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Squeezing and Anomalous Moments in Resonance Fluorescence
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A scheme for measuring squeezing in resonance fluorescence from a single trapped and cooled ion is
proposed, which is based on the observation of photon pair correlations after beating the fluorescence
with a local oscillator. In addition to squeezing, anomalous moments and sub-Poissonian photon statis-
tics of the fluorescence contribute to the nonclassical behavior of the light in homodyne detection.

PACS numbers: 42.50.Dv, 03.65.—w, 32.80.—t, 42.50.Kb

Resonance Auorescence experiments turned out to play
a vital role in testing fundamental predictions of modern
quantum physics. Typical examples are the observations
of photon antibunching [1,2], sub-Poissonian statistics
[3], and quantum jumps [4]. Moreover, according to
theory squeezing should appear in the fluorescence of a
single atom [5] or a regularly arranged system of atoms
[6]. While measurements of antibunching and sub-
Poissonian statistics confirmed the theoretical predictions
of these nonclassical eA'ects of the Auorescence light, the
observation of phase-sensitive squeezing is the most fun-
damental open problem with respect to the quantum
properties of the resonance Auorescence radiation.

Two facts are expected to complicate an observation of
squeezing in resonance Auorescence. First, the atomic
motion produces phase shifts which destroy the squeezing
eflect. In order to overcome this problem the atom must
be localized within a region small compared with the op-
tical wavelength of the light. Experiments with a single
trapped and cooled ion are a possible way to realize such
a localization. Second, one has to find an observation
scheme which yields a significant eff'ect due to squeezing
of the Auorescence. Based on a quantitative analysis of
the sub-Poissonian nature of the light in a homodyne
measurement, Mandel has shown that squeezing gives
rise to eff'ects which are even smaller than the small sub-
Poissonian noise reduction directly observed in the fluo-
rescence light [7]. Such a scheme, in which the detection
efficiency (including the collection of the IIuorescence)
limits the observable eA'ect, seems to be incapable of

detecting squeezing.
In the present Letter we propose the detection of

squeezing of the resonance fluorescence from a single
trapped and cooled ion based on the observation of the
photon pair correlations (at equal times) in a homodyne
measurement. The detection efficiency does not limit the
observable squeezing in such a scheme. Moreover, anom-
alous moments [8], which are phase sensitive and cannot
be measured directly in photodetection of the fluorescence
light, may be observed. Squeezing, anomalous moments,
and sub-Poissonian statistics of the fluorescence light may
contribute to the nonclassical photon pair correlations of
the superposition light after beating the Auorescence with
the local oscillator. A separation of all these eA'ects is

possible in view of their diA'erent dependences on the lo-

cal oscillator phase. We will consider the situation for
the Auorescence of a coherently driven two-1evel atom un-

dergoing radiative damping. In the case of multilevel sys-

tems, smaller squeezing eA'ects are expected to occur.
Moreover, we deal with the stationary Auorescence; a
nonstationary experiment seems to be more complicated.

In the case of a short-time measurement, a given light
field yields a sub-Poissonian counting statistics when the
joint probability for the simultaneous detection of two
photons is less than the product of the independent count-
ing events. Based on Glauber's detection theory [9] this
condition can be formulated as follows:

where

r"=„' [([E'-& (,rt)']E[' +&

(,rt)']—& (E&-'(r, t)Et+1(r, t)&q (2)

E (E + ) is the negative (positive) frequency part of the operator of the electric-field strength, and p is the product
of the detection efticiency and the measurement time. Beating the fluorescence field F.& by means of a beam splitter with
the local oscillator field E~, yields

E (r, t) =(E| +E )exp[i(colt —k r)]i'J2, (3)

with tol being the frequency of the pump laser (from which the local oscillator is derived) [10]. Inserting Eq. (3) into
Eq. (2) leads to

r22 r22+ r22+ r22 (4)

where the index i (i =0, 1,2) in Eq. (4) denotes the ith-order contribution with respect to the local oscillator field. Intro-
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ducing the amplitude E~, and the phase p~, of the local oscillator, which is assumed to be in a coherent state, we derive

I =(p /4)E( ( [hEA(p )] )

I
1

=(p /2)E|o[exp( —ip~ ) [(E] E(+ Et%+ ) —(E( E)+ )(E)+ )]+c.c.],
(s)

(6)

and I 0 is obtained from Eq. (2) by substituting Es/J2
for E. Any of these terms may contribute to negative
values according to Eq. (1), that is to a sub-Poissonian
statistics of the superposition light. The corresponding
contribution of I q is related to squeezing of the fluores-
cence, viz. ,

t
from which this effect must be derived. A suitable mea-
sure for this level is the uncorrelated (product) counting
rate R„„,of the two detectors, which is approximately
given by p I~,/4. Thus the following observable eff'ect

occurs:

&: [~E,(p,.)]'.) & o, (7) I /R„„,=2[la, ;„,—Is „hcos(2p)]/I(, .

provided that the phase of the local oscillator is appropri-
ately chosen. In the normally ordered variance of the
ffuorescence field [Eqs. (S) and (7)], the local oscillator
phase appears instead of the phase co

~
t —k r. Sub-

Poissonian statistics of the fluorescence with negative
values of I 0 is a well-known phenomenon measured
some years ago [3].

So far our results are closely related to those of Mandel
[7]. In the following, however, our study differs from
that of Ref. [7] in two important points: (i) Instead of
dealing with a quantitative measure for the sub-Pois-
sonian statistics (Mandel's Q parameter), the relative
photon pair correlations are analyzed. In this manner we
overcome the obstacle that the observable squeezing is
limited by both the detection and the collection effi-
ciencies. (ii) We study the situation in which the intensi-
ties of the local oscillator and the fluorescence may be of
the same order of magnitude. It turns out that in this
case the maximum effect due to squeezing of the fluores-
cence is observed. Additionally, anomalous moments of
the fluorescence appear under such conditions. To our
knowledge nonclassical contributions arising from anom-
alous moments of the fluorescence light have not been
studied yet.

Usually in squeezing measurements the local oscillator
is strong compared with the squeezed light under study
[11]. In such a case 12 is the leading contribution toI, cf. Eqs. (4)-(6). Let us first deal with this situation.
In order to disregard the contributions of zeroth and first
order in the local oscillator field the ratio of the local os-
cillator intensity to the ffuorescence intensity Il,/Is should
be at least 10 . In this case we find approximately

r"=(p'/4)I, ( [AE (v~ )]')
=(p /2)I(, [Is;„,—Is „hcos(2p)],

where Iq =(E( E(+ ) and ItI „h = t(E )t, respective-
ly, are the fluorescence intensity and its coherent part; the
incoherent part is given by Iz;„,=I& —I& „h. The phase
p in Eq. (8) differs from the local oscillator phase by the
fact that it includes the phase shifts produced by the
atomic polarization. To get some insight into the magni-
tude of the measurable squeezing we have to compare the
value of I according to Eq. (8) with the signal level

Note that the quantity I /R„„, may be regarded as the
relative photon pair correlation; negative values indicate
nonclassical properties of the light under study. The
inaximum eff'ect is obtained in the limit of weak pump
field (in this case the incoherent part of the ffuorescence
is negligibly small). Adopting I~,/Is =100 we arrive at

I /R„„,= —0.02 cos(2p), (io)

that is, the squeezing of the fluorescence leads to a rela-
tive effect of 2%%uo in the homodyne measurement. Al-
though this effect is rather small it is insensitive to the
collection e%ciency of the fluorescence light. It should be
noted that the condition for maximum observable squeez-
ing in the proposed observational scheme does not agree
with the maximum negative value of the normally or-
dered field variance of the fluorescence light which ap-
pears for somewhat stronger pump fields [S,6].

To get larger effects due to squeezing of the fluores-
cence we now study the more general case with the local
oscillator intensity being of the same order of magnitude
as the fluorescence intensity. Under such conditions all
the terms in Eq. (4) must be taken into account. Let us
consider the weak-field limit in which the largest effects
are expected to occur. We readily derive

12 = —(p /2)Ii, Iscos(2p),
r22 2(I I ) I 2f (~)
r22 (+ 2/4)I2

The uncorrelated counting rate is now given by

(12)

(i3)

r "/R„.,= —o. 12s,
r22/R = —O.2S,

I 2/R„„,= —0.0625 .

(is)
(i6)

(i7)

We find that squeezing of the fluorescence leads to an
effect of 12.5%, which is encouraging for performing an
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R„„,=(p'/4) [I,+I.+2(1,.1&) '"cos(v )] . (14)

Choosing p=2zn and I~„=IfI=I we obtain the following
contributions to nonclassical (negative) photon pair
correlations of the superimposed light:
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experiment. Moreover, the anomalous moments contrib-
ute an effect of 25%. Provided that we are mainly in-

terested in this phenomenon, an effect of about 42% may
be caused by the anomalous moments when the ratio of
the Auorescence intensity to the local oscillator intensity
is increased. The three contributions to I are easily
separated from each other because of the diA'erent depen-
dences on the local oscillator phase; see Eqs. (11)-(13).
Thus one may record I as a function of the phase and
analyze the result with respect to the various phase-
sensitive contributions.

Summarizing the results, we have proposed a scheme
which allows the measurement of both squeezing and
anomalous moments in resonance Auorescence. The
method is not limited by the detection and collection
eSciencies. Squeezing of the Auorescence may lead to a
relative effect of 12.5% in the homodyne experiment un-

der study. Moreover, under such conditions anomalous
moments of the Auorescence contribute 25% to the non-
classical photon pair correlations of the superimposed
light. The separation of these effects can be based on the
phase sensitivity of the measured signal.

Valuable discussions with R. Blatt are gratefully ac-
knowledged.
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