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Quantum phase distribution of thermal phase-squeezed states
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The quantum phase distributions and variances of strong coherent and phase-squeezed states mixed with
thermal light are calculated. We find that the effect of thermal light on the coherent phase distribution becomes
important only when the number of thermal photons is of order one-half. Its effect on the phase distribution of
phase-squeezed statéer the case where the number of photons is very large compared tdecomes
important when the number of thermal photons is of oréer’zr, wherer is the squeezing parameter.
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As is well known, the nonclassical properties of electro-is the usual displacement operator, and
magnetic(em) waves are destroyed by the presence of noise
and losses. The influence of thermal noise on several non- . R R
classical properties of squeezed states has been analyzed in S(é)=exf 5 (¢*a’~£a'?)] 5
previous workg1-5|. However, the effect of thermal noise
on quantum phase measurement, especially for nonclassical ) ) .
light, has attracted only a little attention. The aim of theiS the squeezing operator with the squeezing paramgeter
present article is to study such effects. We analyze the effect €'’ Throughout the present article we will talte=0 and
of thermal noise on phase measurements of strong em field§al @. The Wigner function corresponding to the density
(for which the quantum phase is well defineohd include in  operator of Eq(1) with the density operatgs, of displaced
our analysis in particular the coherent and squeezed statesxjueezed states is given [,9]
We study the extent to which the thermal noise destroys the
nonclassical phase properties of phase-squeezed states.

We shall follow the Glauber-Lachs formalispg—8] in Woed T = 1
quantum optics for describing admixtures of thermal and co- TsdN)= mJ2nte’)(2nte
herent radiation. By a direct generalization of this approach, (2n+eT)(2n+e ")
the admixture of the pure densiﬁm with thermal light in the (X—2a)? p?
same mode is given bjyl,4,5] XN = T o) (6)

~— (d?B A
_ exp — | 8|2 t
p(n)—f mn Xp(—|BI*/n)D(B)poD (B), @) where the subscript TSS denotes thermal squeezed state.
In the present work we calculate the Wigner phase distri-

whereD(g) is the standard displacement operator i bution of a phase-squeezed state mixed with thermal noise.

the mean number of thermal photons “added” to the one-For this purpose we express the Wigner function of &,

mode em field. The physical meaning of this formula hag! polar coordinates and integrate over the radial variable. In

been discussed in a previous wdE. In the present article this way we generalize the procedure used in a previous
) P : P work [10] to treat here the effects of thermal light on the
we would like to relate the general formuld) to the effect

. phase distribution. Since we are interested especially in
of thermal light on quantum phase measurements of cohere , ; .
ong em fields, the present procedure gives results similar

and phase-squeezed states. A pure displaced squeezed s At .
is described by the density operator 3 those that can be obtained by other methdds-13, but

it is more convenient for an analytical treatment.
-~ 5 The phase distribution of displaced squeezed states mixed
po=|a,é)(a ¢, 2 with thermal noise is given by

where
|, &)=D(a)3(£)|0) (3) Wisd 6) = f:éWTss(XZ§0089,P=§Sin9)d§- (7

is the displaced squeezed state,

. . A By substituting Eq(6) into Eq. (7) we get after straightfor-
D(a)=expaa'—a*a) (4)  ward integration
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whereN= & is the number of coherent photons. Notice that

e ¢ g
Wrsq 6)= ———— for n=0 andr=0 we recover the well-known result of
2may(2n+e?)(2n+e ) (A)2,,=1/4N. The variance of the phase distribution of
b b thermal phase-squeezed states can be calculated also from
% _\ﬁebzlztaerfc —+1 (8) the geometrical picture of the phase opening in the Wigner
2 Va 2./a ' phase space
where (Ap)3ss 1 Pty
L (Aeﬁss: 202 :_4 n—zfdzﬂe |BI%n
_ 2n+e *cosf+e”sintg “« mhe
 (2nt+e ) (2n+e?¥) x(0|S'(£)D'(a)(a—a'+2iB,)?D(a)S(£)|0)
b= 2\/§aC089 +— f d?B e—lﬁlz/n_
2n+e? ' Amna
2
242 x(0[S"(£)D' () (a—a'+2iB,)D(a)S(£)0)
C=——.
2 —
2n+e” 2n+e a1y
The Wigner phase distribution for thermal coherent states is 4N

obtained from Eq(8) byiubsututlng =0, whereas for pure More accurate results for the phase distribution of thermal

phase-squeezed light by=0. Although Eq.(8) describes a phase-squeezed states can be made by numerical calculations
very genera_l result, we_would like to concentrate _here Oruising Eq.(8). The effect of squeezing in Eq@) and(10) is
strong em fields for which we can use the approximationgy gecrease the width of the quantum phase distribution
a>e®, n<a?, and #<1. These approximations have a while the thermal noise makes it broader. The effect of ther-
simple geometrical interpretatidriiO] in the Wigner phase- mal noise for phase-squeezed states becomes important for

space description. The approximatia®-e? means that the yalues of 2 that are of ordee™2". We find that for a laser
width of the Wigner function is very small relative to the adiation at about 10 and at room temperature, the number
distance of its center from the origin and consistently theyf thermal photons is approximatedy 43[11]. The effect of
approximationf<1 means that the opening angle for the thermal photons on the phase distribution of coherent states
phase distribution is very smalfl0]. The thermal noise leads nder these conditions is negligible. However, for phase-
to smearing of the phase distribution, but forca? the  squeezed radiation the effect of thermal noise becomes im-
above approximations are still valid. Under the above-portant forr=1.8. Increasing the squeezing parameter be-
mentioned approximations®>4a, so that we can neglect yond this limit will not improve the phase measurement
the term 1 in the square brackets of H) and use the significantly due to admixture of thermal light. Therefore,
approximation erfcb/2\/a)=2. Using these approxima- the effect of thermal noise is much more important for phase-
tions, we obtain the result squeezed states than for the phase distribution of coherent
states, where its effect becomes important only for values of

W _ \F a 2a26? 9 2n that are of order unity. In conclusion, we have treated the
Tsd )= - onte 2 expg — onte 2| (9 effect of thermal noise on the phase distribution for strong
em fields for which the phase is well defined. We have not

The variance of the phase distribution of phase-squeezéeated this topic for weak em fields for which there are
states mixed with thermal noise is obtained approximately a¥arious theoretical problems in the description of the phase

distribution[12-17.
(A6)2 _2n te® (10) The authors would like to thank A. Mann for helpful dis-
TsS 4N 7 cussions.
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