

A concrete calculat ion in Ref. [21] is m a d e under the 
assumpt ion tha t the in-loop field is in a coherent state. Such 
an app roach excludes immediately the possibili ty of 
considering squeezed states for the initial (before the 
m o d u l a t o r ) or in-loop (between the modu la to r and the 
detector) field and makes the subsequent theory essentially 
classical. 

However , some models [6, 9, 12, 1 5 - 1 7 ] , which are 
based u p o n the a priori concept for P N , lead to the squeezed 
in-loop field. The degree of suppression of the in-loop field 
P N predicted in Ref. [21] and Ref. [17] is the same. 

In Ref. [12], the degree of the in-loop field squeezing is 
calculated and its unusua l proper t ies are emphasised (see 
Section 3.5). 

In Ref. [15], Heisenberg opera to r s of the in-loop field 
depend on the previous pho tocu r ren t values, which leads to 
a self-consistent change of these opera to r s and accordingly 
of their c o m m u t a t o r s . This paper also uses the semiclassical 
mode l as well; it is found tha t in the case of coherent initial 
light, the two models yield the same predic t ions for the 
current f luctuations observed with the use of two conven­
t ional detectors — an in-loop detector and an external 
detector . 

In Ref. [17], the laser and the F B loop are described by 
kinetic equa t ions with Langevin forces. H e r e an a priori 
' corpuscular ' concept is actually used: the light is r epre ­
sented by a p h o t o n flux with originally Poissonian 
f luctuat ions which are suppressed by the F B under some 
condi t ions . The in-loop light passing th rough the beam 
splitter m a y consist of a sub-Poissonian p h o t o n flux, and 
the fraction of the beam reflected by the beam splitter is 
always super-Poissonian. The reason for such s t range 
behaviour of the beam splitter is no t discussed. 

Let us enumera te some unexpected, pa radox ica l features 
of the q u a n t u m a priori theory of the optical systems with 
F B . Unfor tuna te ly , they have almost never been discussed 
in the l i terature, which s t imulated to a large extent the 
wri t ing of the present review. 

1. The relative value of the de tec tor ' s current fluctu­
at ions Ft at some frequencies can be m a d e arbi t rar i ly small, 
whereas according to the convent ional theory of the 
squeezed light pho tode tec t ion , Ft reaches a m i n i m u m value 
1 — rj, where rj is the detector ' s q u a n t u m efficiency. This 
limit was significantly surpassed in the experiments [12]. 

2. Fu r the r , Ft t u rns out to be less t han the calculated 
relative PN of the incident light FN [12] — again con t ra ry to 
the generally accepted concept . Moreover , when the in-loop 
light passes t h rough the beam splitter or an absorber , its 
relative noise decrease and the light can even tu rn from 
classical to nonclassical (this effect m a y be called 'dis-
sipative squeezing') . 

3. The amplified, clearly classical signal w(t) control l ing 
the m o d u l a t o r is t aken to be p ropo r t i ona l to the Heisenberg 
field opera to r [15]. It t hus ' realises ' the q u a n t u m stochast ic 
process tha t appear s due to q u a n t u m fluctuat ions of the 
field. 

4. Opera to r s of the in-loop field p ropaga t i ng from the 
m o d u l a t o r to the detector do no t satisfy the s t andard 
commuta t i on relat ions: [a,a+] is no t n o w 1. As a result, 
there is a b reak down of the uncer ta in ty relat ion for the 
var iance of two field quad ra tu re s q, p describing respec­
tively the ampl i tude and phase noise modu la t ion : one of 
them is squeezed wi thout the cor responding stretching of 
the other [15] [a = (q-\-ip)/V2 is the p h o t o n annihi la t ion 
opera tor ] . Light with such unusua l proper t ies m a y be called 
' supersqueezed ' ; ano ther n a m e — anticorrelated light—was 
suggested in Ref. [12]. 

The above po in t s mean tha t the optical experiments 
with F B and their analysis appears to be of a certain 
methodica l interest no t only for q u a n t u m optics, bu t also in 
a b roade r sense, for example, for deeper unde r s t and ing of 
the essence of q u a n t u m fluctuat ions in general, for the 
q u a n t u m theory of measurements , etc. 

The pu rpose of the present work is to provide a general 
concept of P N and of the m e t h o d s for its calculat ion, 
t rans format ion , and squeezing. W e use a conceptual ly 
simple and na tu ra l descript ion tha t permi ts paral lel con­
siderat ion of b o t h essentially q u a n t u m and pu re classical 
features of the p h e n o m e n a under discussion. 

Different types of squeezed light and m e t h o d s for its 
p repa ra t ion are described in detail in the review l i terature 
[ 2 - 8 ] , so tha t the present review focuses on the description 
of only one type — amplitude-squeezed laser light (under the 
condi t ions considered it coincides with quadrature-squeezed 
light) and on its p repa ra t ion by a pa ramet r i c d o w n -
conversion (Section 2). 

A lot of a t ten t ion will be given to PN suppression in the 
scheme with F B (Section 3). This is connected with the fact 
tha t here a pure ly methodica l quest ion abou t the essence of 
P N relates directly to an impor t an t pract ical p r o b l e m — the 
s t rong possibili ty of light squeezing by F B . As we have 
al ready poin ted out , there are two opposi te opin ions on this 
subject in the l i terature. In the present work an a t t empt is 
m a d e to justify the possibili ty of the in-loop field squeezing 
on the g rounds of the existence of nondemol i t ion m e t h o d s for 
P N registrat ion. F o r compar i son , an al ternat ive 'aposteriori' 
q u a n t u m mode l which does no t p roduce the field squeezing 
is also considered. The u l t imate choice between the different 
approaches can obviously be m a d e only after the cor re ­
sponding crucial exper iments have been performed. 

M u c h a t tent ion will have to be paid to the semiclassical 
calculat ions and their compar i son with m o r e consecutive 
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q u a n t u m computa t ions . As the semiclassical app roach is 
clearly inadequa te to describe the observed effects in 
m o d e r n q u a n t u m optics, we shall not dwell on it here. 
Ins tead, a 'classical ana logue ' will be considered — a fully 
classical visual mode l tha t follows from the q u a n t u m mode l 
at the limiting values of some pa ramete r s . 

The presenta t ion begins with an elementary discussion 
of the existing in terpre ta t ions of P N , its general proper t ies , 
and new m e t h o d s for its exper imental detect ion. Several 
'crucial ' experiments demons t ra t ing the necessity of the a 
priori descript ion of PN in some cases are also suggested 
(Section 2.1). In Section 2.2 the pho tode tec t ion theory is 
briefly presented with the accent on the methodica l 
momen t s . In Section 2.3 the no t ions of weakly modu la t ed 
coherent light and q u a d r a t u r e signals q and p describing, 
respectively, the ampl i tude ( A M ) and phase (PM) m o d u l a ­
t ion of the coherent light are in t roduced. Section 2.4 
provides descript ion for the t rans format ion of the PN 
and modu la t ed coherent fields by beam splitters and 
h o m o d y n e detectors . Section 2.5 is devoted to pa ramet r i c 
down-convers ions and an impor t an t concept in m o d e r n 
q u a n t u m op t i c s—quadra tu re - squeezed light and its close 
classical analogue , classical squeezed light. He re a simple 
example il lustrates the idea of q u a n t u m nondemol i t ion 
measurements . 

In Section 3.1, the dynamics of the optical system with 
F B as in Fig. 2 (in spectral representa t ion) is computed in 
the linear approx imat ion . As in other linear p rob lems of 
q u a n t u m optics, it is essentially the same in the q u a n t u m 
and the classical descript ion. In Section 3.2 the classical 
Green function for the system and the associated com­
muta t i on re la t ions which appear dur ing the t ransi t ion to 
q u a n t u m theory are considered. F luc tua t ions at different 
po in t s of the system are calculated in Section 3.3. The 
possibili ty of watch ing the in-loop field by nondemol i t ion 
m e t h o d s is justified in Section 3.4. In Section 3.5 the 
formalism used and the pa radoxes listed above are 
discussed. A n al ternat ive theory considered in Section 
3.6 comes from the a posteriori concept of the P N and 
hence does no t give squeezing of the in-loop field. Finally, 
in Section 3.7 a simple corpuscular mode l of the system with 
F B tha t permi ts one to unde r s t and some of its features is 
analysed. The uncer ta in ty relat ions and C a u c h y - S c h w a r t z 
inequalit ies for the field spectral densities are derived in the 
Appendix . 

2 . General description of PN 
2.1 Properties and different interpretations of P N 
Several in terpre ta t ions are k n o w n for the observed shot 
noise of a pho tode tec to r i l luminated by an ideal laser beam. 

1. In the f ramework of the semiclassical theory, the 
electromagnet ic field is considered as classical and the 
mat te r is assumed to obey q u a n t u m laws. The p h o t o -
electrons are then believed to emerge r a n d o m l y in the 
detector with a probabi l i ty p ropo r t i ona l to the field 
intensity. A n ideal laser field has a cons tant intensity 
p r o p o r t i o n a l to E Q , SO tha t all m o m e n t s of t ime are 
equivalent (after averaging over the optical per iod 
ITZ/CQQ ~ 1 0 ~ 1 4 s has been performed) . As a result, the 
ins tants of the photoe lec t ron appearances makes up a 
Poisson random process, which leads to the observed 
pho tocu r ren t f luctuat ions. Of the same character are the 
f luctuat ions of the current tha t passes t h rough a vacuum 

diode in the sa tura t ion regime and which are described by 
the Schot tky formula. (We remind the reader tha t the 
convent ional sources of current , for example the inductive 
electromotive force, p roduce no Poisson fluctuations.) 
Therefore the semiclassical mode l can be called a poster­
iori, as here the P N appears only as a result of the detection 
process . 

The PN is often associated with the fact of the electric 
charge discreteness. Not ice tha t a strictly per iodic regular 
sequence of pulses conta ins no noise, its spectrum consists 
of the ha rmonics of the pulse t iming frequency N0. 
Therefore, in order to explain the P N , in addi t ion to the 
charge discreteness one should also assume a r a n d o m 
character of free electrons b i r th m o m e n t s under the act ion 
of light of cons tant intensity. 

It is impor t an t tha t the light can, in principle, be 
detected by a pu re ana logue device, for example a mic ro -
calorimeter . Then according to the pos tu la tes of q u a n t u m 
theory (see below), the ca lor imeter ' s energy mus t increase 
only by a discrete mult iple of Hco0, with the m o m e n t of the 
subsequent energy transfer being r a n d o m every t ime. The 
ana logue pho tode tec to r s mus t thus also reveal the P N , 
which contradic ts the assumpt ion abou t its associat ion with 
the charge discreteness. 

2. Accord ing to ano ther widespread concept, lasers as 
well as all other light emit ters rad ia te a r a n d o m sequence of 
energy packe ts — p h o t o n s — and an ideal detector simply 
converts them into the observed pulses of current with the 
original chaot ic character of the p h o t o n t ime dis t r ibut ion. 
In this visual 'a priori' picture, the P N is originally present 
in the rad ia t ion field due to its corpuscular s t ructure, so tha t 
discrete and ana logue detectors get equal r ights . Here , 
however , wel l -known difficulties emerge connected with 
the explanat ion of wave p h e n o m e n a depending on the 
phase of the field — interference and, diffraction. 

3. In the f ramework of q u a n t u m theory, the electro­
magnet ic field is a q u a n t u m object, whereas the 
pho tode tec to r together with electronic amplifiers is con­
sidered as a classical device. The most ly widespread — 
Copenhagen — interpre ta t ion usual ly assumes tha t P N is the 
appearance of the q u a n t u m fluctuat ions arising during the 
observation of the field energy by macroscopic detectors . 
W h a t has t aken place before the observation is usually no t 
well known: even in the best case one m a y only find the 
state-vector for the field 

One of the mos t impor t an t achievements in q u a n t u m 
optics is the conclusion tha t the field of an ideal laser is 
described to a good approx ima t ion by a coherent state 

= \E0). Then according to the q u a n t u m formalism, the 
measured field energy, and correspondingly the n u m b e r of 
p h o t o n s (i.e. energy divided by hco0), has no definite values, 
bu t fluctuate in accordance with the Poisson dis t r ibut ion. In 
the case of other field states, the character of the energy 
f luctuat ions m a y be non-Poissonian . 

The observed q u a n t u m fluctuat ions of the energy 
(number of pho tons ) can be absent only in the case tha t 
\\//) is an eigenvector of the energy opera tor . The pract ical 
p repa ra t ion of such states with a given p h o t o n number 
represents one of unsolved p rob lems in q u a n t u m optics. 
The light in this state can be visualised by a regular flux of 
equally dis tant part icles (an effect of the ideal photon 
anti bunching). 

Which of the three basic pictures described above is the 
'most correc t ' ? W h a t 'actual ly ' is P N ? In the f ramework of 



Photon noise: observation, squeezing, interpretation 1207 

the Copenhagen in terpre ta t ion of the q u a n t u m formalism, 
this quest ion makes no sense as q u a n t u m theory predicts 
only the statistics of counts in macroscopic devices — 
pho tode tec to r s in the given case — and the statistics cannot 
be used for recovering all proper t ies of the incident light. 
T h u s in the f ramework of the m o d e r n q u a n t u m theory of 
light, the s ta tement tha t 'light consists of p h o t o n s ' can be 
neither confirmed nor discarded (the p h o t o n no t ion in 
m o d e r n q u a n t u m optics is discussed in Ref. [32] in m o r e 
detail). As a result, different in terpre ta t ions (unlike different 
concepts) should be evaluated no t from the poin t of view of 
their 'correctness ' bu t only by considerat ion of their 
convenience for the quali tat ive descript ion of some class 
of experiments . 

F o r example, a l though according to pos tu la tes of 
q u a n t u m theory of measurement PN appears only dur ing 
the process of detection, it is convenient , nevertheless, to 
assume tha t P N has an a priori character , i.e. tha t the 
q u a n t u m fluctuat ions are present in the free rad ia t ion field 
before the detector . These are referred to as ' q u a n t u m ' , 
'zero-point ' , or ' v acuum ' f luctuat ions of the field which are 
added to a laser or some other ' real ' field. In wha t follows 
we shall t ry to show tha t such an in terpre ta t ion describes 
m o r e adequate ly the P N in the presence of a feedback, i.e. 
in tha t case it acquires the s ta tus of a concept . 

The a priori P N formally appears when one uses 
nonordered p roduc t s of field ope ra to r s for describing the 
statistics of the observed macroscopic effects (see Sections 
2.2 and 2.3). Then the noncommuta t iv i ty of these opera to r s 
is significant: aa+ —a+a = [a,a+] = 1. H e r e a and a+ are 
the opera to r s of p h o t o n annihi la t ion and creat ion in one 
m o d e of the field — a p lane m o n o c h r o m a t i c wave with a 
certain polar isa t ion. Opera to r s like a+a or a+a+aa, in which 
the annihi la t ion ope ra to r s act first on state-vectors to 
the right of them, so tha t vacuum averages of such 
opera to r s vanish, are called ordered. 

Let us consider h o w P N appears directly in experiments . 
Let the intensity of the incident s ta t ionary light on the 

detector be sufficiently small, then at the detector ' s ou tpu t 
one will observe separate pulses of current (Fig. 3). W e shall 
measure the number of such pulses appeared in a fixed t ime 
interval T much longer t han the coherence t ime of the light 
(this condi t ion makes the consecutive observat ions stat is­
tically independent) . In the repeated tests, the number of 
p h o t o n s observed in such a way nT will f luctuate. M o d e r n 
p h o t o n counters have a high efficiency (rj w 1) and al low 
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Figure 3. Discrete and analogue detection. The superposition I0 of 
pulses with the form fi(t)= exp[—(t — ^ ) 2 / T 2 ] , where T = 0.01 s. 
Moments of time tt are randomly distributed in the shown time 
interval, the duration of which is taken to be 1 s. In the upper plot 
IQ = 10 s - 1 , i.e. I0x = 0.1; in the lower, I0 = 1000 s - 1 , i.e. I0x = 10. 

measurement of the statistics of the r a n d o m n u m b e r nT 

reliably enough to find the dis t r ibut ion p(nT) and m o m e n t s 
of the dis t r ibut ion (nk

T). Accord ing to q u a n t u m theory, 
these statistics fully determine the field state. 

As was a l ready noted , the field of an ideal laser is 
well represented by a coherent state, = \E0). In such a 
state the number of pulses nT obeys the Poisson dis t r ibut ion 
and correspondingly has a var iance equal to the mean 
number of pulses (nT): (An2-) = (n\) — (nT)2 = (nT). The 
'Po issonian ' character of the pho tocu r r en t in the case of 
laser light and, in par t icular , the formula (An2-) = (nT), is 
confirmed with a high degree of accuracy in the experi­
ments . 

No t i ce tha t in theoret ical formulas the angle bracke ts 
mean the opera t ion of q u a n t u m averaging over the field 
state ( . . . ) = ••• l*A); these q u a n t u m averages are 
assumed to be coincident with the results of s ta t ionary 
experiments averaged over t ime. 

Non lase r b e a m s usual ly display addi t ional , super-Pois­
sonian f luctuat ions of the number nT, al lowing one to speak 
of photon bunching. In par t icular , in the case of the rmal 
single-mode light, Einstein 's formula (An2-) = (nT) + (nT)2 

is valid and the Brown - T w i s s effect connected with it 
occurs. In the case of the rmal sources, the excess noise (nT)2 

can be visually explained by the interference of wave 
p a c k e t s — p h o t o n s emitted by individual a t o m s of the 
source. Since the phases of the waves in these packets 
are r a n d o m l y changed, the ampl i tude of the resul tant field 
strongly fluctuates. 

One of the mos t impor t an t achievements in q u a n t u m 
optics is the in t roduct ion of the concept of light with 
photon anti-bunching, which yields dur ing detection a 
var iance (An2-) less t han (nT), and the development of 
the principles of its generat ion. Such light cannot be 
described by semi-classical theory, in the f ramework of 
which there is obviously no field tha t p roduces dur ing the 
detection noise less t han the wave of cons tant ampl i tude E0 

(the in-loop field in a system with negative F B is an 
exception discussed below). 

If the intensity is sufficiently high, individual pulses of 
pho tocu r ren t overlap (see Fig . 3). Then it is convenient to 
go over from the discrete observable value nT to a 
con t inuous ana logue r a n d o m value i(t)=nT/T, i.e. to 
the pho tocu r ren t (divided by the electron charge e; for 
simplicity we pu t e = 1). F o r s ta t ionary sources the value 
(i) = (nT)/T = I0 does no t depend on t ime; it has the 
mean ing of light intensity in uni ts of p h o t o n s s _ 1 (mean 
p h o t o n flux) multiplied by the de tec tor ' s q u a n t u m efficiency 
rj. The condi t ion of s t rong pulse overlap obviously has the 
form I0T 1, where T ~ 2%/AQ is the pulse dura t ion and 
AQ is the frequency b a n d of the detector and electronics. 
Then the statistics of pho tocu r r en t f luctuat ions will 
app roach Gauss ian form. A n impor t an t characterist ic of 
the current f luctuations is their spectral density (i2(&)) at 
different frequencies. 

Thus , depending on the type of detector used — discrete 
or ana logue — there are two main types of P N observa­
t ional appearance : f luctuat ions (An2-) of the discrete 
number of p h o t o c o u n t s nT over a sampling t ime T, and 
f luctuat ions of the current i(t) at some frequency Q with 
spectral density (i2(Q)). Correspondingly , two types of 
nonclassical light are dist inguished: with p h o t o n an t ibunch-
ing and with sub-Poissonian (subshot) noise. Below we shall 
discuss only the latter case. 
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Let us present some qual i tat ive relat ions. In the case of 
an ideal laser beam, the spectral density of the pho tocu r ren t 
is cons tant within the bandwid th of the detector and 
electronics AQ; as will be shown in the next section, it is 
determined by the wel l -known Schot tky formula: 

< / 2 ( f 2 ) } = / 0 . (2.1.1) 

Here Q ^ 0 and the integrat ion over b o t h negative and 
posit ive circular frequencies is assumed. If one goes over to 
positively determined convent ional f r e q u e n c i e s / ^ O / 2 T C > 0 , 
a factor of 2/2% is included {(i2{f)) = IQ/K). This level of 
f luctuat ions is called the s tandard q u a n t u m limit (SQL). 
W e shall relate the term P N just to tha t Poissonian par t of 
the noise. 

Let us est imate the value of P N . The current fluctu­
at ions var iance is (Ai2) = I0AQ/n, where AQ is the effective 
electronics bandwid th . The s t andard deviat ion ( 'uncer­
t a in ty ' of the current) is equal to the square roo t of the 
var iance, Ai = (IQAQ/TZ)1^2 . The relative value of the P N is 
characterised by the relat ion 

,=^=HI/2 

h W o / 

(2.1.2) 

Let the power of the laser with wavelength 0.5 \im be 
1 m W . Wi th rj = 1 the mean fluxes of electrons and p h o t o n s 
will be the same: I0 = N0 = 2.5 x 1 0 1 5 s _ 1 (in convent ional 
uni ts , the current is eN0 ~ 0.4 mA) . Hence at 
AQ/2n = 10 9 H z we get S = 10~ 3 , i.e. the uncer ta in ty in 
intensity and pho tocu r r en t is abou t ± 0 . 1 % . 

Not i ce tha t the condi t ion of the s t rong over lapping of 
the pho tocu r r en t pulses 7 0 > \/z = AQ/2%, which allows 
the t rans i t ion to the ana logue description, automat ica l ly 
ensures tha t the relative f luctuat ions are small as well, 
S2 <̂  1. Let Q < AQ be the frequency at which the spectral 
density of the pho tocu r ren t is measured , then 7 0 T > 1 
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Figure 4. A visual representation of the PN of a coherent field with an 
amplitude E0 as a stochastic amplitude modulation with a standard 
deviation AE — ^/ AQ/An. In contrast to the 'real ' stochastic 
modulation (excess noise), the 'vacuum' modulation spectrum is 
unlimited, so the recording equipment bandwidth AQ should be taken 
into account in advance. The field is normalised so that | £ 0 | 2 is equal 
to the mean power of the light beam divided by Hco0, i.e. to the mean 
photon flux. The upper figure shows the dependence of the field 
strength on time and the corresponding polar diagram (to the right). 
The 'envelope' of the field is shown in the lower figure. In the case of 
squeezed light, an excess noise modulation is added which is 
anticorrelated with the vacuum modulation, therefore AE decreases. 

implies also I$TQ > 1, where TQ = 2%/Q is the per iod of 
oscillations with frequency Q. Therefore, the ana logue 
descript ion of the pho tocu r r en t in te rms of spectral density 
suggests a lot of pulses of the current to occur over the 
oscillation per iod TQ. 

The current f luctuat ions Ai = ( ( A z 2 ) ) 1 ^ 2 , in accordance 
with the a priori concept , can be visualised as a result of 
slow fluctuat ions of the beam power HCOQN and cor respond­
ingly, of the field ampl i tude AE (Fig. 4). W e d raw at tent ion 
to the difference of the p ic ture shown in Fig. 4 from the 
naive pic ture of a r a n d o m sequence of p h o t o n - b e a m s . 

W e stress tha t the obvious a priori representa t ion of the 
P N in Fig. 4 as a noise A M - m o d u l a t i o n of the coherent 
field is not universal . F o r example, it is of little use for 
describing experiments with discrete detection when 3 5> 1 
and the pho tocu r r en t statistics nT is measured over a fixed 
sample interval T. As we already noted , the n u m b e r s nT are 
dis tr ibuted according to a Poissonian law which is ha rd to 
represent by the stochast ic ampl i tude modu la t i on of a 
m o n o c h r o m a t i c field. This is an example, characteris t ic 
for q u a n t u m models , of the dependence of visual a priori 
concepts on type of the measurement device used. Such a 
dependence follows from the Copenhagen t rea tment of 
q u a n t u m mechanics . Other examples of the inadequacy 
of Fig. 4 are given in the discussion to Fig. 5. 

Let us find AE from the Schot tky formula for power 
f luctuat ions AN = (N0AQ/n)l/2. Let E(t) = (E0 + AE)x 
cos(coo^); then, because of the equal cont r ibut ion of the 
magnet ic field, the beam power divided by Hco0 t akes the 
form N = CA(EQ +2E0AE)/$nHco09 where A is the beam 
cross-section. After renormal is ing the field s trength 
E -> E(8izHco0/cA)l/2, we get N = EQ -\- 2E0AE. N o w E 
has the dimension s - 1 / 2 and the field ampl i tude uncer ta in ty 
has the form 

2E0 Un) 
(2.1.3) 

T h e relative f luctuat ions of the field ampl i tude (the 
modu la t ion depth) is half the relative power ampl i tude 
f luctuat ions S 

AE _d 
£ o " ~ 2 : 

ATA1/2 

4KI0) 
(2.1.4) 

Thus , the depth of the vacuum modu la t ion depends on the 
bandwid th of the measurement equipment and on the light 
intensity, i.e. it mus t increase as pa r t of the light flux is 
absorbed . 

As is clear from the polar d iagram in Fig. 4, in addi t ion 
to the ampl i tude f luctuations, vacuum phase f luctuat ions 
are also present (in Fig . 4, f luctuat ions of the per iod length 
Ar = A(fi/(Q0 should cor respond to them, which is ha rd to 
represent on the chosen scales) 

v E 0 \4nN0J 2 (2.1.5) 

F o r the pa rame te r s chosen above, we have A</> = ± 5 x 10~ 
rad . 

Hence , the p roduc t of uncer ta int ies of the p h o t o n flux 
and the phase is equal to the effective bandwid th of the 
electronics expressed in Her tz : 

AQ A/VA0 = — . (2.1.6) 
2TZ 
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The rat io of N to the bandwid th in Her t z is just the number 
of p h o t o n s in one longi tudinal m o d e n (so far only one 
t ransverse m o d e has been assumed, i.e. a beam nar rower 
t han the coherence radius) . As the result, E q n (2.1.6) takes 
the usua l form AnA(j) = 1. 

In the case of the ampli tude-squeezed light, the 'circle of 
uncer ta in ty ' in Fig. 4 is t ransformed into an ellipse and AN 
decreases with respect to the s tandard q u a n t u m limit 
(N0AQ/n)l/2 as A</> increases correspondingly. 

Usual ly , a relative quant i ty is measured — the F a n o 
factor for the spectral density of the pho tocu r ren t F(Q) = 
(i2(Q))/I0, which must be uni ty for an ideal laser, F(Q) = 1 
(at Q < AQ). N o n c o h e r e n t (or noise-modula ted coherent) 
sources of light p roduce , apar t from P N , excess noise as 
well, with F(Q) > 1 (see Fig. 1) and the pho tocu r r en t (and 
light) is called super-Poissonian. Sub-Poissonian, or 
squeezed, light yields F(Q) < 1 in some frequency b a n d 
dur ing the detection; it is then called nonclassical . 

Consider n o w several possible exper imental schemes 
i l lustrating the proper t ies of P N and possibilities for its 
suppression by F B (Fig. 5). 

The scheme in Fig. 5a reveals the independence of the 
relat ion (i2(Q)) = I0 on the light intensity which can be 
decreased by absorp t ion . This means tha t (in the absence 
of F B ) the depth of the hypothet ica l ' v acuum ' noise 
modu la t i on AE/E0 ^ 1/V^o [see Eqn (2.1.4) and Fig. 4], 
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Figure 5. Schematic diagram of experiments for investigating PN 
suppression. \E) is a coherent state of the incident field (at the first 
input of the system), |0) is a vacuum state (at the second input), A is 
the absorber, D are detectors, SA is the spectrum analyser, BS is the 
beam splitter, K is the correlometer, P is the nondemolition parametric 
transformer, M is the modulator . 

unl ike the usua l modu la t ion , increases as a result of the 
absorp t ion . 

In Fig. 5b the initial light beam is split into two pa r t s by 
a part ia l ly t r ansparen t mi r ror and intensity correla t ions in 
the two ou tpu t beams are observed by means of two 
detectors . This device is called a Brown - T w i s s correl­
ometer . Such corre lometers detect only excess, classical 
modu la t ions , so the coherent state p roduces no correla­
t i o n — again in cont radic t ion to the obvious 'a priori' 
picture in Fig. 4. In p h o t o n language, the absence of the 
B r o w n - T w i s s effect in the case of laser light is clearly 
explained by the chaot ic dis t r ibut ion of the original 
Poissonian p h o t o n flux at the beam splitter. The two 
ou tpu t b e a m s then show independent Poissonian fluctu­
at ions . 

However , if one uses, instead of the part ia l ly t r ansparen t 
mir ror , a pa ramet r i c 'nondemol i t ion beam split ter ' (Fig. 5c) 
described below in Section 2.5, then the correlat ion will 
be observed even in the case of laser light. This s ta tement 
follows from the experiments described in Refs [27, 29] and 
is confirmed by calculat ions [see Eqn (2.5.14)]. It is of great 
impor tance for the P N theory and evidence tha t the 
currents in b o t h detectors from Fig. 5c preserve informa­
t ion abou t the PN in the original light beam — cont ra ry to 
the a posteriori concept! One m a y say tha t the ' non -
demoli t ion beam split ter ' enables one to cont ro l 
individual occurrences of P N , to p repa re its (enhanced) 
light and electronic replicas. 

It is na tu ra l n o w to assume tha t if one feeds an amplified 
signal from one of the detectors no t into the correlator , bu t 
into the m o d u l a t o r m o u n t e d before the second detector 
(Fig. 5d), one can suppress the PN of the latter, i.e. p repa re 
the squeezed light. 

But on the other hand , it can be shown tha t the 
m o d u l a t o r control led by a classical macroscopic signal, 
cannot t ransform classical (unsqueezed) light into n o n -
classical light. The p a r a d o x is solved by assuming tha t 
the control l ing signal of the m o d u l a t o r cannot be con­
sidered as classical in this case (Section 3.5). The 
exper imental conf i rmat ion of such effects would clearly 
be impor tan t . 

A na tu r a l modificat ion of the scheme (Fig. 5d) is the 
in terchanging of the posi t ion of the modu la to r and the 
'nondemol i t ion beam split ter ' (Fig. 5e). This scheme will be 
examined in detail in Section 3.4. Not i ce tha t the scheme in 
Fig. 5e differs from tha t in Fig . 2 only in replacing a 
convent ional beam splitter by a ' nondemol i t ion ' one. 

2.2 Light intensity and photocurrent fluctuations 
F o r a quant i ta t ive descript ion of f luctuat ions in t ime, one 
needs to t ake into account a set of longi tudinal modes 
(frequency componen ts ) . A light beam with one t ransverse 
m o d e is described in some cross-section by a positive-
frequency function of the following form: 

t'OC 

A(t) = ( 2 T T ) ~ 1 / 2 dcoQxp(-icot)a(co) . (2.2.1) 
Jo 

Here a(co) is the p h o t o n annihi la t ion opera tor in a 
longi tudinal m o d e with frequency co. The to ta l field has 
the form E(t) = A (t) + A + (t). W e are interested in a 
quas imonoch roma t i c optical field with a central frequency 
co0 of order 1 0 1 4 H z and a bandwid th AQ limited by the 
response of the electronics to values no t exceeding 10 9 Hz , 
and thus in E q n (2.2.1) we omit ted the in tegrand factor 
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^/co. Wi th the normal i sa t ion chosen, the opera to r 
N(t) = A + (t)A(t) is the opera to r of energy flux (power 
or intensity) divided by HCOQ (i.e. the flux measured in uni ts 
of p h o t o n s _ 1 ) . The field in an a rb i t ra ry cross-section of the 
beam is found from E q n (2.2.1) simply by considering the 
delay: t —> t — T. 

To describe the field dynamics , we shall use the 
Heisenberg representa t ion, so tha t our formulas conserve 
the form when going over to the classical descript ion (here 
the symbol for Hermi t i an conjugat ion ' + ' should be read as 
tha t of complex conjugat ion V ) . Q u a n t u m specifics appear 
only in the noncommuta t iv i ty of the ope ra to r s A, A + and, 
at the last stages of calculat ions, in the averaging procedure . 
In the q u a n t u m version, the latter is being m a d e over the 
initial state of the field at the optical system input . In 
classical optics, the function A(t) is called the analytical 
signal and the averaging is performed with the help of some 
dis t r ibut ion function describing the incident field statistics. 

In order to determine the main features of the p h o t o ­
detection theory, we neglect the difference of the de tec tor ' s 
q u a n t u m efficiency rj from 1 and its response (AQ = oo). 
W e shall assume tha t the de tec tor ' s surface is less t han the 
field coherency area. Let us fix some t ime interval [0, T) and 
assume initially tha t a certain n u m b e r of pulses n = nT a rose 
in this interval at some ins tants t h 0 ^ tl < T, i = 1 , . . . ,n 
(we consider n and {tt} as independent r a n d o m values). 
U n d e r this condi t ion, the pho tocu r ren t observed at some 
instant t is represented by the sum of n pulses: 

(2.2.2) 

As usually in physics, expressions with generalised 
functions like 3(t) m a k e sense only when integrated with 
some weight function — in the given case, with the 
electronics t ransmiss ion function k(t). 

F o r m u l a (2.2.2) determines the observed quant i ty (c-
n u m b e r ) t h rough the set {tt}. The q u a n t u m mode l for the 
de tec tor ' s a tom photo ion i sa t ion can be used to express the 
statistics for this set t h rough a set of normal ly-ordered 
correlat ion functions of the free field [31]: 

(A + (t)A(t)) = (N(t)) = Gl(t), 

(A + (t)A + (tf)A(t)A(tf)) = (:N(t)N(tf):) EE G 2 ( f , f ' )> 
(2.2.3) 

and so on. H e r e A(t) are Heisenberg opera to r s of the field 
at the de tec tor ' s surface (^-numbers) which are connected 
with the field opera to r s at the input of the opt ical system 
by classical (phenomenological ) Green functions [33]; the 
colon denotes the opera t ion of the n o r m a l order ing. The 
averaging is t aken over some initial state of the field 
defined by the proper t ies of the light source. Thus , some 
p roduc t s of the ope ra to r s tu rn out to be observable. As a 
result, a link q —> c between q- and c-numbers is 
established — a necessary element in any q u a n t u m mode l 
describing experiment. Then one can use the well-developed 
theory of r a n d o m poin t systems. 

Fo rma l ly similar re lat ions between a stochastic field and 
the pho tocu r ren t are pos tu la ted in the semiclassical theory 
of pho tode tec t ion as well. 

A n impor t an t poin t here is the assumpt ion used in 
E q n (2.2.2) of the discrete character of the informat ion 
transfer q —> c which causes the shot (Poissonian) noise of 
the pho tocur ren t in the case of a coherent state of the field. 
This is visualised by a fully r a n d o m p h o t o n dis t r ibut ion in 

t ime. There are no p h o t o n s in the semiclassical theory, and 
this is the 'discret isat ion ' , justified by the charge discrete­
ness tha t yields the shot noise, and the field intensity 
f luctuat ions can only increase current f luctuat ions and 
p roduce an 'excess' noise (in the absence of FB) . At the 
same t ime, in q u a n t u m theory field states are possible in 
which the excess noise provides a negative cont r ibut ion and 
compensa tes Poissonian f luctuations. Visually, this cor re­
sponds to a tempora l ly regular p h o t o n dis t r ibut ion 
(antibunching of photons). 

Not ice tha t our descript ion m a y be applied to other 
types of pho tode tec to r s as well; for example, to those based 
on the the rma l act ion of light. Then E q n (2.2.2) determines 
(in uni t s of Hco0) the power and energy t ransmi t ted . Hence it 
is clear tha t in q u a n t u m theory, charge discreteness has no 
significant bear ing on the appearance of shot noise; the 
noise formally arises as a result of pos tu la t ing the 
discreteness of the relat ion q —> c. 

F r o m Eqn (2.2.2) we find the current correlat ion 
function 

n n 

in(t)in(t + T;)=YsYsS(t- **) S(* *J + T) 
i=l j=l 

= S(T) 8(t - tt) + ^ S ( t - tt) S(t - tj + T) . (2.2.4) 

The d iagonal pa r t of the double sum separated in the latter 
equali ty and depending on the current pulse au to convolu­
t ion yields the 'whi te ' noise caused by the process 
discreteness. The nond iagona l pa r t describes changes 
connected with a possible regular i ty in the ins tants {tt} 
( 'bunching ' or ' an t i -bunching ' of po in ts tt). 

The hor izonta l line in Eqn (2.2.4) means classical 
averaging over the t ime dis t r ibut ion {tt} 

f(ti) = f dtiffaw^ti) , 
Jo 

Jo Jo 

(2.2.5) 

H ere wk(t\,..., tk) are the dis t r ibut ion densities determining 
the probabi l i t ies for the k po in t s to be inside small intervals 
near the m o m e n t s of t ime t\,...,tk. H e r e the appea rance of 
other po in ts in the interval considered is no t excluded, i.e. 
the condi t ion k = n is not required. Obviously, 
wk(t\,..., tk) = 0 at k > n. In a m o r e general case, 
condi t ional d is t r ibut ions wk(ti,..., tk\n) at k = n are 
in t roduced (see Ref. [21]). 

Accord ing to Ref. [31], wk are p ropo r t i ona l to the 
normal ly ordered correlat ion functions Gk defined in 
E q n (2.2.3) (the field is considered to be s ta t ionary) : 

/ A Gx G2(t - 1 ) 
(2.2.6) 

H e r e Ck are normal i sa t ion coefficients. Assuming in 
E q n (2.2.5) tha t f= I at T T C O H , T \jGx (here T C O H is 
the t imescale on which G 2 ( T ) differs from G 2 ( o o ) = G\ 
significantly), we find 

C x = \ dtG] = TG i = (n) , 
Jo 

C 2 = [ f dtdt'G2(t-t') w (TGxf = (n)2 . (2.2.7) 
Jo Jo 
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Thus , when / ^ j , 

3(t - tt)8(t - tj + T) 

1 7 
Jo Jo 

= (n)2 dtt dtj G2(ti - tj)8(t - ti)8(t -tj + T)=-^. 
Jo Jo (n 

Gib) 

(2.2.8) 

so tha t Eqn (2.2.4) takes the form 

W)in(t + T) =—— h-
(n) 

(2.2.9) 

N o w we average E q n (2.2.9) over n with T —> oo. 
Assuming (n2) w (?z)2 > (n), we get 

^ ) ^ + T ) = G ^ ( T ) + G 2 ( T ) 

= (N)S(T) + (:N(t)N(t + T) : ) . (2.2.10) 

Thus , the classical correlat ion function for the current and 
q u a n t u m normal ly ordered intensity correlat ion function 
for the field differ from each other only by the term Gid(r) 
describing the 'whi te ' shot noise. 

M a k i n g use of the pe rmu ta t i on relat ion [A (f), A + (t')] = 
= 3(t — tf) [which follows from E q n (2.2.1)], one can 
represent Eqn (2.2.10) in the form 

i(t)i(t + T) = G'2{T) = {A + (t)A(t)A + (t + T)A(t + T ) ) 

= (N(t)N(t + T)) . (2.2.11) 

In the case of an ideal laser beam described by a 
coherent state \E0) there are no excess f luctuat ions 
( G 2 = (Af)2 = T 2 ) , so tha t the P N is found from 

i(t)i(t + T) - i = (N)8(r) = (N) [A {t),A + (t + T) ] . 

(2.2.11a) 

H e r e the relat ion between the P N and noncommuta t iv i ty of 
the field opera to r s is explicitly seen. 

Thus , in the case of an ideal detector the classical 
current correlat ion function (measured when averaging 
over t ime) repeats , according to E q n (2.2.11), the q u a n t u m 
intensity correlat ion function of the field G 2 . The c o m p u t a ­
t ions m a d e above enabled us to reveal connect ions between 
the noncommuta t iv i ty of the field opera to rs , the discrete 
character of the informat ion transfer q —> c, and the 
observed shot (pho ton) noise. 

W e emphasise an impor t an t difference in the physical 
mean ing of two te rms in E q n (2.2.10) describing the P N and 
excess noise: while Gi8(z) has zero correlat ion t ime, the 
characterist ic scale T C O H of the change G 2 ( T ) (time of 
correlat ion or of the second-order coherence) is finite 
and depends on the proper t ies of the light source. In the 
case of sources of squeezed light, the cont r ibut ion of the 
second term to the spectral density can be negative so tha t 
the P N is compensa ted , bu t only in a limited frequency 
interval of order l / T C O H . He re one can assume tha t the shot 
and excess stochastic signals are ant icorrela ted (have 
opposi te signs). This obvious pic ture of the P N squeezing 
'mechan i sm ' applies when a negative F B is used (Section 3). 

Q u a n t u m efficiencies different from uni ty of the detector 
wi thout F B are t aken into account simply by the subst i tu­

t ion A —>Ay/rj into the normal ly ordered expressions [33]: 

Kt)i(t + T) = I / G ^ T ) + rj2G2(T) = I03(T) + * / 2 G 2 ( T ) , 

(2.2.12) 

(here 7 0 = / ) . Four ie r t r ans format ion of this expression 
with account taken of the t ransmiss ion function of the 
electronics k(Q) yields the spectral density of the current 
f luctuat ions at frequency Q: 

2(Q) = \k(Q)\2 ^ dTQXp(iQT){i(t)i(t + T)) 

= | ^ ) | 2 [ / 0 + ^ 2 G 2 ( O ) ] . (2.2.13) 

H e r e G2(Q) is the spectrum of light intensity f luctuations. 
F r o m here at k = 1 we get the relat ion between the F a n o 

factors for the current and light: 

Fi(Q)-\=ri[FN(Q)-\] . (2.2.14) 

On the basis of E q n s (2.2.13) and E q n (2.2.14), the 
measured pho tocu r ren t f luctuat ions are usual ly used for 
ob ta in ing informat ion abou t intensity f luctuat ions of the 
light and its super- or sub-Poissonian character . 

The F B violates the relat ions obta ined. In 'semiclassical ' 
theory this is explained by the dependence of the probabi l i ty 
of the appearance of a successive poin t tn on the preceding 
events {tt}, tt <tn — x, where x is the delay in the F B loop 
[14, 15, 21]. A n account of F B in q u a n t u m theory will be 
given in Section 3. 

In the following sections classical (experimental) and 
q u a n t u m averaging will be denoted by the un ique symbol 

( • • • ) • 

2.3 Coherent light with weak modulation 
Let one m o d e with a frequency co0 be in a coherent state 
with a large ampl i tude E: \\j/)0 = \E)0, and other modes be 
in a rb i t ra ry states. Then the posit ive-frequency pa r t of the 
field can be represented as 

E(t) = EQxp(-ico0t) +A(t) . (2.3.1) 

N o w , the opera to r A(t) and its Four ie r image A(co) 
describe all o ther modes which are assumed to be weakly 
excited in compar i son with the central m o d e (symbolically, 
A(t) <̂  E). H e r e it is convenient to consider the 'weak ' field 
A{t) as modulating and the componen t £exp(— ico 0 t) as a 
carrier (of course, such a po in t of view makes sense only at 
AQ <̂  COQ). The fixed complex ampl i tude E can be 
considered as a c-number. 

In order to distinguish the signals of the ampl i tude 
( A M ) and phase ( P M ) modu la t ion , we in t roduce 's low' 
(radiofrequency) Hermi t i an opera to r s Q(t) and P(t) (they 
are called the first and second field quadrature): 

(0 e x p ( i q y - i</>) +A+(t) e x p ( - i a y + i</>) 

V2 
A (t) exp (ico0t — {(/)) —A + (t) exp (—ico0t + i</>) 

iV2 

(2.3.2) 

H e r e </> is an arb i t ra ry phase in general , bu t when 
describing the coherent field modu la t ion with an ampl i ­
tude E, one should assume </> = a r g ( £ ) , then Q(t,<j>) and 
P(t,(j)) are p ropo r t i ona l to the A M and P N signals, 
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q(Q) 

Figure 6. A monochromatic field with amplitude E and a weak field 
A(t) can be represented as a modulated field. The projections Q((f)) 
and P((j)) describe the AM and PM, respectively ((/> is the 
monochromatic field phase). 

respectively (see Fig. 6). Inverse t rans format ions have the 
form 

A(t) 
[Q(t) + iP(t)\ exp ( - i c y + i</>) 

V2 

A + = [Q{t)-iP{t)] e x p ( i f l ) o f - i 0 ) 

a/2 
(2.3.3) 

Thus , in classical theory Q(t) and P(t) are the real and 
imaginary pa r t s of a ' s low' complex ampl i tude 
A{t) Qxp(ico0t) (which is ' a lmos t ' s ta t ionary in a coord ina te 
frame ro ta t ing with the frequency co0); in q u a n t u m theory, 
the a t t r ibutes real and imaginary should be replaced by 
Hermitian and anti-Hermitian, respectively. The to ta l field 
has the form 

E(t)+E+(t) = [\E\ + V2Q(t) + h / 2 P ( 0 ] e x p ( - i r a 0 f + i</>) 

+ [|£| + V 2 e ( O - i V 5 P ( O ] e x p ( i G ) o ^ - i 0 ) • (2.3.3a) 

It is also convenient to determine project ions of the 
signal Q(t,<t>) (which is a vector on the complex plane) on 
some basic axes (see Fig.6): Q(t,0) = Q(t), P(t,0) = P(t). 
Then 

Q(t, 4) = Q(t) cos </> + P(t) sin </> , 

P(t,4>) = -Q(t) sin 4> + P(t) cos 4> . 
(2.3.4) 

N o n z e r o c o m m u t a t o r s of the field opera to r s are wri t ten 

as 

[A(t),A+(t)] =S(t-t'), [Q(t),P(t')] =iS(t-t') , 

[Q(t,$),Q(t',$')] =ism(4>'-4>)8{t-t') . (2.3.5) 

N o w we go over to the spectral representa t ion. W e 
denote 

a(Q) = a(co0 + Q) = ( 2 i t ) " 1 / 2 j At exp [i(co0 + 0)]A (t) , 

q(Q,4>) = ( 2 j i ) - 1 / 2 d f e x p ( i f l f ) G M ) . 

(here \Q\ -4 a>o a n d the c a s e £2 = 0 is excluded), then 

q(Q,<P)=q+(-Q,<t>) 

a(Q) exp(—i</>) + a+(—Q) exp(i</>) 
= V2 

= q{Q) cos 4> + sin </> , 

: V 5 
p{Q) 

a(Q)-a+(-Q) 

iy/2 

a(Q) = 
[g(fl, 0 ) + i p ( f l , 0 ) ] exp (10) 

V 5 

V 5 
(2.3.7) 

(2.3.8) 

Expression (2.3.5) then yields 

= [P(Q),p(a'j\=o9 

[q(Q),p(Q')] =id(Q + Qf) , 

\q(Q), p+(Q')] =id(Q-Qf) , 

[fl(fi), a+(Q')] =3(Q-Qf) . 

Below the frequency a rgument will often be omit ted: 
q = q(Q), p = p(Q), a = a(Q), q+ = q(-Q), p+ = p(-Q). 

In classical theory one can assume some or all 
componen t s of the field to be zero. F o r example, for a 
h a r m o n i c A M with some frequency Qx, only one q u a d ­
ra tu re q(Qx,<f)) is nonzero . However , in q u a n t u m theory 
such an assumpt ion is prohibi ted , as it violates the 
commuta t i on relat ions (2.3.8). To avoid this, each t r a n s ­
format ion of the opera tor q —> yq mus t be followed by a 
consistent t rans format ion p —> p/y ( the condi t ion of unitary 
t rans format ion) . In other words , the P N always yields some 
A M and P M m i n i m u m noise, with a cons tant p roduc t of 
the modu la t ion coefficients: one can decrease (increase) the 
ampl i tude P N only at the expense of the cor responding 
increase (decrease) of the phase P N (an exception to this 
rule will be considered in Section 3.2). If the mean field is in 
the vacuum state, then A M and P M are equal to each other , 
bu t in the case of quadra ture-squeezed state they are not . 

In addi t ion to the unavo idab le q u a n t u m noise m o d u l a ­
t ion, ' coherent ' modu la t i on by a specific signal can, of 
course, occur; for example, for the h a r m o n i c A M 
(q{Q\, </>)) 0. Beating of two coherent componen t s , a 
combina t ion of A M and P M , is also possible. 

Let us find the beam intensity opera tor E+(t)E(t). By 
omit t ing the cons tant pa r t | £ | 2 and neglecting the weak 
cont r ibut ion A + (t)A(t), we get the a l ternat ing pa r t of the 
intensity in the form 

N(t) =E*A(t) exp(koo0 +EA+(t) e x p ( - k o 0 0 

= V2\E\Q(t,$) , (2.3.9) 

where </> = a r g ( £ ) . Thus , the opera to r Q(t,<t>) mult iplied by 
>/2 | i i | is the opera tor of the envelope or AM-signal (this is 
valid only in the l inear-in-<2/£ approx imat ion) . Therefore, 
the a l ternat ing pa r t of pho tocu r ren t in an ana logue 
pho tode tec to r mus t be determined by the opera tor Q(t,(f>). 

A similar signal describing the phase modu la t ion has the 
form 

N\t) = V2\E\Q^$ + fj=V2\E\P(t,$) . (2.3.9a) 

In the spectral representa t ion we have 

N(Q) = E*a(Q) + Ea+(-Q) = a /2 \E\q(Q, 6) , 
(2.3.9b) 

N\Q) = -i[E*a(Q) - Ea+(-Q)] = V 5 \E\p(Q, </>) . 

F o r m u l a s (2.3.9) describe the signal at the ou tpu t of an 
ideal (rj = 1) h o m o d y n e pho tode tec to r with a coherent field 
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ampl i tude E. Thus , we represented the superposi t ion of a 
s t rong field in a coherent state and a weak arb i t ra ry field 
( including ' v a c u u m ' noise) as a modulated field (see Fig . 4). 

Consider n o w the weak field f luctuations. A s ta t ionary 
field is described by spectral density n(Q) which is deter­
mined by the relat ion {a+(Q)a(Q')) = n(Q)d(Q - Q'). Thus , 
n(Q) is a dimensionless coefficient of the ^-function. In 
addi t ion, in the case of quadra ture-squeezed light, the 
a n o m a l o u s correla tor m(Q)=m(—Q), determined from 
(a{Q)a{Q')) = m(Q)d(Q + Qr), is also nonzero . The field 
is then periodically nons ta t ionary : its proper t ies change with 
per iod (2n/co0)/2. Let us in t roduce the following no ta t ion 
for the q u a d r a t u r e spectral densities: 

(q(Q)q(Q')) 
(q2(Q)) = (q+(Q)q(Q)) = 

(p2(Q)) = (p+(Q)p(Q)) = 

8(Q + Q') 
(p(Q)P(Q')) 

8(Q + Q') 

(q(Q)p+(Q)) S (p(0)q+(0)r = ̂ gyff , 
(p(Q)q^Q))^(q(Q)p^Q)y^J^^. 

It is shown in the Append ix tha t the following 
uncer ta in ty relat ion for the q u a d r a t u r e spectral densities 
applies (where we pu t (q) = (p) = 0): 

(q2(Q))(p2(Q)) > \(q(Q)p+(Q))\ (2.3.10) 

The field states in which the equali ty ho lds are called the 
states with minimum uncertainty. 

With the help of E q n (2.3.7) we find the second 
m o m e n t s of the quad ra tu re s 

2(q2(Q)) = n(Q) + n(-Q) + 1 + 2 R e [m(Q)] , 

2(p2(Q)) = n(Q) + n(-Q) + 1 - 2 R e [m(Q)] , 

2{q(Q)p+(Q)) = 2 I m [m(Q)] + i[n(Q) - n(-Q) + l] , 

2(p+(Q)q(Q)) = 2 I m [m(Q)] + i[n(Q) - n(-Q) - l] . 

(2.3.11) 

It follows from here tha t (q2(Q)) and (p2(Q)) are even real 
functions Q. Inverse t rans format ions have the form 

n(Q) + 1 = (a(Q)a+(Q)) 

= \ [(q2(Q)) + (p2(Q)) + 21m (q(Q)p+(Q))] , 

n{-Q) = (a(-Q)+a(-Q)) 

• [(q2(Q)) + (p2(Q)) - 21m (q(Q)p+(Q))] , 

m(Q) = (a(Q)a(-Q)) 

= I [(q2(Q)) - (p2(Q)) + 2 i R e (q(Q)p+(Q))] . 

(2.3.11a) 
The pa ramete r m describes the quadrature squeezing: for 

example, if m = m* > 0 the depth of the noise A M exceeds 
the P M and if m < 0, the P M is greater t han the A M (see 
Fig. 7g and 7h). In the case of the vacuum weak field, 
n = m = 0, (q2) = (p2) = -i(qp+) = -i(pq+) = 1/2. 

The te rms \ ( 'zero-point f luctuat ions ' ) in E q n (2.3.11) 
emerged because of the noncommuta t iv i ty of the field 

Figure 7. Different types of squeezed light: (a) vacuum, (b) squeezed 
vacuum, (c) energy-squeezed, (d) amplitude-squeezed, (e) classically 
squeezed, (f) 'supersqueezed', (g) and (h) quadrature-squeezed vacuum. 

opera to rs . In classical theory as well as in q u a n t u m theory 
when the averaging of normal ly ordered opera to r s of type 
a+a or :q2:= q — 1/2 is performed, these te rms are absent . 
It is these ope ra to r s tha t describe the observed P N , i.e. 
q u a n t u m fluctuat ions dur ing energy flux measurements tha t 
arise in detectors even for the vacuum weak field when 
n = m = 0. Formal ly , the PN can be defined t h rough 
differences between the symmetrised and normal ly ordered 
p roduc t s of the ope ra to r s A and A + . 

1 
[a(Q),a+(Q)] (2.3.12) 

The full noise wi thou t PN 
2/ 

is called excess noise. It is 
p ropo r t i ona l to 2 :q 2 (Q) : = n(Q) + n(-Q) + 2 R e [ m ( f i ) ] . In 
the case of squeezed light this quan t i ty m a y be negative. 

F r o m E q n (2.3.9) it follows tha t in the considered 
approx ima t ion of l inearity in A/E the intensity f luctuation 
N (4th m o m e n t of the to ta l field) is p ropo r t i ona l to the 
q u a d r a t u r e f luctuat ions q (2d m o m e n t of the weak field), 
which simplifies the calculat ions substantial ly: 

{N2{Q)) = 2\E\2{q2{Q,<t>)) (2.3.13) 
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A convenient measure of the relative f luctuat ions is the 
F a n o factor 

j2t 
F{Q^) = 

= 1 + n(Q) +n(-Q) + 2 R e [ m ( 0 ) exp(i2</>)] .(2.3.14) 

The Four ie r - image of the function F is the AM-s igna l 
correlat ion function: 

(Q(t)Q(t')) = ^ | df2exp [-iQ(t - t')] (q2(O)) . (2.3.15) 

F o r F = I, the Poissonian spectral density is obta ined: 
(N2(Q)) = \E\2; for F< \ it is sub-Poissonian and for 
F > 1 it is the super-Poissonian (see Fig. 1). The excess 
noise is described by the function F(Q) — 1. 

D u r i n g the absorp t ion , splitting, or detection of the light 
beam F — 1 is mult iplied by the t ransmiss ion coefficient T 
or rj. In other words , the absorp t ion (energy dissipation) has 
an effect only on the excess noise, whereas the P N remains 
unchanged . As a result, dur ing the absorp t ion or amplifica­
t ion the ' non-Poisson ian ' character of the f luctuat ions 
described by the quant i ty | F— 1| must , it would appear , 
decrease. A n exception to this rule will be discussed in 
Section 3.3. 

Let 2</> + arg(m) = K and n(Q) = n(—Q), then 
E q n (2.3.14) takes the form 

F(Q) = 1 +2[n(Q) -m(Q)] (2.3.16) 

Therefore, dur ing the V a c u u m ' modu la t ion when 
n — m — 0, we have F = \, and a weak s ta t ionary field 
with intensity n(Q) = n(—Q) = n and m = 0 yields the 
super-Poissonian noise F = 1 + 2n. To get the sub -
Poissonian noise, m > n is needed. In classical theory 
this condi t ion is impossible to satisfy, as it cont radic ts the 
C a u c h y - S c h w a r t z inequali ty (see the Appendix) . There is 
no such a l imitat ion, however , in q u a n t u m theory. It will be 
shown in Section 2.5 tha t , by means of a pa ramet r i c d o w n -
conversion, the light beam can be m a d e sub-Poissonian. 

No t i ce tha t the classical l imitat ion F > 1 relates only to 
the field's F a n o factor, which is expressed th rough the field 
ampl i tude corre la tors according to E q n (2.3.16). N o such 
l imitat ion exists for the F a n o factor of the current, so tha t 
the smooth ing of the current f luctuat ions by an RC-cha in 
be low the Poissonian level F = 1 is not , of course, a 
q u a n t u m effect. 

2.4 Transformation of P N by beam splitters 
Let us consider a t r ans format ion (mixing) of two light 
b e a m s tha t differ in direction (or polar i sa t ion) by a 
part ia l ly t r ansparen t mir ror or a polar is ing pr ism. In the 
absence of dissipation and dispersion, the t rans format ion is 
described by real t ransmiss ion and reflection coefficients 
u = y/f9 v = y/R, with T + R = 1. The ou tpu t fields have 
the form 

E[(t) = uEx(t) + vE2(t), E2(t) = -vEx(t) + uE2{t) . 

(2.4.1) 

The t ransformed componen t s are indicated by pr imes . This 
t r ans format ion conserves the energy flux: N[+N2 = 
N\ +N2 (here N = E + (t)E(t) is the to ta l intensity). Similar 

linear re lat ions hold for the coherent field ampl i tudes Ek 

and quad ra tu re s Qk(t,4>): 
E[ = uEx + vE2 , Q[(t, </>) = uQx(t, 4) + vQ2(t, </>) , 

E'2 = -vEl + uE2 , Q'2{t, 4) = -vQl(t, </>) + uQ2(t, </>) . 

(2.4.2) 

Accord ing to E q n (2.3.9), the ou tpu t signals are equal to 

N'l(t) = V2\El\Ql(t,ti), 

Nft) = y/2\EL\QL(t,ti), 
(2.4.3) 

In the case of h o m o d y n e detection, the light enters, for 
example, input 1 (E\ = 0) and the coherent field E2 input 2 
(Fig. 8). Let E2 =E2, then 

N[ = y/2E2(RQ2 + < 

N^ = V2E2(TQ2 (2.4.4) 

i.e. due to the negative sign in Eqn (2.4.1), the signal Qx 

modula te s the ou tpu t coherent fields in the 'opposi te phase ' , 
while the he te rodyne noise Q2 does so in 'phase ' . This yields 

N[{t) +Ni(t) = V2E2Q2(t)=N2(t) , 
, (2.4.5) 

TN[(t)-RN^(t) = V2TR E2Qx(t) . 

Thus , the sum of the ou tpu t signals does no t depend on the 
input signal Qx and their weighted difference — on the 
noise Q2 modu la t ing the coherent (homodyne) field. The 
latter fact enables one to decrease the effect of paras i t ic 
modu la t i on of the laser field E2 in h o m o d y n e receivers [34, 
35], which is very impor tan t , in par t icular , in q u a d r a t u r e -
squeezed light studies. 

N o w let coherent componen t s with the same frequency 
be present in the b o t h input channels , with the p h a s e -
modu la t ed field, (P\{t)) ^ 0 in channel 1 while the field in 
the channel 2 has only the coherent componen t E2 tha t 
plays the role of a h o m o d y n e field. Clearly, by selecting the 
field phase E2, one can t ransform the P M into A M , i.e. the 
device can serve as a phase detector with the ou tpu t 
pho tocu r ren t (N[) p r o p o r t i o n a l to (Pi(t)). F o r ano ther 
h o m o d y n e phase , we get an ampl i tude detector measur ing 
(Qi(t)). In the case of squeezed light, by measur ing the 
ampl i tude and phase of the h o m o d y n e field E2, one can 
move and ro ta te the uncer ta in ty ellipse for the ou tpu t field 
(see Fig. 8). 

Figure 8. The transformation of the phase modulation of field Ex into 
the amplitude modulation of the output field E[ by a beam splitter and 
a homodyne field E2 with the appropriate phase and amplitude. 
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Thus , one can measure by choice one of the q u a d ­
ra tures , bu t it is impossible to measure b o t h quad ra tu re s 
s imultaneously by one detector . In q u a n t u m theory this 
conclusion, which is associated with the noncommuta t iv i ty 
of the q u a d r a t u r e opera tors , plays a central role. In Section 
2.5 we shall consider a realistic way of gett ing informat ion 
abou t a q u a d r a t u r e Qx of some m o d e wi thout pe r tu rb ing 
this q u a d r a t u r e ( 'nondemol i t ion ' , or Q N D - m e a s u r e m e n t s ) . 

Let us further consider t r ans format ion of the q u a d r a t u r e 
var iance by a b e a m splitter. Accord ing to E q n (2.4.2), for 
a rb i t ra ry frequency Q and angle </> 

{(q[f) = T(q\) +R{q2

2)+2uvRQ{qiq+) , 

{(q2)2)=R(q2} + T(q2

2)-2uvRQ(qiqt} , 

{q[{qi)+) = T(qiql)-R(q2ql)+uv((q2

2) - {q\)) . 

H e r e q = q(Q, </>), q+ = q(-Q, </>), {q2) = {qq+) = {q+q). By 
summing the first two equalities, we find tha t the sum of 
the q u a d r a t u r e var iances is conserved ( independent ly of a 
possible correlat ion between qx and q2)\ 

<(<7i)2> + < t e D 2 > = ^ > + <<72> • (2.4.6a) 

W e also find the var iance for the sum and difference of the 
ou tpu t signals at T = R = |: 

q ± = q i ± q 2 , (q%) = 2(q\) , (q2_) = 2(q2

2) . (2.4.6b) 

Therefore if, for example, the vacuum is at input 2, the 
f luctuat ions of the signal difference will be Poissonian 
independent ly of the field statistics at the other input (this 
fact is used for the a p p a r a t u r e cal ibrat ion) . 

Similar re lat ions are valid for the normal ly ordered 
opera to r s :q2: = q — \ tha t describe only the excess noise. 
Let, for instance, (:q2:) = 0, then 

(:(q[)2:) = T{:q2:) +2uvRQ{qiq+) , 

(:(q^)2:) =R{:qj:) -2uvRQ{qiqt) , 

< : f e i ) 2 : > + < : f e2 ) 2 : > = ( :«? :> . ( 2 A 6 c ) 

These relat ions show tha t the par t i t ion ing of the excess 
noise from channel 1 into two ou tpu t channels depends 
significantly on the presence of an initial correlat ion (q\q2), 
in par t icular on its sign. This fact explains, as ment ioned in 
the in t roduct ion the ' a n o m a l o u s ' effect of the ou tpu t beam 
splitter in the F B loop (in the f ramework of a priori models) . 

At (q\q2) the beam splitter, according to Eqn (2.4.6), 
per forms the t rans format ion 

F{ = TFi + RF2 , F2 = RFi + TF2 . (2.4.6d) 

At input 2 let there be the coherent componen t plus 
vacuum, i.e. F2 = 1, then 

F( - I = T(Fl-l), (2.4.7) 

or (q[)2: ) = T(: q\: ) . Thus , the beam splitter decreases 
the absolute value of the excess noise, i.e. diminishes the 
' non-Poisson ian ' character of the statistics. 

This conclusion can be generalised [33]: the losses act on 
the normal ly ordered ope ra to r s trivially, in the same way as 
on the field componen t s in classical models . This concerns 
the field t rans format ion by a detector t oo : T is subst i tuted 
by the detector ' s q u a n t u m efficiency rj [see Eqn (2.2.14)]. 
Let P N in the light incident on the detector be fully 
suppressed, F = 0; then, according to E q n (2.2.14), 

= ( 2 A 8 ) 

Thus , the u l t imate observed suppression of the P N is 
restricted, it would appear , by the detector ' s efficiency. 
However , this limit was significantly surpassed in the 
experiments of Ref. [12] (see Fig. 14). The poin t is tha t 
in E q n s (2.4.7), (2.4.8) no correlat ion is assumed between 
the input fields in channels 1 and 2: (q\q2) = 0. However , 
the F B just establishes such a correlat ion. 

Let us consider n o w a ba lance h o m o d y n e detection [34, 
35]. Let the intensities of two beams be measured by two 
identical detectors with an efficiency rj, with the registered 
sum and difference of the current componen t s being 
i± = i\ ± i2. Cons tan t componen t s of the currents are 
assumed to be the same. In analogy with E q n (2.4.7), we 
go over from currents to light fluxes: F± = (i±)/2I0 = 
ri({N±)/2I0 - 1) + 1, where N± = N[±N2. He re n o r m a l ­
isation by the to ta l detectors currents 2 / 0 is used, since if the 
b e a m s are independent , the noises are added together : 
{i±(Q)) = 2I0. In the case of T = R = \, we find with the 
help of E q n (2.4.5) tha t 

F+ - 1 = r,(2(q2) - 1) , F_ - 1 = r,(2(q2) - l ) .(2.4.9) 

T h u s the noise of the current difference does no t depend on 
the h o m o d y n e field noise q2. 

2.5 Squeezing and nondemolition measurements of P N 
Let a light beam be passed t h rough a wide-band pa ramet r i c 
t ransformer (PT) of the travell ing wave type with one 
t ransverse m o d e — a t r ansparen t nonl inear crystal excited 
by a double-frequency p u m p 2co0. The p u m p ' s field then 
must be coherent with a 'carr ier ' field E, i.e. b o t h beams 
must be generated by the same drive laser. 

Accord ing to simple models , either q u a n t u m or classical 
(see Ref. [36]), the field at the PT ou tpu t has the following 
form 

af = ga—fa+, af+ = ga+ —fa . (2.5.1) 

H e r e a = a(Q), a+ = a+(—Q), g = c o s h T , / = s i n h T , r is 
the amplification degree p r o p o r t i o n a l to the p u m p 
ampl i tude , the p u m p phase is t aken to be equal n/2, 
and the P T bandwid th is assumed to be much b roade r t han 
the frequency span under considerat ion AQ. The t r a n s ­
formed componen t s are indicated by pr imes. Thus , the 
t ransformer mixes the spectral componen t s with frequen­
cies COQ =b Q. 

It follows from E q n (2.5.1) tha t 

q = Qxp(—r)q, p f = exp(r)p, 
(2.5.1a) 

q'(4>) = exp(—r) cos((f>q) + e x p ( r ) sm((f>q) . 

Therefore, the PT is a phase-sensit ive device: it amplifies p-
and weakens ^ -quadra tu res (at the p u m p phase chosen 
here). This relates b o t h to ' real ' signals (determined or 
noisy) and to the P N as well. The latter surprising fact was 
demons t ra ted in a number of experiments (see Refs [ 2 -8 ] ) . 

W h e n a coherent componen t with phase </> = 0 is present 
at the P T input , it is t ransformed as a ^ -quadra tu re , i.e. is 
weakened too (however, it can be recovered af terwards with 
the help of a beam splitter and an addi t iona l h o m o d y n e 
field). Thus , the PT amplifies P M and weakens A M of the 
input field, including q u a n t u m modula t ion . 

No t i ce tha t at an a rb i t ra ry p u m p phase , one should 
assume / = exp(i</>0) in Eqn (2.5.1), where </>0 is the p u m p 
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phase plus 7 i / 2 , so tha t we get instead of E q n ( 2 . 5 . 1 a ) 

q'(4>) = [cosh r + sinh T c o s ( 0 o — 2 0 ) ] q((f>) 

+ [cosh T + s i n h T sin ( 0 O - 2 0 ) ] p ( 0 ) . ( 2 . 5 . 1 b ) 

At the PT input let a s ta t ionary noise be present with 
intensity n(Q) = n(—Q) = n; then according to E q n s ( 2 . 5 . 1 ) , 
( 2 . 5 . 1 a ) we have at the ou tpu t , 

{Wf) = Q + e x p ( - 2 T ) , {(p'f) = Q + n ) e x p ( 2 r ) , 

((q'fW) = + " ) [ E X P ( " 2 R ) C O S 2 * + E X P ( 2 0 s m ' </>] > 

m , = _ G + ' z ) s i n h ( 2 r ) = " 

n' + m' = ^ + e x p ( - 2 r ) . 

Not ice tha t according to E q n (2.5.1a), the cross corre la tors 
like (q+p) are not changed dur ing the t ransformat ion , i.e. 
their vacuum values zbi/2 are conserved. 

The function ([qf(4>)]2} in polar coordina tes forms 
uncer ta in ty ellipses with axes p ropo r t i ona l to exp(2r) 
and exp(—2r) (see Fig. 7). These n u m b e r s represent the 
coefficients of stretching and squeezing for q u a d r a t u r e 
var iance. The p roduc t of the uncer ta int ies is 

[ ( ( ? ' ) 2 > ( ( P ' ) 2 } ] 1 / 2 = \ + N > L E - A L O W E R L I M I T I N 

E q n (2.3.10) is reached at n = 0. 
F r o m E q n (2.5.2), we find the F a n o factor after the 

t rans format ion 

Ff = F e x p ( - 2 r ) =2((qf)2) = (1 + 2?z) e x p ( - 2 r ) . (2.5.3) 

Thus , with a sufficiently s t rong pumping , b o t h the P N and 
the input excess noise In are suppressed (the latter effect is 
obviously purely classical). W e recall tha t , according to the 
approx ima te relat ion (2.3.9), the cont r ibut ion of a+a to the 
P N is no t t aken into account here, which can no tab ly 
increase F' at a large amplification f o r a small ampl i tude 
E (a me thod exists for compensa t ing this cont r ibut ion too 
[37, 38]). The suppression or amplification of the PN 
dur ing the pa ramet r i c t r ans format ion occurs, of course, 
only within a limited frequency range determined by the P T 
bandwid th . 

In the case of vacuum at the input (n = E = 0), the P T 
radia tes only its own spon taneous noise, and the ou tpu t 
field state then is called squeezed vacuum. F o r the squeezed 
vacuum 

n' = sinh r, -cosh r sinh T, -coth r . 

(2.5.4) 
These relat ions violate the C a u c h y - S c h w a r t z inequali ty 
{\m'\/n'}clas ^ 1 (see the Appendix) tha t applies in classical 
theory, in which connect ion the own PT emission is called 
nonclassical . No t i ce tha t the smaller the value of T, the 
s tronger the deviat ion from the classical limit is. 

In the opposi te l imiting case, at n 5> \, one can neglect 
q u a n t u m fluctuat ions and our mode l then describes the 
classical pa ramet r i c t r ans format ion of the usua l s ta t ionary 
noise (with identical f luctuat ions of b o t h quadra tu res : 

{q2) — (p2) — n ) into a periodically nons t a t iona ry one 
with different q u a d r a t u r e var iances [39]. One can say 
tha t the P T t ransforms the input Gauss ian chaot ic light 
into a classical squeezed light [40-44]. Fig. 7 explains 
different types of squeezed light and the accepted te rmi­
nology. 

In real experiments , the P T usually emits a squeezed 
vacuum and in order to get quadra ture-squeezed light, a 
coherent (homodyne) componen t from the initial laser 
should be added to it. A beam splitter can be used for 
this purpose . Accord ing to E q n (2.4.6) and Eqn (2.5.2), at 
the beam splitter ou tpu t F" = r[exp(—2F) — l] + 1, so tha t 
at r 1, the F a n o factor F" t ends to \ —T=R—the 
beam splitter reflection coefficient tha t can be m a d e 
sufficiently small at the expense of decreasing the light 
intensity at the ou tpu t . 

In pract ice, in order to observe the effects of squeezing, 
a ba lance h o m o d y n i n g is used (see Section 2.4). M a k i n g use 
of Eqn (2.5.3) and E q n (2.4.9), we find the F a n o factor for 
the difference of the currents : 

(2.5.2) F_ = iy[exp(-2r) - l ] + 1 . (2.5.3a) 

F r o m this at F > 1 we get F_ = 1 — rj [cf. E q n (2.4.8)]. 
Consider then the t rans format ion of two light b e a m s by 

a wide bandwid th PT of the travell ing wave type with two 
t ransverse modes tha t differ by polar isa t ion or direction. 
N o w , instead of E q n (2.5.1), the following t rans format ion 
occurs: 

a[ = gax + exp(i0 o )/flj , a'2

+ = ga\ + e x p ( - i 0 o ) / a 1 . 

(2.5.5) 

Here ak = ak(Q), a\ = a^{—Q), g = c o s h T , / = s i n h T , </>0 

is the p u m p phase plus n/2. F r o m this, we find the 
following connect ions between the modes quadra tu res : 

q[ = gq\ +fqi cos </>0 +jp2 sin </>0, 

q'l = gqi +fq\ cos 0 O +fpx sin </>0 , 

Pi = gPi +fqi sin (/>o -fp2 cos 0O , 

Pi = gPi +fq\ sin (/>o -fPi cos 0o 

(2.5.6) 

[here qx = qx{Q) etc.] In par t icular , at 0 O 

q[ = gqi +fqi, p[ = gpi -fpi, 

q'i = gqi +fq\, Pi = gPi -fp\ • 

= o, 

(2.5.7) 

F o r pract ical purposes , the following p rope r ty coming 
from Eqn (2.5.7) is of interest: q[ — q2 = exp(—F)(qx — q2). 
At r 1, the difference between two ou tpu t signals tends to 
zero, i.e. it is squeezed ' . Let the field incident on the 
t ransformer be in a vacuum state, then 

{{q'i ~ qi?) = e x p ( - 2 r ) ( ^ + q2

2) = e x p ( - 2 r ) , (2.5.8) 

i.e. F_ = exp(—2F) [compare E q n (2.5.3) and 
E q n (2.5.3a)]. Thus , at rj = 1, r 1, the same ampl i tudes 
and appropr i a t e phases of the coherent componen t s , the 
difference between currents in two h o m o d y n e detectors at 
the two-mode PT ou tpu t conta ins no P N [38]. The 
f luctuat ions of the difference of the weak field intensities 
a~Ya\ — a'2a2, which do no t depend on the coherent 
componen t s , are then compensa ted as well, independent ly 
of r [37, 38]. Visually, the latter effect is explained by the 
s imul taneous p h o t o n creat ion in the signal and idle beam. 
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Figure 9. A nondemolition parametric 'beam splitter'. Bj and B 2 are 
beam splitters, PC is a parametric amplifier transformer. The lower 
part of the figure contains polar diagrams illustrating the consecutive 
transformations of the coherent and noise components at / = 1, 
g=lA, Tx = r 2 = 0.85. 

A n interest ing possibili ty is provided by a combina t ion 
of three consecutive t rans format ions (2.4.1), (2.5.5), and 
again (2.4.1) shown in Fig. 9 [29]. By mult iplying the 
matr ices of these t r ans format ions at </>0 = 0, we obta in 
(u = cos# , v = sin 6) 

a[(Q) = g[cos(29)ax(Q) + sin(29)a2(Q)] , 

a'2(Q) = g[-sm(20)ax(Q) + cos(20)a2(Q)] . 

(2.5.9) 

N o w let / = sinh T = — t an(20) , then sin(20) = - t a n h T, 
gcos(20) = 1, gs in(20) = - / , r = (1 + l / g ) / 2 , = 
= (1 — l / g ) / 2 . As a result, we find the following links 
between the ou tpu t and input quadra tu re s : 

9 \ = 9 U d ^ - 2 * * ' (2.5.10) 
? 2 = ? 2 + 2 f a i , P2=P2-

Coheren t componen t s are t ransformed as ^ -quadra tu res : 

E[=El9 E2=E2 + 2fEx=2fEx . (2.5.10a) 

F o r example, let / = \ 9 then g = 1.12, r = 0.48, T = 0.95, 
and 

q\=q\, P\ =P\ - Pi 

q2 = q2 + qx, Pi=Pi 

e[ = e'2= E} . 

(2.5.11) 

W e recall tha t the same linear re lat ions apply in classical 
theory as well. In q u a n t u m theory, they are interpreted as 
p r o o f for the possibili ty of the quantum nondemolition 
measurement of one q u a d r a t u r e in the t ransverse m o d e 
(beam) of the field [26]. Let the 's ignal ' qx be measured in 
m o d e 1, then m o d e 2 is used for p rob ing or measur ing . The 
beam splitter permi ts interact ion between the signal and 
measur ing ins t rument . By watch ing q2, one can get 
informat ion abou t the original signal qx from the term 
2fqx in E q n (2.5.10). It is essential tha t qx is not pe r tu rbed 
{q[ — q\) here, whereas the second q u a d r a t u r e px receives 
some addi t ion (the term —2fp2)9 which is interpreted as a 
back-action of the measur ing device (the second beam in the 
given case) on the observed q u a n t u m object (the first beam) . 
By tak ing back-ac t ion into account , we can ensure tha t the 
uncer ta in ty relat ion (2.3.10) is satisfied dur ing the inter­

act ion. H e r e this invariance is a consequence of the 
uni tar i ty of the t rans format ion matr ices for m o d e ampl i ­
tudes used. 

Similarly, with the use of a phase detector (see Section 
2.4) in ou tpu t channel 1 one can measure the phase 
modu la t i on of the field at input 2 'wi thout demol i t ion ' . 

The device considered mixes two light beams , bu t in 
contras t to a convent ional beam splitter it copies ( 'clones') 
the input ampl i tudes qx and p2. It can be considered as a 
phase-sensit ive 'nondemol i t ion beam spli t ter ' . No t i ce tha t 
the device by itself does no t squeeze but , instead, stretches 
the falling noise (see Fig. 9); for example, in the case of 
coherent input fields, one gets Fx = 1, F2 = 1 + 4 / 2 at the 
ou tpu t according to Eqn (2.5.11). Trans fo rmat ion (2.5.10) 
will be used further in Section 3.4 to p rove the 'observ­
abil i ty ' of the in-loop field in the F B chain. 

Let us consider once m o r e the experiments discussed in 
Section 2.1 which use unusua l proper t ies of the pa ramet r i c 
'nondemol i t ion b e a m split ter ' (see Fig. 5). 

In Fig. 5c, the correlat ion between the q u a n t u m noise in 
two detectors is measured at two ou tpu t s of the device 
considered, whose one input (subscript 1 in the given 
formulas and the upper input in Fig . 5c) is excited by a 
laser beam. Accord ing to E q n (2.5.10), the relative signals 
of the detectors [i.e. normal ised on (210n)1^2, n = 1,2] have 
the form 

q\ = witfi + vitfio = uxqx + vxqxo , 

q'i = u2q[ + v2q20 = u2(q2 + 2fqx)+ v2q20 . 
(2.5.12) 

H e r e un — rjn9 v\ — 1 — rjn. The opera to r s qn0 are in t roduced 
so as to ensure the uni tar i ty of the t rans format ion at 
rjn ^ 1. Thus , detector 2 ( 'p rob ing ' ; the lower pa r t of 
Fig. 5c) has an excess noise with a relative ampl i tude 2fu2qx 

correlated with the vacuum A M input signal qx. As a 
result, the observed noises of the two detectors are 
correlated with each other: 

1 
2 ' < f e 0 2 > = ^ i ^ > + ( l - ^ o > 

{(q"f) = riiiiqi) + V2(q22)) + (1 - ^ ) ( ^ o ) 

= ^ + V 2 m ) 

{q"q") = ifuxu2(q\) (2.5.13) 

W e recall tha t the h o m o d y n e detection is considered 
here in the approx ima t ion Ai <̂  7 0 , which provides l inear­
isation of the detection process and allows one (under some 
restr ict ions on the value / ) not to take into account the 
intrinsic noise of the PT . As a result, the observed spectral 
densities of the noise and their correlat ion depend linearly 
on the power of the incident laser beam. 

The correlat ion coefficient of the ou tpu t signals n o r ­
malised to their var iances (q2

n) has the form 

K = w i qi) 

\/(M)2)(M)2) 
\/4 + r,2f2 

\ we have K • 

(2.5.14) 

: 0.41, and at F o r example, at / = rjx = rj2 

f2rj2 \ the correlat ion coefficient is equal to y/rf[. N o t e 
tha t here the correlat ion was computed for the op t imal 
phase of the coherent fields E[, E2 and by neglecting the 
weak field cont r ibut ion which is independent of them. 
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The scheme from Fig. 5c can be t reated as a modified 
B r o w n - T w i s s correlometer in which a convent ional beam 
splitter is subst i tuted by a ' nondemol i t ion ' one. As a result, 
even the light in a coherent state p roduces the correlat ion 
effect (which is absent in the case of a convent ional beam 
splitter [see Section (2.4.6) at (q\q2) = 0]. This effect was 
observed in Refs [27, 29]. 

The experiment considered enables us to m a k e two 
impor t an t conclusions. 

1. It provides evidence in favour of a visual a priori 
descript ion of the PN in the given case: in fact, in 
accordance with the a posteriori po in t of view, if the noise 
were to appear in the detectors dur ing measurement , it 
would be statistically independent . Obviously, the correla­
t ion can be in t roduced only by the signal of ' vacuum 
m o d u l a t i o n ' qx of the original field E. No t i ce tha t the 
detectors m a y be separated by a large distance to exclude 
their possible interact ion. 

No t i ce also tha t if one uses a simple PT (without 
addi t iona l beam splitters), there will also be correlat ion 
between currents , bu t it will depend on signals qx and q2 at 
both inputs , which makes the conclusion on the a priori 
character of the coherent field P N qx less convincing. 

2. The macroscopic current , i(t)9 of b o t h the conven­
t ional and the nondemol i t ion h o m o d y n e detector 'realises' 
(makes observable) the modu la t ing stochastic signal Q(t) of 
the field E{t) incident on the detector — even if it has 
' v acuum ' origin. This point , a l ready ment ioned in the 
in t roduct ion , underl ies the q u a n t u m theory of F B in paper 
[15], as well as in Sections 3 . 1 - 3 . 5 of the present review. 

Similarly, when mak ing the choice of the cor responding 
phase of the h o m o d y n e field (Section 2.4), one can realise 
the vacuum phase modu la t i on signal P\(t). 

One might a rgue tha t the PT per forms act of measu re ­
ment dur ing its interact ion with the original beam, thus 
in t roducing the general noise of measurement into b o t h 
ou tpu t beams , which leads to correlat ion between the 
currents . However , the q u a n t u m measurement concept 
implies the t ransi t ion from ^ -numbers to c-numbers , while 
here the pa ramet r i c interact ion is described by opera tor 
relat ions, and the input signals of the detectors are entirely 
c-numbers . 

One can describe the act ion of the PT and beam splitters 
by using no t the Heisenberg representa t ion accepted here 
bu t tha t of Schrodinger (see Ref. [32] for compar i son of 
these two ma themat i ca l methods) . Then the state vector at 
the optical system input = | J E 1 ) 1 | 0 ) 2 is t ransformed into 
some ou tpu t vector which relates to b o t h ou tpu t beams 
and defines the jo in t statistics of bo th detectors . Individual 
state vectors cannot be ascribed to the ou tpu t beams: t aken 
separately, they are in mixed and not p u r e states. U n d e r 
such a description, the PN does no t arise in detectors 
independent ly bu t as a result of some p rope r ty of the state 

In essence, this is an a priori descript ion as well, when 
informat ion abou t the PN is t ransferred by the state vector 
(and no t by Heisenberg opera to r s q, p). 

Let us consider one m o r e possible experiment , shown in 
Fig. 5d. H e r e the signal of the nondemol i t ion detector 
carrying, as we have been convinced, informat ion abou t 
the P N of the original b e a m (term 2u2fqx)9 after having 
been amplified controls the m o d u l a t o r m o u n t e d across the 
beam pa th between the PT and a convent ional detector 
(such schemes are designated by the term feedforward). 
Consider ing the correlat ion discovered above , it seems 

obvious tha t , by selecting the pa rame te r s of the scheme, 
one can achieve P N suppression at the m o d u l a t o r ' s ou tpu t , 
i.e. to obta in ampl i tude squeezing. The calculat ion con­
firming tha t assumpt ion will be given in Section 3.4 for a 
m o r e efficient modif icat ion of this scheme (Fig. 5e) where 
the m o d u l a t o r is placed before the PT , i.e. with the use of a 
negative feedback. 

3. PN and electronic feedback 
3.1 Sys tem dynamics 
The scheme of the experiment [12] and no ta t ions accepted 
be low are presented in Fig . 10. There are four input fields 
Ek(t), k = 1 ,2 ,3 ,4 , three in-loop fields E\t), E"(t), Et(t)9 

and two ou tpu t fields Er(t), E0(t). S t rong coherent signals 
are assumed to be fed only to inputs 1 and 3, i.e. 
E2 = EA = 0. The addi t iona l field E3 enables one to 
measure , independent ly of El9 the phase of the coherent 
to ta l field E" on the detector , which plays the role of a 
h o m o d y n e field. The fields Et{t) and EA(t) are fictitious, 
they are in t roduced to describe the detection process. 

Figure 10. The experimental scheme for studying optical systems with 
feedback. 

It is convenient to mode l the m o d u l a t o r by a beam splitter 
with a var iable ampl i tude t ransmiss ion U(t) = u[\ — ew(t)] 
and reflection V(t) = [1 - U2(t)]l/2 [15]. H e r e w(t) is a real 
m o d u l a t o r signal ( that has no D C componen t by a s s u m p ­
t ion), and u = y/f and v = are real t ransmiss ion and 
reflection coefficients at w = 0 (no losses are assumed, so 
tha t T + VR = 1). The pa ramete r s plays the role of a switch 
for describing ampl i tude (e = 1) or phase (e = i) m o d u l a ­
t ion. If the modu la t i on coefficient (|w| <̂  1) is small, we 
have V(t) w v[l + ^sw(t)]9 where % = u/v. 

If w(t) is a classical function of t ime (determined or 
stochastic), the m o d u l a t o r per forms un i ta ry t rans format ion 
of the incident fields. Here , unl ike in a usua l beam splitter, 
modes of different frequencies interact , so tha t the spectral 
composi t ion of the input b e a m s is redis t r ibuted. At the 
same t ime, there is no mixing here between posi t ive- and 
negative-frequency componen t s , hence no squeezing occurs 
(without feedback). 

However , in the mode l considered below, once the F B 
chain is looped, the function w(t) becomes an opera tor , 
uni ta r i ty of t r ans format ion b reaks down and the fields 
undergoes squeezing by ampl i tude or phase in the case of 
ampl i tude (e = 1) or phase (e = i) modu la to r , respectively. 
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In the approx imat ion of l inearity on w and A the 
m o d u l a t o r per forms the following t rans format ion : 

E\t) = UEl(t) + VE2(t) « M [ 1 -Ew(t)]El(t) + vA2(t) , 

Er(t) = -V*E1(t) + U*E2(t) 

^-v[l+jt2e*w(t)]Ei(t) + uA2(t) . (3.1.1) 

Recal l tha t in each beam E(t) is a posit ive-frequency field 
consist ing of a coherent m o n o c h r o m a t i c par t E exp(—icD^t) 
with a large ampl i tude E and of a weak field A(t). By 
neglecting te rms of order wA, we obta in 

A '(t) = uAx(t) + vA2(t) - Ef Qxp(-ico0t)sw(t) , 

E' = uEi , 

Ar(t) = -vAx(t) + uA2(t) + x2ErQxp(-ico0t)s*w(t) , 

Er = -VE1 . (3.1.1a) 

In the spectral representa t ion , 

a'(Q) = a'(Q) — Efsw(Q), a' = uax + va2 , 

ar(Q) = ar(Q) — xEfs*w(Q), ar = —vax + ua2 . 
(3.1.1b) 

Ope ra to r s with the s y m b o l ' ~ ' are defined th rough the input 
ampl i tudes Cl \, ci2 with open F B loop (a = a\ ar = ar). 
W h e n calculat ing the P N , they play the role of given 
Langevin forces. 

The next t rans format ion of the modu la t ed in-loop field 
is performed by a beam splitter leading the beam ou twards 
with pa rame te r s u \ v ' , 

A " = K ' A ' + V ' A 3 , E" = u'E' + vfE3 , 

A 0 = - V ' A ' + W ' A 3 , E0 = - v ' E ' + uFE3 . 
(3.1.2) 

H e r e u 2 + v'2 = Tr + R ' = 1. This t r ans format ion is un i ­
tary . 

It is convenient to describe the de tec tor ' s act ion by a 
t rans format ion with u"2 = 1 — v"2 = rj ( the second ou tpu t 
channel is thus ignored): 

A FF A FF I " A Z7 " c " 
At = u A + v A 4 , Et = u E . 

(3.1.3) 

The fictitious field A 4 ensuring the uni tar i ty of the 
t rans format ion is in a vacuum state. The de tec tor ' s 
current is equal , by definition, to the fictitious field 
intensity Et(t), so tha t the D C - and a l ternat ing c o m p o ­
nents of the current are equal , in accordance with 
E q n (2.3.9), to 

/o = i ^ l 2 = ^ T , 

i(t) = y/2\E,\Q,(t,<l>i) = (2I0f2Qi(t,<l>i) . 

Here we neglect the cont r ibut ion of the weak 'modu la t ing ' 
field to the direct current ; 4i = ^" i s the phase of the 
h o m o d y n e field on the detector E". 

The link between the q u a n t u m formalism and experi­
ment is m a d e by pos tu la t ing tha t the opera tor i(t) 
corresponds to the observed pho tocu r ren t . Then the 
observed current f luctuat ions are calculated from a q u a n ­
t u m correlat ion function, which in the case of a vacuum 
weak field, according to E q n (2.2.12), ha s the form 
(i(t)i(t')) =2I0(Q(t)Q(tf)) = I03(t-tf) (with no account 
t aken of the de tec tor ' s response) . No t i ce tha t here a 
correlat ion function different from the normal ly ordered 
one is used (otherwise q u a n t u m noise does no t arise). As is 

usual ly accepted in the q u a n t u m optical description of 
s ta t ionary experiments , we identify the averages over the 
q u a n t u m ensemble calculated in theory with the averages 
over t ime observed by experiment . 

On the other hand , the P N (also called the shot noise) in 
the f ramework of the semiclassical theory of pho tode tec t ion 
is frequently connected with charge discreteness. Our 
formalism also describes pu re ana logue detection made , 
for example, by a micro calorimeter or the rmocouple . This 
app roach demons t ra tes independence of the observed P N on 
the fact of discreteness of the photoe lec t ron charge (see 
Section 2.2). Formal ly , the P N appears here as a result of 
the field ope ra to r s ' noncommuta t iv i ty and the use of 
nonorde red opera to r s for de terminat ion of the q u a d r a t u r e 
var iance. 

W e shall describe the action of the electronic scheme in 
the spectral representa t ion by the relat ion 

w(Q) =k(Q) exp(ifiT)/(fi) 

= V 2 ^ ( f i ) | ^ - | e x p ( i f l T ) ^ ( f l , ^ ) (3.1.5) 

Here the pa ramete r x makes a l lowance for the to ta l delay 
in the closed F B loop b o t h in the optical t ract and in the 
connect ing cables as well, and the amplification coefficient 
k(Q) describes the dispersion proper t ies of the 'electronics ' : 
detector , amplifier, and modu la to r . The electronic scheme 
is assumed no t to let the direct current pass , so tha t the F B 
has no effect on the coherent pa r t s of the fields. 

Re la t ion (3.1.5) hides the most impor t an t concept of the 
mode l (in its q u a n t u m version): it implies tha t the amplified 
macroscopic electron signal w(t) control l ing the m o d u l a t o r 
is, like Qt(t), an opera tor [15]. (The a rguments in favour of 
such an app roach have al ready been given in Section 2.5). 
Then t rans format ion (3.1.1) ceases to be uni ta ry . 

T rans fo rmat ions (3 .1 .1) - (3 .1 .3) in spectral representa­
t ions t ake the following form: 

a — a — Efsw, a' = aci\ + va2 , 

ar = ar — yE fs*w, ar = —vci\ + ua2 , 

a = a — ii E sw, a = u a + v a3 , (J. 1.6) 

a0 = d0 + v 'E fsw, d0 = — v 'a' + u 'a3 , 
/ // F7 / ̂  ~ 11-11 , 11 

Here , for example, a =d'{Q) is the field with excluded 
central m o d e co0 at the m o d u l a t o r ' s ou tpu t generated by 
given external fields ax and a2 with open F B [when 
w = w(Q) = 0], and a = a'(Q) is the same field with closed 
F B , i.e. it is a self-consistent field. 

N o w by using Eqn (2.3.7) we pass to quadra tu res . Then 
the following combina t ions arise: 

Ef[sw(Q)±s*w+(-Q)] 

= (s±s*)k(Q)E'\Ei\QxV(iQT)qi(Q, 0,.) 

= l-(s±8*)aqi(Q^i) • (3-1.7) 

Here the definition a = 2k(Q)E,\Ei\ exp(i£h;) is in t roduced 
and the p rope r ty w(Q) = w + ( — Q ) , following from the 
Hermi t i an character of w(t), is used. The coherent fields 
ampl i tudes Ei9 Ef, Er are considered to be real at E3 = 0, 
a = 2u'u"k(Q)E'2 x exp( i^T) . 
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By use of the ampl i tude modu la to r , one has tha t 
8 + 8* = 2, 8 — 8* = 0, so tha t the m o d u l a t o r has no effect 
on P - q u a d r a t u r e s ; and in the case of the phase modu la to r , 
8 + 8* = 0, 8 — 8* = 2 and the m o d u l a t o r does no t affect Q-
quadra tu res . In the latter case one needs to use an 
addi t iona l coherent field E3 at input 3 which converts 
P M into A M ; the h o m o d y n e field phase at the detector 
(fit should be equal to n/2 (see Section 2.3). In b o t h cases the 
m o d u l a t o r changes only one quad ra tu re . Thus , the A M and 
P M cases differ from each other only by the replacing of Q-
and P -quad ra tu re s , and therefore we will consider only the 
A M case ( 8 = 1 ) below. Then p' = p' = up\ + vp2, etc. 

F r o m E q n s (3.1.6) and (3.1.7) we find 

q' = q' - ^(fa), q = uqx + vq2 , 

qr = qr- x<*4i(<i>i), qr = - w i + mi, 
q" = q" — u'onqi^i)» q" = u'q'-\-v'q3 9 (3.1.8) 

qo = <7o + v'ttqifa), q0 = -v'q + u fq3 , 
/ // / I \ ~ / / - / / . / / qt = qt — u u aq^cpi), qt = u q -\-vq4. 

Let us compare the intensities of two waves at the 
m o d u l a t o r ' s ou tpu t . Accord ing to Eqn (2.3.9) and 
E q n (3.1.8), 

N\Q) = V2Efqf = V2uEl [uqx + vq2 - a ^ ( ^ ) ] , 

Nr(Q) = V2Erqr = -V2vEx [-vqx + uq2 - X^i(4i)] • 

(3.1.9) 

Tak ing into account % = u/v9 we find Nf + Nr = y/2E1q1 = 
Ni. Thus , the m o d u l a t o r does no t affect the sum of the 
ou tpu t intensities (similar to the A M signal q2 from 
channel 2), it only redis t r ibutes the fluxes. 

To obta in self-consistent solut ions, one needs to replace 
qi(4>i) in E q n (3.1.8) by one of the following equivalent 
expressions: 

tfiOW = ^ c o s < ^ + # s i n < ^ 

= (u "q" + v ffq4) cos <f>t + pt sin (f>t 

= (u"u'q' -\-u"v'q3 + v"q 4 ) cos <f>t + pt sin . (3.1.10) 

Thus , from E q n (3.1.8) and E q n (3.1.10) we find 

qt = qt — u 'u ffoc(qt cos + pi sin (j)t) . 

Let us determine the feedback coefficient ft (i.e. the 
t ransmiss ion coefficient for the entire opto-electronic 
circuit) and the ampl i tude coefficient of the squeezing 
(or stretching) y: 

= uffufacos4>t = 2 w / / w / c o s ( / > ^ ( 0 ) J E / | J E / | exp(iDT) , 

He re = U'U'OL = (rjeffT f)l^2a, where rjeff = rj cos 4>t is the 
effective q u a n t u m efficiency of the detector with the 
h o m o d y n e field phase taken into account , and Tf = uf2 

is the beam splitter t ransmiss ion. At E3 = 0 we have = 0 
and 

P = 2k(Q)I0Qxp(iQT) = 2k(Q)rjTfT\El\2 qxp([QT) . (3.1.11a) 

In this no ta t ion , 

Qi = y(qi-u'u"<x.pism<i>i) = y{qt - / f o t a n ^ - ) . (3.1.12) 

F r o m here we find the self-consistent solut ions for the 
signal at the de tec tor ' s ou tpu t depending on the input 
signals qk, p k 9 k = 1 , . . . , 4 and the coherent field phase 4>i 
on the detector 

*«>,•)= yqA4>i) , (3 -1 .13) 

where 

&(<W = ^ c o s ^ + A - s i n ^ 

= [u u uqi + u u vq2 + u v q3 + v q4) cos q)i 

-\-(u u upi + u u vp2 + u v p3 + v p4) sin <pi . 

(3.1.13a) 
Thus , any external act ion {qk, pk}9 such as a de termi­

nistic signal, classical or q u a n t u m noise, is multiplied by the 
pa ramete r y(Q) = 1/[1 + P(Q)]. Therefore, y(Q) plays the 
role of a spectral Green function for the pho tocur ren t . At 
\y(Q)\ ^ 1 the scheme is a pho tocu r r en t stabiliser tha t 
accordingly does no t perceive external signals. As a 
result, its noiseless cannot be used. 

No t i ce tha t the coefficient ft oc rjeff = rj cos 4>t is m a x ­
imum at 4>t = 0, in par t icular in the absence of the 
addi t iona l h o m o d y n e field (E3 = 0). Meanwhi le , this field 
is necessary when using a phase modu la to r , because in tha t 
case cos</>; in the ft definition is replaced by sin</>;. 

Analogous ly , from E q n s (3.1.8) and (3.1.10) we obta in 

q =y{q' -oc[(u"v'q3 + v % ) cos ̂ + ^ sin 0j } , 

q" = y [q" — u fa(v "qA cos 4>i + Pi s m </>*)] > 

qo = qo + v Gcy(qi cos <pi + p t sm , 

qr = q r - m(qi cos 4>t +pt sin 0 f ) . 

The ou tpu t A M signals depend on the phases of the 
coherent componen t s : 

<7o(</>o) =qo cos 0 O + p sin 0O 

+vfay cos 0 o ( ^ c o s 0 i + P i sin , (3.1.15) 

qr{<i>r) = - q r , 

(we have taken into account tha t the phase of the coherent 
wave 'reflected' by the m o d u l a t o r is n). 

N o w we tu rn our a t tent ion to the difference in responses 
to external pe r tu rba t ions {g, p} at different po in t s of the 
system. In formula (3.1.13) the entire external pe r tu rba t ion 
is mult iplied by the factor y. At \y\ <̂  1 this leads to a s t rong 
suppression of the external modu la t i on and in par t icular to 
a s t rong squeezing of the P N in the observed pho tocur ren t . 
In the first two formulas of E q n s (3.1.14) describing in-loop 
fields, an addi t iona l pe r tu rba t ion , multiplied by the factor 
ay with absolute value no t exceeding 1, acts. This yields an 
addi t iona l noise and, therefore, less squeezing than tha t of 
the current (this is one of the pa radoxes ment ioned in the 
In t roduc t ion) . Finally, on the r .h.s . of the last two formulas 
of E q n s (3.1.14) describing ou tpu t signals, a pa r t of the 
external forces is not affected by the F B at all, which leads 
to the absence of the squeezing. Moreover , the last t e rms in 
these formulas yield excess A M noise at the ou tpu t (which, 
in fact, can be avoided by t ransforming it into F M ) . 

Let, for example, only (qx) be nonzero (i.e. there is a 
h a r m o n i c modu la t ion at the first input) , then we have at the 
ou tpu t s , 

<9o> = -uv'y(qi), (qr) = -vy[1 + (1 - z 2 ) j 5 ] < ? 1 ) , ( 3 .1 .16 ) 
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i.e. when \y\ <̂  1, the original modu la t i on is suppressed. 
This effect can be used to 'clear ' laser b e a m s of unwan ted 
modu la t ion . 

On the other hand , modu la t i on (q3) from channel 3 
influences the ou tpu t signal q0 in two ways: directly and 
th rough the F B loop . Only the latter cont r ibu t ion can be 
strongly suppressed by the F B . It is this c i rcumstance 
defined by the system's dynamica l proper t ies tha t underl ies 
the fact tha t one has no possibili ty to extract the squeezed 
light out from the F B loop using a convent ional beam 
splitter. Mean t ime , in the 'nondemol i t ion beam spli t ter ' q3 

acts only via the F B loop (Section 3.4). 
No t i ce tha t when \y\ > 1, the system under considera­

t ion can be used to amplify a weak input field, to increase 
the modu la t ion depth , and to generate new componen t s of 
the weak field [30]. The system m a y opera te in the self-
excitation regime when a ' se l f -modulat ion ' of the original 
coherent field occurs. The generat ion frequencies Qn are 
determined by the poles of the spectral Green function for 
the system, i.e. by the equat ion fi(Qn) — — 1- These 
frequencies are approx imate ly defined by max ima of the 
function |y(fi)|, which is p lot ted in Fig . 11. One m a y avoid 
the self-excitation by in t roducing an addi t iona l damping at 
these frequencies [12]. 

W e have solved the dynamica l pa r t of the p r o b l e m — w e 
expressed internal and ou tpu t A M and F M signals in te rms 
of the input signals. This stage is classical in essence. 

3.2 Green function and commutators 
Let us consider n o w the system's response to a short (with 
respect to l/AQ) pe r tu rba t ion . Let at instant £ = 0 the 
ampl i tude of a coherent field Ex incident on input 1 
increase sharply and then d rop back . Here one m a y assume 
(Qi(t)) oc 3(t)9 so tha t {qt{Q)) oc (q\(Q)) = const and the 
pho tocu r ren t pulse arises according to Eqn (3.1.13): 

dQQxp(-iQt)y(Q) = G(t) . (3.2.1) 

Here the real function G(t)9 the Four ie r - image of the 
function y(Q) = y*(—Q)9 is interpreted as the pho tocu r ren t 
var iable componen t . This is the response of the current to a 
short (5-like pe r tu rba t ion of the input coherent field. Since 
the mode l under considerat ion is linear, the same function 
G{t) is used in classical and q u a n t u m versions. 

By represent ing y in the form 1 — + /?), we select 
the original signal G 0 = 3{t) from the response function 

G(t) = 3(t) -
1 

271 

dQexp(-iQt)P 
(3.2.2) 

Accord ing to the causali ty principle, the second term here 
must vanish at t < T. 

Let PQ(Q) describe electronics ' dispersion with no 
account for opt ical delay T. By subst i tut ing 

oo 
y = [1 + £ 0 ( O ) e x p ( i O T ) ] - 1 = ^2[-po(Q)]n exp (infix) , 

n=0 

we find the series expansion of the Green function in 
powers of ft 

oo 
G(t) = Y,Gn(t-m) , 

n=0 

| dQQxp(-iQt)[-p0(Q)]n . Gn(t) 
1 

' 2K I 
(3.2.3) 

H ere G$(t) = 3(t) describes the initial pe r tu rba t ion , 
Gi(t — T) is delayed by the T response of the amplifier 
(this is the Green function of the electronics), and the 
subsequent t e rms of the series Gn[t — nx) describe the 
repetit ive pass ing of the signal t h rough the circuit. 

If one neglects the electronics ' dispersion, the Green 
function is a periodic sequence of ^-functions: 

G(f) = J T ( - / O T f - » T ) (3.2.4) 

A characterist ic feature here is the changing of signs (at 
P0 > 0) of the system's response pulses: the first pulse 
(observed with a delay T) is negative due to the m o d u l a t o r ' s 
t ransmiss ion decrease, bu t later on this pulse causes the 
m o d u l a t o r ' s t ransmiss ion increase and, correspondingly, a 
posit ive second pulse of the current . 

Let the electronics act as a one-pole low-frequency filter 

Po(Q) 1 - ifir„ 
(3.2.5) 

(here xa w 1 /AQ is an effective t ime cons tant determined by 
the bandwid th AQ of the detector, amplifier, or m o d u l a ­
tor ) , then par t ia l pulses in E q n (3.2.2) at n = 1 , 2 , . . . have 
the form 

G„(0 
2n 0 - i f l O " (n- l ) k a e x p ( f / T a ) ' 

(3.2.6) 

where 6{t) is a step function. 
Fig. 11 shows the plot of the function G(t) — 3(t) 

according to E q n (3.2.3) and E q n (3.2.6), and of the 
function |y(f i ) | 2 in the case of % = 10r a and /?0 = 0.6. 

i/li+iWi2 

Figure 11. Temporal Green function G{t) (upper figure) and frequency 
characteristics 1/|1 + /?(&)|2 (lower figure) of the opto-electronic circuit 
with a feedback loop [according to Eqn (3.2.5) and Eqn (3.2.6)] at 
T — 10T« and , = 0.6. The distance between the extrema is 
approximately 2TT/T by frequency and T by time, where T is the total 
delay in the circuit (with no account for electronics dispersion). 
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Of similar shape (but with opposi te sign) are the ou tpu t 
signals 

<Go(o> = - « v ' < a ( o > > <GrW> = - v < a ( o > > ( 3 - 2 - 7 ) 

(in the latter expression T = R = \ is assumed) . 
Wi th Q <̂  T~1 and TA <^ T, one can use the a p p r o x i m a ­

t ion (3.2.4); then y(Q) w 1/[1 + j80 exp(ifir)] . This function 
is reminiscent of the t ransmiss ion coefficient for a laser 
F a b r y - P e r o t resona tor , or ra ther for a r ing resona tor of 
the to ta l length C/T with p roper frequencies Qn = 2KU/T and 
excitation condi t ion fi0 = — 1 . 

Let us n o w find the field c o m m u t a t o r s in the presence of 
F B . F r o m E q n (2.3.8) and E q n (3.1.14) we obta in 

[q'(Q),p'(-aj\ = i y ( f l ) , 

[q\Q^l),q\-Q^2)]=iy(Q)sm(42-$l) . 
(3.2.8) 

Similar expressions hold for opera to r s q", p". Thus , having 
a s t rong negative F B , the in-loop field opera to r s c o m m u t e 
with each other , i.e. they acquire classical character . This is 
in agreement with the fact of the current PN decrease 
observed in the experiments . 

F r o m E q n (3.2.8) it follows tha t 

[a\Q),a,+ (Q')] = 8(Q - Q') Rey( f i ) (3.2.9) 

so tha t 

[A'(t),A>+(t')] 

exp M ' ; - ' ) ] J 
dQexp[iQ(t' -t)] 

2K 
Rey( f i ) 

= S(t - t') - Qxp[ico0(t' - t)] 

f dQexp[\Q(t' -t)] fi(Q) 
2K l+P(Q) ' R e , • (3.2.10) 

The second term in the latter expression is nonzero only at 
\t —1'\ > T. M a k i n g use of the definition (3.2.1) for the 
Green function G(t), we get the relat ion 

[ A ' M , A ' + ( 0 ] 

= ^[G(t-t') + G(t'-t)]exp[ico0(t'-t)] . (3.2.11) 

Wi th the help of E q n (3.1.14), it is easy to verify tha t 
the commuta t i on relat ions are conserved for the ou tpu t 
signals: 

[q0(Q),p0(-Q)] = [qr(Q),pr(-QJ\ (3.2.12) 

Final ly, we take into account the F B action in the 
original t r ans format ion of the field by the m o d u l a t o r 
(3.1.1). Let u' — a " — 1, u — v— 1 / \[2 for simplicity; 
then Eqn (3.1.8) and Eqn (3.1.14) t ake the form 

j _y{q\ +12) / =pi +P2 
V2 9 V2 9 

(y-2)qi+yq2 _ - P l +p2 

•> Pr 
(3.2.13) 

V2 V2 

F r o m here, using Eqn (2.3.7) we find the action of the 
m o d u l a t o r on the opera to r s {a,a+}: 

a'{Q) = 2-3/2{[y(Q) + l ] [ax{Q) +a2(Q)] 

+ [y(Q) - 1] [at(-Q)+aU-0)]} , ( 3 2 1 4 ) 

ar(Q) = 2 " 3 / 2 { [y(Q) - 3]fl l(Q) + [y(Q) + l]a2(Q) 

+ [y(Q)-l][a+(-Q)+a+(-Q)]} . 

This again leads to c o m m u t a t o r s (3.2.9) and (3.2.12). This 
linear t r ans format ion (which is un i ta ry only ify = 1) differs 
significantly from convent ional quan tum-mechan ica l t r a n s ­
format ions . No t i ce the mixing of the posit ive and negative 
frequency componen t s typical of squeezing . 

3.3 P N in a system with negative feedback 
Dynamica l re lat ions (3 .1 .13)- (3 .1 .15) allow the de te rmina­
t ion of the statistics of the internal and ou tpu t signals 
t h rough tha t of the input signals {qk, pk} (& = 1 , . . . , 4 ) . 
The input corre la tors m a y be found from Eqn (2.3.11); for 
example, in the case of vacuum we have at all inputs , 

{qk(Q)qk(-Q)) = {pk(Q)pk(-Q)) = -i{qk(Q)pk(-Q)) 

= {{pk(Q)qk(-Q))=-. (3.3.1) 

N o w at all four inputs let there be the same independent 
fields with a spectral density n(Q) = n(—Q) and a real 
squeezing pa ramete r m(Q); then, according to 
E q n (2.3.11), 'zero f luctuat ions ' \ are replaced by 
n + m + \ . [In fact, the fictitious field intensity aA cannot 
be nonzero , so tha t the example given makes sense only in 
the approx ima t ion (rj = 1).] Therefore, the exper iments 
considered can in principle be repeated in the classical 
regime by feeding intense (so tha t \n + m\^> \) noise 
rad ia t ion to all inputs . Since the system is linear, no th ing 
should be quali tat ively changed. T h u s the effect of the noise 
suppression by F B has a close, fundamental ly classical 
ana logue . This conclusion, based on the identi ty of classical 
and q u a n t u m Green functions, m a y be ext rapola ted on all 
linear optical systems [32, 44], for example on pa ramet r i c 
t ransformers (see Section 2.5). 

In wha t follows we shall also need the case when fields 
at all bu t the first input are in the vacuum state, and an 
excess noise (positive or negative) is present at input 1, i.e. 
(:q\:) = = (q\) — \ ^ 0. N o r m a l l y ordered Langevin cor re ­
la tors at different po in t s of the system are defined, 
according to E q n (2.4.6a) and E q n (3.1.8), by the formulas 

(: q}:) = r,(: ~q"2:) = r,T'{: q'2:) = r,T'T{: q2:) ^ 

{:q2

r:)=R{:q\:), {: q2,:) = TR '(: q\:) . 

To begin with, we find f luctuat ions at different po in t s of 
the scheme in case (3.3.1), i.e. for a vacuum at all inputs 
(Fig. 12). All the t rans format ions used above are o r t h o ­
gonal , so tha t Langevin corre la tors of the form 

(Ua)H-a))> {Pi{Q)Pi{-Q)), {qi(9)Pi(-G))take v a c u u m 

values (3.3.1). Then corre la tors like {qi{Q)pi{—Q)) = i/2 
provide no cont r ibu t ion as they are compensa ted by the 
average (p^q^-Q)) = (q^p^-Q))* = - i / 2 ; having 
the opposi te signs. Cross corre la tors like (q0(Q)qi(—Q)} 
m a k e no cont r ibut ion as well. 
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Figure 12. Quantum fluctuations of amplitude and phase at different 
points of the system. The amplitude fluctuations of the in-loop fields 
between the modulator and detector are suppressed (without the 
corresponding increase in phase fluctuations), but to a smaller degree 
than the current fluctuations. The output fields contain some excessive 
modulator-induced amplitude fluctuations. 

As a result, from Eqn (3.1.13) we easily derive the F a n o 
factor for the current : 

Light p o w e r / m W 

— 1/2 
Figure 14. The relation between Ft

 1 and the power of light on the 
detector [12]. Here Ft is the relative spectral density of the inner 
detector's photocurrent noise at frequency 18 MHz . The dashed line is 
the limiting level following from Eqn (2.4.8) at r\ — 0.68. 

Fl(4l)=2(q

2(4l)) = 2\y\2(q2(4l)) = (3.3.2) 

The spectral density of the current f luctuat ions is then 
equal to (i2(Q)) = 2I0(q2(Q, <^)) = 7 0 | y | 2 . Thus , at fre­
quencies where \y(Q)\ < 1, the shot noise should also be 
less t han the noise determined by the Schot tky formula, 
which was observed, for example, in the experiments [12] 
(Fig. 13). The functional relat ion F(I0) = (1 + cl0)~2, 
where c is a p ropor t iona l i ty constant , was also confirmed 
experimental ly in Ref. [12] (Fig. 14). 

Figure 13. Dependences of the spectral density of the photocurrent 
fluctuations on frequency observed in Ref. [12] for internal (a) and 
external (c) detectors. Dependences (b) and (d) correspond to the shot 
level of noise. The periodicity in the feedback sign change (22 MHz) 
corresponds to a time delay in the feedback loop of T = 45 ns. 

No t i ce the per iodic dependence of the P N squeezing on 
the h o m o d y n e field phase due to factor cos</>; in the 
coefficient P [see Eqn (3.1.11)], in full ana logy with the 
case of the ' convent iona l ' squeezed light [see Eqn (2.3.14); 
the field E3 was absent in the experiments [ 9 - 1 3 ] , so tha t 
4>i = 0]. 

The correlat ion function of the pho tocu r r en t is defined 
by the Four ie r image of the function F(Q,(j)j) 

{Qi(tAi)Qi(t',<l>i))=^dQexp[-iQ(t-t')]\y(Q)\2 . 

(3.3.3) 

F o r the ou tpu t field according to Eqn (3.1.14) and 
Eqn (3.3.1) 

F0((/> = 0) = l + | v ' a r | 2 = l + 
R' 

left?' 

P 

1 + 0 

F 0 ( # ) = F 0 ( 0 ) cos 2 <j> + s in 2 0 = 1 + 
fl'cos2(/> P 

1 + 0 ' 

(3.3.4) 

Thus , the noise is super-Poissonian at the opt ical ou tpu t 
(see Fig. 13), i.e. the excess noise of the m o d u l a t o r provides 
a posit ive cont r ibut ion to the to ta l var iance of the ou tpu t 
field, in contras t to the in-loop field [see Eqn (3.3.6)]. At 
the same t ime, the P N of the ou tpu t field remains at the 
vacuum level. Thus , the ou tpu t field like the squeezed light 
has different ampl i tude and phase modula t ion , which can 
be studied by a h o m o d y n e detector . By selecting phase and 
ampl i tude of the h o m o d y n e field so tha t </> = K/2 (i.e. by 
t ransforming the excess A M and P M ) , one can get rid of 
the excess ampl i tude noise at the ou tpu t . 

This is also valid for the second ou tpu t field Er 

' reflected' from the m o d u l a t o r 

Fr((f>) = 1 + cose 1 + 
cos 2 (0 )r P .(3.3.5) 

N o w we find the P N of the in-loop fields. M a k i n g use of 
E q n (3.1.14) and E q n (3.3.1) we get 
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F ' ( 0 = O) = 

F"(0 = O) = 

n+p\2 

l + l /? | 2 ( l -*7ef f )A/ , eff (3.3.6) 

which coincides essentially with the results obta ined in 
Refs [12, 17]. It follows from here tha t F ' - F " > 0 , 
F" — FT ^ 0, i.e. the relative f luctuat ions of the field on the 
detector E" are also suppressed bu t less t han those of the 
current [12], and the relative noise of the in-loop field Er 

decreases dur ing its passage t h rough the beam splitter or, 
in general, an absorber — cont ra ry to the rule (2.4.7). As 
was a l ready said, this is a result of the correlat ion, which is 
no t t aken into account in Eqn (2.4.7), of the q u a n t u m and 
excess noise incident on the beam splitter due to F B . In the 
case of an absorber or detector, the correlat ion is mean t 
between the incident field and phenomenolog ica l Langevin 
sources in t roduced into the theory to recover the 
t rans format ion uni tar i ty when dissipation is present . 

Let /T = rjeff = rj for simplicity, then F" < 1 at 
)8<2i7/(l-2iy). Analogously , FF < 1 at P<2rjTf/(\-2rjTf). 
T h u s at rjTf < 0.5 a paradoxica l s i tuat ion is possible: the 
field before the b e a m splitter (or any absorber in general) is 
no t squeezed, 'classical' , bu t acquires a nonclassical char ­
acter as the result of the absorp t ion . N o t e , however , tha t it 
is m o r e consistent to define the nonclassical character of the 
in-loop field in accordance with E q n (3.2.9) from the 
condi t ion F — Re(y) < 0. 

Accord ing to Eqn (3.3.6), at a given detector efficiency rj 
there is an op t imal F B coefficient / ? o p t = 77/(1 — rj) p r o d u c ­
ing a m i n i m u m field noise F ^ i n = 1 — rj [12]. T h u s a ra ther 
unexpected coincidence takes place: the m i n i m u m value of 
the F a n o factor for the in-loop field incident on the detector 
coincides with the min imum value of the F a n o factor for the 
current in the absence of F B and for the full PN suppression 
in the light falling on to the detector [see E q n (2.4.8)]. 

The formulas obta ined above agree with general rules of 
noise t r ans format ion by a beam splitter (2.4.6). T h u s from 
E q n (3.3.4) and Eqn (3.3.6) at = 0 we derive the 
conservat ion law for the sum of var iances (2.4.6a): 
FQ + F " = F' + F3 (here F3 = 1). Fu r the r , expression 
(2.4.6c) after the replacement Qu Qf

u Q2, 6 2 <l"> 
q3, qo t akes the form Rf(:qf2:) — (:q2

):)=2u'vfRG(qfq3). 
With the help of E q n s (3.1.4), (3.1.7), and (3.1.14), we m a k e 
sure tha t the left-hand and r igh t -hand sides of this equali ty 
are indeed the same. 

Not i ce tha t the pho tocu r ren t and signal at the beam 
splitter input are correlated with each other , which can also 
be studied experimentally. Accord ing to Eqn (3.1.14), at 
(fit = 0 we get 

(3.3.7) 

Let Tf =Rf = l/y/2 and E3 = 0. F r o m E q n (2.4.5) it 
follows tha t the difference between the signal envelopes at 
two ou tpu t s of the beam splitter is p ropo r t i ona l to the A M 
signal at input 3: N"(t) - N0(t) = EfQ3(t). Hence , if there is 
vacuum at input 3, this difference, which can be observed by 
subtrac t ing the currents of two detectors , will possess 
Poissonian f luctuat ions [see Eqn (2.4.6b)], which can be 
used to cal ibrate the measur ing device [13]. At the same 
t ime, the signals Nff and N0 t aken separately have sub- and 
super-Poissonian f luctuations, respectively. 

N o w let us find the spectral density of the side 
componen t s of the coherent field result ing from the 
modu la t ion . F o r the ou tpu t field at 4>t = 0 we find from 
E q n (3.1.14) and E q n (2.3.11a) tha t 

n0(Q) =m(Q) 
F0(Q)-l R' 

4rjTf 

PM 
1+P(Q) 

(3.3.8) 

The in-loop field spectrum and pa rame te r m = 
{a{Q)a{—Q)) can be determined for simplicity from the 
condi t ion Tr = rj = 1. Then q = q" = qt = q = yq, so tha t 

(q{Q)p{-Q)) = (p{Q)q{-Q))* = l- iy(fl) . 

Us ing Eqn (2.3.11a), we get from here 

(3.3.9) 

n(Q) = n(-Q) = 
p(Q) 

1+J8( f l ) 

1 / l + 2 i I m j 8 ( G ) , 
m = - = 1 

(3.3.10) 

Let p = p* ^ - 1 . Then according to E q n (3.3.10) 

2> 
(3.3.10a) 

F r o m here at P > — 1 we have \m\jn > 1, whereas in 
classical theory this inequali ty should have the opposi te 
sign: \m\jn ^ 1 (see the Appendix) . Thus , the in-loop field 
in the presence of an arbi t rar i ly weak F B bo th posit ive or 
negative should be considered nonclassical . Not ice tha t 
here, as in the case of usua l squeezed light [see E q n (2.5.4)], 
the nonclassical pa rame te r \m\jn t ends to infinity as the 
degree of squeezing decreases. 

Let us express F = 2(q2) t h rough m and n by means of 
E q n (2.3.11). Un i ty in E q n (2.3.11) arose from the com­
m u t a t o r [a,a+] = 1. Replac ing it by Re(y) in accordance 
with Eqn (3.2.9) yields 

F = 2{q2} =2n + 2 Re(m + y) (3.3.11) 

By subst i tut ing Eqn (3.3.10) into this equat ion , we obta in 
again E q n (3.3.2): F=\y\2. F r o m Eqn (3.3.11) and the 
classical C a u c h y - S c h w a r t z inequali ty n^\m\ it follows 
tha t F ^ R e ( y ) . F r o m here, one m o r e condi t ion of 
nonclassical character for the in-loop field can be 
derived: F < Re(y) (instead of the usua l F < 1). 

Final ly, let us consider the case when strongly squeezed 
light is fed into input 1, so tha t Fx = 2{q\) = 0 and 
{\q\\) = — \ (such an initial condi t ion makes no sense in 
semiclassical theory where Fx > 1). N o w according to 
(3.3.1a) (q2) = (1 - rjTfT)/2 and (q2

0) = (1 - TR ')/2. Let 
E3 = 0 , then from Eqn (3.1.13), instead of Ft = |y | 2 , we 
obta in 

Fl = 2\y\2(q2) = \y(Q)\\\-riT'T) (3.3.12) 

T h u s the current f luctuat ions reveal bo th the initial 
squeezing a t tenua ted by losses [factor \—rjTfT (see 
E q n (2.4.7)] and the squeezing due to F B . Analogously , 
for the ou tpu t field f luctuations from E q n (3.1.14), instead 
of Eqn (3.3.4), we get [cf. E q n (3.1.4)] 

file:///m/jn
file:///m/jn
file:///m/jn
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^ 0 = 2(ql) + 

1 

2Rf 

~rJTT 

TR ' + 

P 

l+P ' 

R'(l -rjT'T) 
rfF' l+P 

(3.3.13) 

The term \ — TR' describes the initial squeezing a t tenua ted 
by losses and independent of F B , and the last te rm is the 
FB-p roduced excess noise. 

3.4 Observation of the in-loop field P N 
Accord ing to E q n s (3.3.4) and (3.3.5) the scheme with F B 
considered in the previous section does no t permit one to 
extract the squeezed in-loop light for pract ical use. 
F u r t h e r m o r e , for current f luctuat ions actually observed 
in tha t scheme, some models predict the same result as in 
q u a n t u m theory, bu t the in-loop field in the F B circuit is 
no t squeezed, (classical) (see Section 3.6 and Refs [19-21]). 
A quest ion arises as to whether one can in principle 
discover experimental ly the in-loop field squeezing effect or 
whether it is a fundamental ly unobservab le ' thing in i tself 
and the disagreements are academic in na tu re . 

Thus , there are two interconnected p rob lems: the 
possibili ty of exper imental s tudy of the in-loop field 'to 
be squeezed ' and the possibili ty of its extract ion wi thou t the 
squeezing being lost. Bo th these p rob lems can be solved 
with the help of nondemol i t ion q u a n t u m measurements 
[22-29]. 

W e start with a qual i ta t ive descript ion of a possible 
me thod for observat ions of the in-loop field f luctuat ions 
which uses the opt ical Ker r effect (see Refs [15, 16, 24]), and 
then we dwell in m o r e detail on a scheme with a pa ramet r i c 
'nondemol i t ion beam split ter ' (Section 2.5) tha t solves b o t h 
these p rob lems . 

The in-loop b e a m splitter in Fig. 10 tha t extracts the 
light 'out f rom' the FB- loop , together with an addi t iona l 
external detector , per forms a 'pe r tu rb ing ' or 'demol i t ion ' 
measurement of the energy flux. Such measurement , owing 
to the vacuum noise cont r ibu t ion Q3 from input channel 3, 
recovers the usua l P N of the original laser light and 
addi t ional ly reveals some excess noise in t roduced by the 
m o d u l a t o r [see E q n (3.3.4)]. To discover experimental ly the 
assumed in-loop squeezing, it is necessary to use nonl inear 
optical devices for informat ion extract ion. 

In the in-loop b e a m we put , instead of a convent ional 
beam splitter, a t r ansparen t mater ia l with a large cubic 
nonl ineari ty , for example a Ker r cell with n i t robenzol . 
U n d e r the act ion of the light field, the optical Ker r effect 
occurs: the mater ia l ' s refractive index n varies p r o p o r t i o n ­
ally to the in-loop field intensity Nf(t), i.e. the light 
ampl i tude modu la t i on signal is carried over the refractive 
index An(t) oc N(t) oc Qf(t), where Qf is the q u a d r a t u r e 
(modula t ing) in-loop field signal. 

The modu la t i on of the refractive index of the mater ia l 
An(t) can be t ransformed into P M of an addi t iona l p rob ing 
light beam (the latter thus in t roduces some P M back into 
the in-loop field which has no effect, however , on the 
de tec tor ' s current at = 0). Then P M of the p rob ing beam 
is t ransformed into A M and is detected. The pho tocu r ren t 
f luctuation will have an excess componen t p r o p o r t i o n a l to 
the A M noise of the in-loop field {q'2(Q, </>)). 

Unfor tuna te ly , the pract ical real isat ion of efficient Ker r 
nondemol i t ion detectors meets difficulties because of the 
weak cubic nonl inear i ty of the mater ia l . 

Let us therefore consider a m e t h o d of Q N D - t r a n s f o r m a -
t ion owing to a quadra t i c nonl inear i ty [26-29]. Let us 
replace the beam splitter in Fig. 10 by a P T with two beam 
splitters as described at the end of Section 2.5. After the 
no ta t ion in E q n (2.5.10) has been rear ranged in accordance 
with Fig. 10, instead of E q n (3.1.2) we get 

Jo = 4*, Po =p' ~ 2 J P 3 , 

FF . ~r T FF 
i =<i3 + 2fq , p =P3> 

(3.4.1) 

( h e r e / = s i n h T is a pa ramet r i c coupl ing coefficient). Thus , 
n o w g - q u a d r a t u r e of the ou tpu t field duplicates (q0 = q') 
g - q u a d r a t u r e of the in-loop field at the m o d u l a t o r ' s ou tpu t 
(without signal q3 from input vacuum channel 3 being 
added!), and the 'nondemol i t ion measu remen t ' signal 
(q" = q3 + 2fqr) is used to get the error signal depending 
on q and q3. One can neglect the cont r ibut ion of the 
intrinsic PT-noise p r o p o r t i o n a l to f2 for a sufficiently 
coherent componen t . W e emphasise tha t the PT by itself 
p roduces no squeezing at all: according to Eqn (3.4.1), 
F 0 = 1 and F" = 1 + 4 / 2 for open F B . 

Wi th the subst i tut ion u —> 2/, vf —> 1, the expression for 
q" in E q n (3.4.1) coincides with the expression q" = 
uq + v'q3 used earlier for a convent ional beam splitter 
[see Eqn (3.1.2)]. Therefore, in E q n (3.1.11) and 
E q n (3.1.14), it is sufficient to m a k e the subst i tu t ions (we 
assume E3 = <j)Q = </>• = 0) 

P ••2(uu'u"Elfk{Q) exp(iOT) 

-> p = 2{2fuu "Ex)2k(Q) exp(iOT) 

R P ( FF F , // \ 
-—TT,\U v <?3 + v qA) 

~ F 
q 

P 
2fu 

SIR I // \ 
-{u q3+v q4) (3.4.2) 

F r o m here [cf. Eqns (3.3.4) and (3.3.6)] we derive the F a n o 
factor at the external ou tpu t of the P T which coincides with 
tha t for the in-loop field 

F' 
l + \P\2/4f2r, _l + \4uE1k(Q)\2 

(3.4.3) 

F o r m u l a (3.3.6) for Fn r emains unchanged . 
Let P = /T, then at P = 4f2rj the squeezing is m a x i m u m : 

F0 = 1/(1 +4f2rj). At r > l we get F0 = exp(-2r)/ iy , 
which differs only by a factor \/rj from the result of 
squeezing with the use of a convent ional P T with one 
t ransverse m o d e [see E q n (2.5.3)]. 

Not ice tha t according to E q n s (3.4.1) and (3.4.3), the 
uncer ta in ty relat ion (2.3.10) for the ou tpu t field is satisfied: 

m m ) > \+4f2r. 
> 1 • (3.4.4) 

If one in t roduces an addi t iona l light absorp t ion rjl in 
front of the in-loop detector by keeping coefficients P a n d / 
constant , then rj in the numera to r of E q n (3.4.3) is replaced 
by rjrjl. As a result, F0 increases. The relative difference 
( F 0 — Ft)/Fh p ropo r t i ona l to \/rjl according to Eqn (3.4.3), 
characterises the effect of 'dissipative squeezing ' — the 
relative field f luctuat ions decrease dur ing absorp t ion [see 
the discussion after formula (3.3.6)]. Thus , this effect can be 
experimental ly studied by compar ing the noise of two 
detectors — the in-loop and nondemol i t ion external detec­
tors (or of two nondemol i t ion external detectors) . 
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3.5 Discussion 
The formal compu ta t i ons m a d e in Sections 3 . 1 - 3 . 4 , in 
spite of the simplicity of the linear algebraic relat ions 
between spectral componen t s of the fields and current used, 
yield some difficulties for in terpre ta t ion, as a l ready 
ment ioned in the In t roduc t ion . 

The p a r a d o x of the violat ion of the rule ' absorp t ion 
decreases the non-Poissonian charac ter ' , can be formally 
resolved wi thou t special difficulty. This rule assumes no 
correlat ion of the original field and q u a n t u m noise added 
dur ing the absorp t ion , whereas the F B just establishes such 
a correlat ion. M o r e unusua l is the fact of such a q u a n t u m 
correlat ion established th rough the macroscopic signal 
control l ing the modu la to r . W e repeat in a simplified 
schematic way the logic of the FB-effect calculat ion. 

Let Tf = rj = 1 (i.e. the beam splitter is absent and the 
de tec tor ' s efficiency is uni ty) , the delay x be zero, and the 
addi t iona l h o m o d y n e field E3 be equal to zero as well ( then 
(fit = 0), so tha t all three in-loop fields coincide (E1 =E" = 
Et=E; g ' = Q" = Qt = g ) . W e also neglect the electro­
nics ' dispersion \k{Q) =k\. Then the main relat ions (3.1.8) 
t ake the form 

Q = Q-W, P =P . (3.5.1) 

Here g and P are the self-consistent values of the opera to r s 
of the in-loop field between the m o d u l a t o r and detector (with 
no account of a s t rong coherent componen t £ ) , g , P are the 
same field opera to r s with the open FB- loop , i.e. in the 
absence of the modu la t i on signal (—W). (Minus sign gives 
negative FB. ) Accord ing to E q n (3.5.1), the in-loop field is 
m a d e by a superposi t ion of two principally different 
c o m p o n e n t s — b y the external field g , P p roduc ing P N 
and an addi t iona l field (-W) emitted by a classical source (in 
fact, the m o d u l a t o r generates no addi t iona l fields and only 
redist ibutes incident fluxes, bu t the in-loop field 'does no t 
k n o w ' tha t ) . 

As is known , a classical source of field conserves the 
coherent character of the original field state [31]. In the 
Heisenberg representa t ion , its effect is reduced to add ing to 
the field ope ra to r s a n o n o p e r a t o r pa r t (-W in the given 
case) tha t coincides with the classical field of the given 
source [31]. As a result, the t r ans format ion (3.5.1) is un i ta ry 
and the c o m m u t a t o r remains unchanged : 

[Q,P]=[Q-W,P] = [Q,P] = i . (3.5.2) 

A classical signal W(t), noisy or determined, modu la te s 
the ampl i tude E of the original coherent field. In the case of 
s tochast ic modu la t ion , from E q n (3.5.1) we find the field 
var iance in the form: 

(Q2) = {(Q-w)2) = (Q2) + w 2 . (3.5.3) 

Here the ba r means classical averaging (over an ensemble of 
identical exper imental devices or, by assuming ergodicity, 
over t ime) and (QW ) = 0. As one might expect, dur ing the 
superposi t ion of independent r a n d o m values their var iances 
are summed ( independent ly of the sign of W). 

But in the mode l considered, the stochastici ty of the 
modu la t i ng signal W is connected with q u a n t u m fluctu­
at ions of the de tec tor ' s current , i.e. one should consider the 
opera tor W to cor respond to the classical observable g 

W =PQ (3.5.4a) 

(here ft is the t ransmiss ion coefficient for the entire loop) . 
In t roduc ing such a relat ion between c- and ^-numbers , i.e. 

m a k i n g some opera to r an observable quant i ty , appear s to 
be an unavo idab le stage in any q u a n t u m model . It 
determines the external b o u n d a r y of the q u a n t u m object 
and constructs the br idge between q u a n t u m formalism and 
experiment . The choice of appropr i a t e opera tor is usual ly 
m a d e by informal , intuitive considerat ions . The next step, 
according to accepted pos tu la tes of q u a n t u m theory, is 
equat ing the observed t ime means to the q u a n t u m means : 

W=P(Q), W2~ = P2(Q2),... . (3.5.4b) 

After subst i tut ing the latter equat ion into E q n (3.5.3), we 
find 

{ Q 2 ) = { Q 2 H p 2 { Q 2 ) = _ ± _ { Q 2 ) 

1 - p 

1 - p 
( G 2 ) . 

(3.5.5) 

Therefore, regardless of the sign of the F B mus t increase 
current field f luctuat ions. 

The experiments , however , demons t ra t e a decrease in 
current f luctuat ions j a t somej requenc ies ) ; they suggest the 
functional relat ion ( g 2 ) = ( g 2 ) / ( l + ft)2 (see Fig. 14). The 
obvious error of our conclusion is in using in Eqn (3.5.3) 
the assumpt ion tha t there is no correlat ion between the 
classical control l ing signal and the external opera tor field. 
To t ake this into account , we subst i tute Eqn (3.5.4a) into 
E q n (3.5.1) wi thout averaging: 

Q 
Q = Q-PQ (3.5.6) 

W h e n j S > 1, we have g w 0, i.e. according to Eqn (3.5.1) 
W&Q — the modu la t ing signal (-W) is fully an t icor re -
lated with the original q u a n t u m noise. Wi th the help of 
E q n (3.5.4a) we excluded the classical signal so tha t here 
there is no classical r andomness . Then , per forming 
q u a n t u m averaging, we get a result consistent with 
experiment and dependent on the F B sign: 

(G 2 > 

(w2) 

l (Q2) 
( 1 + / J ) 2 2(1 + / J ) 2 

p2 
(3.5.7) 

2 ( 1 + / ? ) 
2 ' 

Exper iments [12] are in agreement with the result 
obta ined from linear coupl ing (3.5.4a) between the m a c r o ­
scopic signal W and the field opera tor g , i.e. with the fact 
tha t the real macroscopic vol tage on the m o d u l a t o r is t aken 
to be p ropo r t i ona l (without q u a n t u m averaging) to the 
Heisenberg q u a n t u m mechanica l opera tor . The relat ion 
W = fiQ between unaveraged c- and ^ -numbers describes 
the p rocedure of q u a n t u m measurement conserving q u a n ­
t u m stochastici ty [see also the discussion after formula 
(2.5.14)] 

In the mode l considered above rj = 1, so tha t the 
envelope signal of the field falling on to the detector — 
opera tor Q" — coincided with the classical signal of the 
detector Qt. H e r e the difference between q u a n t u m and 
classical signals is masked . The 'electronic ' amplification 
Qi —> kQi or b ranch ing (cloning) of the electrical signal at 
the de tec tor ' s ou tpu t is no t accompanied by the appea rance 
of an addi t iona l q u a n t u m noise (in contras t to the light 
beams) , which demons t ra tes its classical character . On the 
other hand , dur ing b ranch ing of the electron flux in 
vacuum, b ranch ing noise is k n o w n to arise (in the absence 
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of space charge). It appears tha t from here one m a y d raw 
the conclusion tha t the signal Qt can be cloned or amplified 
wi thout being ' d amaged ' only after electrons have pene ­
t ra ted from vacuum into the metal , or, in m o r e general 
terms, after collective degrees of freedom of the m a c r o ­
scopic objects have been excited. The latter condi t ion 
appears to determine the m o m e n t of s ta tus changing 
when the ^ -number becomes a c-number (dequantises) . 
But on the other h a n d in the mode l considered, the current 
'realises' q u a n t u m measurement [15], thus reproduc ing the 
q u a n t u m stochasticity. 

Thus , after the F B has been looped, the modu la t i ng 
signal W(t) in the initial relat ion (3.5.1) plays the role of a 
Heisenberg opera tor . The relat ion (3.5.4a), as we have 
al ready no ted above, modifies the s tandard commuta t i on 
relat ions for in-loop fields E'{t) and E"(t) [at \t — t'\ > T, 
see E q n (3.2.10)]. Fo rma l ly this results from the in-loop 
field not being free [15], i.e. there is an external, opera tor 
source of the field. The role of the source in Eqn (3.5.1) is 
played by the term W{t). In the case when a classical signal 
is fed into the modu la to r , this te rm does no t change the 
commuta t i on relat ions, bu t by Eqn (3.5.4a) this in var iance 
is lost. This is a general rule for interact ing q u a n t u m 
systems: the interact ion changes the dynamics of the 
subsystem, which is equivalent to Green functions modif ica­
t ion and c o m m u t a t o r s connected with them [see 
E q n (3.2.11)]. A peculiari ty of the given case is tha t the 
system interacts (with a delay T) with itself, with its own past . 

The unusua l features of the in-loop field seem to justify 
the in t roduct ion of a special te rm for it, for example, 
' supersqueezed light ' . This n a m e reflects the main feature of 
the in-loop field — violat ion of the uncer ta in ty relat ion for 
quad ra tu re s (2.3.10) at some frequencies. Ano the r possible 
term — 'ant icorrelated l ight ' [12] — reflects the squeezing 
mechanism: the modu la t i on of coherent ampl i tude by a 
stochast ic signal varying in counter -phase with q u a n t u m 
noise arising in the detector . 

F requen t ly in q u a n t u m optics, the nonun i t a r i ty of 
phenomenolog ica l t r ans format ions is reconst ructed by 
add ing appropr i a t e Langevin sources into dynamica l 
equa t ions (for example, the detection process (3.3.3) 
descript ion at rj ^ 1). This is impossible when describing 
the modu la to r , as the m o d u l a t o r can change only one field 
q u a d r a t u r e while b o t h quad ra tu re s should be changed (in 
the opposi te directions) dur ing un i ta ry squeezing so as to 
no t violate the uncer ta in ty relat ion (2.3.10). 

the current noise back into the light flux by considering 
nonorde red correlat ion functions. Then the P N is explained 
by noncommuta t iv i ty of the field opera to rs . 

Un t i l recently, it has appeared tha t these two po in t s of 
view on the P N — a priori and a posteriori — give the same 
observa t ional consequences and thus the choice between 
them is a mat te r of taste. He re we shall show tha t this 
conclusion is no t valid when describing the in-loop field in 
the FB- loop . 

No t i ce tha t the discretisation p rocedure is the only 
source of the observed shot noise of the current in 
semiclassical theories as well (which differ from 'a poster­
iori' q u a n t u m theories only in replacing q u a n t u m 
correlat ion functions by classical ones). Thus , the 'a 
posteriori' q u a n t u m descript ion given be low can be con­
sidered semiclassical to the same extent. F o r simplicity, the 
original state of the field will be considered as coherent and 
the addi t iona l h o m o d y n e field E3 to be absent ; as above, 
modu la t i on and demodula t ion are considered in the linear 
approx imat ion . 

If one is interested in the statistics no t of the field 
ampl i tude and its quadra tu res , bu t only of its intensity 
f luctuations, then one can use the very simple descript ion 
given by a stochast ic phenomenolog ica l equat ion for the 
current with Langevin force qt. Accord ing to Eqn (3.1.8), 
the relative noise ampl i tude at the de tec tor ' s ou tpu t has the 
form 

i + 0 ' 
(3.6.1) 

where qt = i(Q)/y/2I^9 i(Q) is the a l ternat ing componen t of 
the current at a frequency Q ^ 0 at the de tec tor ' s ou tpu t 
(which is n o w a c-number) , 7 0 = i(0) its D C - c o m p o n e n t , ft 
is the F B coefficient, and q2 = \, according to E q n (2.2.13). 
F r o m here, we derive the k n o w n expression for the F a n o 
factor of the current (which is the same in a priori and a 
posteriori models) 

Fi 2{q2) 1 
7 o | 1 + / ? | 2 

Accord ing to E q n (3.1.8), 

(3.6.2) 

the relative signal at the 
m o d u l a t o r ' s ou tpu t with no account taken of the q u a n t u m 
noise has the form q = —(fi/y/rjTf)qi9 so tha t 

l 

2nTf 

P 

1+P 
(3.6.3) 

3.6 A posteriori approach 
W e shall start from the following pos tu la te : ' q u a n t u m ' 
f luctuat ions observed in experiments are the result of the 
quantum measurement p rocedure m a d e by the measur ing 
equipment . It is na tu ra l to accept tha t the observed shot 
noise of the pho tocu r ren t dur ing i l luminat ion by light in a 
coherent state is the result of q u a n t u m measurement t oo . 
Hence it makes no sense to speak of a priori existence of 
the PN because it is generated only ' inside ' the p h o t o ­
detector . Then it can be adequate ly taken into account , as 
is usual ly done , by a p rocedure of 'discret isat ion' : the 
t ransi t ion from con t inuous ^ -numbers (field opera tors ) to a 
set of discrete r a n d o m classical events {tt} (see Section 2.2). 
As follows from E q n (2.2.12), this p rocedure is equivalent 
to (in the absence of F B ) a subst i tut ion of the normal ly 
ordered correlat ion function of the field intensity G2 by a 
nonorde red one Gr

2. As a result, one can carry over at will 

This is the excess noise induced by the modu la t ion . 
W h e n detecting the in-loop field by a convent ional detector, 
P N is added which can be taken into account in advance by 
having added {q')2 = \. As a result, the F a n o factor for the 
in-loop field between the modu la to r and the beam splitter 
takes the form 

2 
F' = 2[(q')2 + (q')2] = \ + 

1 0 
1 + 0 

(3.6.4) 

F r o m here, us ing the o rd inary rule (2.4.7) we get at the 
two ou tpu t s of the beam splitter with pa rame te r s Tf, R\ 

2 o 2 

^ 0 = 1 + ^ 7 
F " = l + 

P 

1+J8 
P 

1+J8 
(3.6.5) 

The latter expression coincides with E q n (3.3.4) as well 
as with the results calculated by other au tho r s (with the 
subst i tut ion R ' —> rj0R ' tha t takes into account the external 
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de tec tor ' s efficiency). Thus , calculat ions by all possible 
q u a n t u m and semiclassical m e t h o d s yield the same results 
for the pa rame te r s Ft and F 0 observed by convent ional 
detectors . At the same t ime, expressions for Ff and Fn in 
E q n (3.6.4) and Eqn (3.6.5) differ significantly from those 
obta ined above in E q n (3.3.6). N o w they predict super-
Poissonian f luctuat ions of the in-loop fields, i.e. the absence 
of squeezing. (The in-loop field pa rame te r s Ff and F" are 
usually ignored in semiclassical calculat ions as unobse rv -
able.) 

3.7 Corpuscular model 
Let vacuum be present at all addi t iona l inputs in Fig. 10. If 
one is interested only in small f luctuat ions AN = n of the 
light intensity N (by ignoring different A M and P M 
modu la t ions at the ou tpu t , see Fig. 12), then one m a y use a 
simple visual descript ion in te rms of light b e a m s with 
Poissonian initial intensity f luctuat ions h changed under 
the action of the F B . The Poissonian f luctuat ions are 
associated with chaot ic part icle fluxes, therefore this mode l 
can be called corpuscular. 

Let us change the field indexes. Let index 0 relate n o w to 
the original Poissonian flow, 1 to the flux after the 
modu la to r , 2 and 2' to the fluxes at the beam spli t ter 's 
ou tpu t , 3 to the electron flux at the de tec tor ' s ou tpu t , 4 to 
the amplified electrical signal control l ing the modu la to r . 
Let Nj and rij(Q) be cons tant componen t s and small 
f luctuation addi t ions , respectively, at some frequency at 
which one can neglect the FB- loop dispersion. F o r 
Poissonian 'seed' pa r t s of the fluctuations, which we 
designate by we have the spectral densities 

{n2)=Nj (3.7.1) 

Let us denote the t ransmiss ion coefficient of the 
m o d u l a t o r (with no signal), b e a m splitter, detector and 
amplifier by T 0 , T l 5 T2, and T3, respectively, and the noise 
in t roduced by these devices b y / ) ; t h e n / 0 a n d / i describe the 
noise of the 'flux d is t r ibut ion ' by beam splitting, f2 the 
de tec tor ' s noise (connected with difference T2 from 1), and 
f3 the amplifier 's noise. The m o d u l a t o r in the linear 
approx ima t ion p roduces a noise componen t —2Nin4 to 
the flux Ni, where Ni = TQNQ. A S a result, the fluxes 
are t ransformed as follows (Rj = 1 — Tj): 

NJ+i = TJNJ > nJ+i = TJ nJ +fj ~ 2 N i n ^ j 0 , 

(3.7.2) 

Here the input flux N0 and hence its f luctuat ions n 0 , as well 
as the p roper noise of the e l e c t r o n i c s / 3 , are considered to 
be specified. 

The spectral density of the noise sou rces / ) at j = 0 , 1 , 2 
can be derived from the condi t ion of 'Poissoniani ty ' 
conservat ion (3.7.1): 

</&,> = T2{n2) + <//) = TJ2NJ + <//) = NJ+L 

(3.7.3) 

(3.7.4) 

F r o m here, 

( . / / > - W ; -
Thus , in the present model , instead of vacuum ampl i tude 
noise at the system's addi t iona l inputs [see E q n s (2.4.6), 
(3.1.2), (3.1.3)], phenomenolog ica l Langevin forces / ) 
(j = 0 , 1 ,2 ) are used, and the electronic amplifier 's noise 

f3 is added for generality. 

Consider ing E q n s (3.7.2) and (3.7.4) we find 

it] = h\ — 2Nin4 , n2 = n2 — 2TxNin4 , 

n3 =h3 -2TlT2Nln4 , 

n4 = T3n3 + / 3 - 2T{T2T3Nxn4 . 

(3.7.5) 

In the first three equalities n4 should be subst i tuted by one 
of the following equivalent expressions 

n4=f3 + T3n3 =/3 + T3f2 + T3T2n2 

= h + T3f2 + T3T2fl + T3T2Tlnl . (3.7.6) 

Let us denote fi = 2TXT2T3NU y = 1/(1 + / ? ) , then from 
E q n s (3.7.5) and (3.7.6) it follows tha t 

n2 

n\ — p 

n3=y(fi3-P 

TXT3 T2T3 

h 

(3.7.7) 

n4 = y(T3n3 +/3) 

n2 = n2 — yfiR j n3 + TXT2 T7T L1 21 3 

This is the 'corpuscular ' equivalent of the dynamica l 
equa t ions for the system obta ined in Section 3.1 [cf. 
formulas (3.1.13) and (3.1.14)]. Obviously, considering the 
amplifier 's noise / 3 , only f luctuat ions n4 at its ou tpu t are 
infinitely suppressed (at —> oo). 

Tak ing into account E q n s (3.7.1) and (3.7.4), from here 
we find 

{ni) 

{nl) 

1 + 
T,T, + 

Ph 

T1T2T3 

{nl)=y2{N3 + 'PA 

{n2

4)=y2{T3

2N3 + {f2)} , 
(3.7.8) 

((ntf)=N2' + y2p2 
N2R1 

T-i T + 
U2 T,T2T3 

Let n o w f3 = 0. Let us determine the F a n o factors 
Fj = hf/Nj. Accord ing to Eqn (3.7.8), 

1 + 
P2{\-TXT2) 

!•< 2 

. . 2 / , , P*2 

F3=y2, F{ = \ + y
2P2Ri (3.7.9) 

These expressions coincide with those ob ta ined in Section 
3.3. 

Let us determine, also with the help of Eqn (3.7.7), the 
correlat ion 

y2pN3Rx 

<«3«2> = -y(n3yPRijTjr Tt T i 1 2 
(3.7.10) 
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After having divided this expression by 2(N2N3) — 
2N3(Rl/TlT2)1/2, we obta in ^ ^ ( R j T ^ ) ^ 2 , which 
coincides with Eqn (3.3.7) up to a sign. 

Thus , for the simplest exper imental scheme, the corpus ­
cular mode l yields the same results as the theory considered 
in Sections 3 . 1 - 3 . 5 above. However , with this mode l it is 
ha rd to describe unequa l A M and P M modu la t i ons of the 
ou tpu t field, the versions with a phase m o d u l a t o r and an 
addi t iona l h o m o d y n e field, and with the Q N D detection as 
well. The explanat ion of the a n o m a l o u s act ion of beam 
splitters and absorbers placed into the F B loop in general 
remains out of the scope of this model . 

N o w let us apply the a posteriori approach . Then the 
original p h o t o n noise f0 and noise of p h o t o n dis t r ibut ion 

/ 1 , f2 are absent . Let the amplifier also be noiseless, then the 
detector is the sole source of noise. Subst i tut ing 
nx = n2 = f3 = 0 in E q n (3.7.5), we find 

-2NxnA 

$in3 

TXT2 

n2 = —ITiNifiA 

h3 -2TxT2NxnA = yh3 , (3.7.11) 

TIA = T3n3, n2 = R\nx 

Using (fi2) =N3 = T2N2 = T2TlNl we obta in 

(n\) = 
TXT2 

(n2

3)=y2N3, 

{nl) = 
(py)2N2 

T2 ' 

TXT2 

(3.7.12) 

N o w all light fluxes n 1 ? n2 and n2 conta in only excess noise 
in t roduced by the modu la to r . The same modu la t i on noise 
enters formulas (3.6.4) and (3.6.5). The correlat ion (3.7.10) 
also follows from Eqn (3.7.11). 

Thus , in the f ramework of the corpuscular p h e n o m e n ­
ological mode l b o t h concepts of the P N also lead to the 
same results when describing experiments which use 
convent ional A M detectors . 

4. Conclusions 
W e have tried to present m o d e r n ideas abou t the na tu re of 
P N observed by means of ana logue detectors , and abou t 
m e t h o d s of its description, t ransformat ion , and suppres­
sion. In our discussion a large role is played by two 
comparat ive ly new poin ts — the idea of nondemol i t ion 
measurement of the light field ampl i tude (and thus of the 
P N intensity) and the idea of the P N suppression by an 
electronic F B . 

There is a significant difference between the q u a n t u m 
(Q), semiclassical (C), and pu re classical (C *) descript ions 
of the P N and its suppression by F B . 

In the f ramework of the C *-description, original fields 
a l ready conta in a ' real ' noise componen t with equal or 
unequa l q u a d r a t u r e var iances which are changed by the 
action of F B . This descript ion does no t pre tend to be t rue 
bu t only provides useful visual ana logues with q u a n t u m 
models because of linearity of the system considered. 

In C-models , one needs to in t roduce the stochastici ty 
artificially by using a Langevin source of noise or by 
pos tu la t ing photoe lec t ron creat ion as a stochastic po in t 
process . In the presence of an F B this is a process with a 
delayed self-action which is performed th rough a classical 

field with intensity control led by the pho tocur ren t . In C -
theories , the possible squeezing of the field — either of 
external or in ternal origin — is ignored, and the idea of 
nondemol i t ion measurement is ignored as well. 

In the Q-descript ion, there are two var iants which give 
significantly different predic t ions for experiments with 
electronic F B and nondemol i t ion detect ion. 

In the first, a posteriori var iant Q i , the P N is a q u a n t u m 
noise of measurement arising dur ing the detection. As a 
result, the Qi -mode l predic t ions coincide with those of C -
theory: the in-loop field is no t squeezed under the act ion of 
the modu la to r , bu t instead receives excess noise. 

In the second, a priori var iant of calculat ion Q2, one 
considers potent ia l stochastici ty to be originally present in 
the field and q u a n t u m noise to appear ' au tomat ica l ly ' 
t h rough the noncommuta t iv i ty of its opera tors . He re one 
pos tu la tes the observed current f luctuat ions to be deter­
mined by nonorde red field opera tors . The macroscopic 
amplified pho tocu r r en t i(t) is t aken to be p ropo r t i ona l 
to the field intensity opera tor (without q u a n t u m averaging). 
The F B modifies the phenomenolog ica l Green function of 
the system, thus decreasing (or increasing) the in-loop field 
o p e r a t o r s ' noncommuta t iv i ty and squeezing (stretching) 
one q u a d r a t u r e var iance wi thout reference to the o r t h o g o ­
na l quad ra tu r e . The Ch-model considered here based u p o n 
Ref. [15] and using Heisenberg representa t ion predicts three 
new effects (see Fig. 12): the fact of the var iance squeezing 
for one of the in-loop field quad ra tu re s [15], the lack of the 
cor responding stretching for the second q u a d r a t u r e [15] 
( 'supersqueezing') and, finally, the squeezing increase 
dur ing the in-loop field dissipation on the way toward 
the detector or dur ing the detect ion [12] (effect of the 
'dissipative squeezing') . It seems tha t these effects can be 
observed with the help of nondemol i t ion detectors . Their 
calculat ion in the Schro'dinger representa t ion will p robab ly 
meet significant difficulties. 

No t i ce tha t in the experiments , one can go beyond the 
linear regimes of modu la t ion , detect ion, and amplification 
(the amplification linearity was certainly b roken down in 
Ref. [12] near the auto-osci l la t ions threshold) . One can also 
use the original light in a noncoheren t state. The theoret ical 
descript ion of such exper iments must be an interest ing 
nonl inear q u a n t u m prob lem. 

To conclude, it is wor thwhi le to emphasise the difference 
between the te rms interpretation and concept. The inter­
pre ta t ion is usually unde r s tood as a convenient verbal and 
visual (i.e. cus tomary) descript ion of the results of m a t h ­
ematical compu ta t ions in the f ramework of an a l ready 
approved model . On the other hand , concepts serve as a 
base for choosing one or other par t icular mode l describing 
a given experiment or a group of experiments . Fu r the r , in 
the f ramework of the mode l chosen, the mathemat i ca l 
compu ta t ions of the measured quant i t ies and compar i son 
with observa t ional da ta are being made . In m o d e r n 
q u a n t u m optics a ra re s i tuat ion has emerged when there 
are two groups of models for optical systems with F B based 
on two al ternat ive concepts . F o r an u l t imate choice between 
them to be made , crucial experiments are obviously needed. 
However , given the sequence of exper imental schemes as in 
Fig. 5c, 5d, and 5e, which use a ' nondemol i t ion ' beam 
splitter, the a priori models , despite their pa radoxica l 
features (see the in t roduct ion) , appear to be preferable. 
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Appendix. Uncertainty relation and Cauchy-
Schwartz inequalities for spectral components 
Let A and B be a rb i t ra ry opera to rs , \x//) be an arb i t ra ry 
vector, and z=xexp( i</>) be an arb i t ra ry scalar. W e also 
define C = A + zB and = C\\jf). The condi t ion of 
nonnegat iv i ty of the n o r m of vector \x//f) has the form: 

<<A V > = (C+C) = < ( A + + z * 5 + ) ( A +zB)) 

= (A + A ) + 2x R e [exp (i</>) (A +B)] + x2(B+B) 

= c + bx + ax ^ 0 . (A . l ) 

Here the angle bracke ts denote averaging with the help of 
The quadra t i c equat ion with respect to x mus t have no 

m o r e t han one real root , i.e. the condi t ion Aac ^ b2 mus t be 
satisfied. F r o m here a C a u c h y - S c h w a r t z - l i k e inequali ty 
follows: 

(A+A){B+B) ^ {Re[exp(i(/>)(A + B ) ] } 2 . (A.2) 

The r igh t -hand side is m a x i m u m at </> = — a r g ( A + 5 ) . Then 
a m a x i m u m lower limit for the left-hand side is obta ined in 
the form 

{A+A){B+B} ^ \{A+B}\2 = \{B+A}\2 . (A.3) 

W h e n (f> = 0 or </> = n we get the generally m o r e mild 
restr ict ions 

\ 2 

(A+A)(B+B) ^ (RQ(A+B)Y , 
(A+A){B+B) ^ ( lm(A + B ) ) 2 . (A.4) 

If A = A + a n d £ = £ + , then lm(AB) = -i((AB) - (AB)*) = 
-i([A,2?]>. 

Let us subst i tute A and B by A A = A — (A) and 
AB = B — (B); then from the latter inequali ty in 
E q n (A.4) we obta in the usua l uncer ta in ty relat ion 

(AA2)(AB2)>(i([A,B]))2 . (A.5) 

Let us consider two cases. 
1. Let us accept A = a(co0 + Q) = a(Q) and B + = 

a(co0 — Q) = a(—Q), where a and b are p h o t o n creat ion 
opera to r s in modes with frequency co0 ± Q, then E q n (A.3), 
in the no ta t ion of Section 2.3, takes the form 

n(Q) [n(Q) + l] > \m(Q) | 2 . (A.6) 

It is accepted here for simplicity tha t n(Q) is an even 
function and [a,a+] = 1 (i.e. discrete Four ie r decompos i ­
t ion is used). 

In classical theory, a similar inequali ty holds for 
classical averages bu t the 'uni ty ' on the left-hand side 
tha t is the c o m m u t a t o r [a,a+] = 1 is absent , so tha t 
E q n (A.6) takes the form 

n{Q) J, < 1 (A.6a) 
clas 
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The values of corre la tors m and n found from q u a n t u m 
models or by experiments satisfy, of course, E q n (A.6), bu t 
m a y no t satisfy E q n (A.6a) when n(Q) < 1 [see Eqn (2.5.4) 
and E q n (3.3.10a)]. The cor responding rad ia t ion is called 
nonclassical . 

2. Let n o w in E q n (A.3) A = q = q(Q) = q+(-Q) and 
B = p = p(Q) = p+(—Q) be q u a d r a t u r e opera to rs ; then we 
get the following restrict ion for spectral densities: 

{q+q)(p+p}>\{q+p)\2 = \{p+q)\2 . (A.7) 

Since opera to r s q and q+', as well as p and p+commutate 
with each other , the similar inequali ty in classical theory 
has the same form. In a similar way, by setting A = q+, 
B = p+, we get 

{q+q)(p+p)>\{qp+)\2 = \{pq+)\2 . (A .7a) 

Consider ing E q n (2.3.11) we obta in from Eqn (A.7), 

(q+(Q)q(Q))(p+(Q)p(Q)) 

^ ^ { l m [ m ( D ) ] } 2 + [n(Q) - n(-Q) + l ] 2 . (A.8) 

Let m = m* and n(Q) = n(—Q), then finally we find, 

(q+(Q)q(Q))(p+(Q)p(Q)} > l- . (A.9) 


