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We show both theoretically and experimentally that fluctuations of a weak probe beam are increased above
the coherent-state shot-noise level as the beam interacts with a strong degenerate pump beam in an atomic
vapor. The origin of this noise amplification process is the two-beam-coupling process between the pump beam
and the vacuum sidebands of the probe beam. The major contribution to this excess noise arises from the
quantum fluctuations of the atomic medium that are induced by the pump beam. We believe that this mecha-
nism can be important in preventing the reduction of noise below the quantum-noise limit in experiments that

utilize atomic vapors.

PACS number(s): 42.50.Dv, 42.65.Es

Nonlinear optical techniques make it possible to tailor the
quantum fluctuations of an electromagnetic field in such a
way that quantum noise in an optical measurement is re-
duced. One such technique is quadrature squeezing, in which
the noise in one of the field quadratures is suppressed below
the coherent-state noise level [1]. The noise in the other field
quadrature is then necessarily amplified above the quantum-
noise limit so that the uncertainty principle is not violated.
Another technique of reducing the noise of an optical mea-
surement is amplitude squeezing. One method of producing
amplitude-squeezed light is by appropriate control of the in-
jection current that drives a semiconductor laser (2]
Amplitude-squeezed light can also be generated through the

use of so-called “twin beams” [3]. Twin beams are two

beams with correlated intensity fluctuations such that the
fluctuations in the intensity difference of the two beams are
below the shot-noise limit. One of the beams can then serve
as a reference for the intensity fluctuations of the other beam.

This property has recently been utilized to stabilize the in-

tensity fluctuations of one of the beams to below the shot-
noise limit to produce amplitude-squeezed light [4]. Twin
beams are the high-intensity version of correlated photon
pairs [5] that have been used to test fundamental properties
of the quantum field [6]. Both quadrature-squeezed states
and twin beams have been experimentally realized through
the use of second-order or third-order nonlinear materials. In
the case of optical parametric amplifiers [7] and oscillators
[8] utilizing second-order nonlinear crystals, quantum-noise
reduction approaching 90% has been demonstrated [9]. On
the other hand, schemes that utilize third- (and higher-) order
resonant nonlinearities of atomic vapors [10-12] typically
achieve a noise reduction of less than 50%. The inability of
the schemes utilizing atomic vapors to achieve large
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quantum-noise reduction is usually attributed to effects such
as atomic fluctuations [13,14] and self-focusing [12,15].

In this Rapid Communication, we present the results of a
detailed experimental and theoretical investigation that fur-
ther elucidates the role of quantum fluctuations in limiting
the amount of noise reduction that can be achieved when one
utilizes atomic vapors as the nonlinear medium. We focus
our attention on the two-beam-coupling process [16,17],
which occurs between a single pump wave and a single
probe wave as they interact in an atomic medium. In particu-
lar, the Rayleigh feature of the two-beam-coupling process is
found to increase the number of photons in the probe beam at
frequencies that are displayed by less than ~1/7; (where
T, is the population lifetime of the atoms) from the pump
frequency. In the case of a probe beam that is degenerate in
frequency with the pump beam, this mechanism therefore
gives rise to increased low-frequency (typically less than 100
MHz) intensity fluctuations of an initially shot-noise-limited
probe field as the additional photons beat against the carrier
mode of the probe beam. This noise mechanism is, in prin-
ciple, included in several theoretical formulations of wave-
mixing processes in atomic media [13,18—22]. However, no
detailed experimental investigation of this excess noise
mechanism has been performed. We have chosen to adapt the
theoretical model of Agarwal [21,22] to explain our experi-
mental results, since this model has the additional advantage
that it conveniently distinguishes between the two different
physical mechanisms that can contribute to the increase in
noise. The first such mechanism is the direct amplification of
the vacuum fluctuations of the incoming probe beam as a
result of the semiclassical two-beam-coupling gain experi-
enced by the vacuum sidebands of the probe beam. This
mechanism occurs only for the case in which the intensity of
the pump wave exceeds or is comparable to the saturation
intensity of the atomic transition. The other mechanism is the
spontaneous scattering of light as a result of quantum fluc-
tuations in the response of the atomic medium, which results
in resonance fluorescence radiation being emitted in the spa-
tial mode of the probe beam. In principle, this mechanism
can occur in an unsaturated medium. However, in an opti-
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FIG. 1. A pump beam at frequency w, and a degenerate probe
beam with vacuum sidebands at frequencies wy* () interacting in
an atomic vapor cell. The transmitted probe beam is detected and
the resulting photocurrent is amplified and spectrally analyzed.

cally thick medium such as that considered here, the scat-
tered light as well as the probe beam will be absorbed with-
out the presence of a saturating pump beam.

Our theoretical description of the two-beam-coupling
noise amplification mechanism is based on the schematic
setup shown in Fig. 1, in which a strong pump beam and a
weak probe beam at the same frequency wg interact in an
atomic vapor cell. The transmitted probe beam is detected
and the resulting photocurrent is amplified and spectrally
analyzed. To determine the power spectrum S({)) of the
fluctuations of the photocurrent, we calculate the absorption
or the gain experienced by the probe beam at the frequency
wy and the number of noise photons generated by the two-
beam-coupling process at the sideband frequencies wy* ().
The interaction of the probe beam and its sidebands with the
two-beam-coupling amplifier, whose gain is frequency de-
pendent, is illustrated in Fig. 2. More specifically, we assume
that the incoming probe field is composed of many modes
that are all in the vacuum state and a mode at frequency
w, that is in the coherent state |e). For the case of a quan-
tum amplifier, the annihilation operators A , for the outgoing
modes of the probe field can be expressed in terms of the
operators a,, for the incoming modes as [19]

A,=g(0)i,+L,, (1)

where g(w) is the amplitude gain of the amplifier at fre-
quency w and L, is a Langevin noise operator. The coupling
to the Langevin noise operator is necessary to preserve the
commutation relations [Aw,AI,,]= 04, for the outgoing
modes of the probe field.

I
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FIG. 2. A quantum-noise-limited amplifier with frequency-
dependent gain g(w). The noise operator L, represents the reser-
voir mode of the amplifier.

We have employed multimode techniques [23] to calcu-
late the power spectrum of the photocurrent at a nonzero
spectrum analyzer frequency (). The result of this calculation
is given by the equation [24]

S(Q)=lg(wo)|’[1+{fiyy-0) H{Auysa)], @)

where S()) is normalized to the shot-noise level of the in-
coming probe field and where the number of photons at the

“frequency sidebands is (ﬁwoig)=(ﬁloinﬁwotg). The first

term in square brackets in Eq. (2) represents the shot noise of
the output signal. The second and third terms represent the
number of photons added spontaneously to the lower and
upper frequency sidebands of the probe beam as a conse-
quence of the two-beam-coupling process. We have adapted
the full quantum-mechanical treatment of the two-beam-
coupling process of Ref. [22] to determine the numerical
values of the gain g(wg) and the number of photons at the
two sidebands (7, + q). Our adaptation of this model for an

inhomogenously broadened atomic vapor includes the calcu-
lation of the Doppler average of the correlation functions
C*~ and Q*~ of Ref. [22] with a phenomenological ac-
count of grating-washout effects [25,26] for each velocity
group. The correlation function C* ™ is related to the semi-
classical gain of the two-beam-coupling amplifier and hence
it accounts for the part of the fluctuations of the transmitted
probe beam that corresponds to a quantum-noise-limited am-
plifier, i.e., this part corresponds to the direct amplification of
the vacuum fluctuations of the incoming probe beam at the
sideband frequencies. The correlation function Q¥ ~, on the
other hand, is related to the quantum fluctuations of the
atomic medium, i.e., to the amount of resonance fluorescence
radiation resulting from the presence of the pump beam that
is emitted in the spatial mode of the probe beam at the side-
band frequencies.

To study the noise properties of the transmitted probe
beam experimentally, we used potassium vapor as the non-
linear medium. The pump and probe beams were derived
from a single-mode continuous-wave dye laser that was
tuned close to the 425 ,,—42P, /2 transition of potassium at
a wavelength of 767 nm. The two beams intersected inside a
0.5-cm-long potassium vapor cell. The temperature of the
cell was ~175 °C, which corresponds to a potassium num-
ber density of ~4X 103 cm™3. The transmitted probe beam
was detected with a fast photodiode, and the resulting pho-
tocurrent was amplified and spectrally analyzed. The reflec-
tion of the transmitted probe beam off the front window of
the fast photodiode was used to monitor the average power
of the probe beam. Our detection system was shot-noise-
limited for a range of detected light powers from ~0.5 to
~10 mW and for a range of frequencies of 2—-3 MHz up to
the detection bandwidth of ~100 MHz except for some iso-
lated frequencies where the detection system displayed ex-
cess noise. The sources of excess noise were traced to local
radio stations or fluctuations of the dye laser. The frequencies
with excess noise have been excluded from the data pre-
sented below. We note that in some respect our experiment is
similar to that of Ref. [14], in which resonance fluorescence
from an optically thin sample was beaten against a local
oscillator to study the limits placed on squeezing by reso-
nance fluorescence. The results of this experiment were ex-
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FIG. 3. The average power (dashed line) and the rms noise volt-
age (solid line) of the transmitted probe beam as a function of laser

detuning A from resonance. The noise voltage is measured in a

narrow frequency band centered at 10 MHz and is normalized to
unity for the off-resonance shot-noise level. When the pump beam
is off (a), the noise behaves as expected of an attenuated coherent
state. When the pump beam is on (b), the absolute noise level is
increased although a significant portion of the probe beam is ab-
sorbed. Theoretical prediction (c) corresponds to case (b).

plained using a phenomenological model that included an
account of the modification of spectral distribution of reso-
nance fluorescence due to atomic motion. In contrast to that,
the atomic medium in the experiment of the present paper
was optically thick and our theoretical description of the ex-
periment is based on a detailed quantum-mechanical theory
of the two-beam-coupling process including propagation ef-
fects. Also, in our experimental arrangement, the probe beam
transmitted through the atomic vapor is used as the local
oscillator for its own sidebands.

In Fig. 3 we show the experimental and theoretical resulis
for the average power and the rms noise voltage in a narrow
frequency band centered at 10 MHz of the transmitted probe
beam as a function of the laser detuning from potassium line
center. The transmitted power and the noise voltage are nor-
malized to the off-resonance signal levels. For these particu-
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FIG. 4. The rms noise voltage of the transmitted probe beam as
a function of the spectrum analyzer frequency () for the case where
the laser was detuned by ~1.5 GHz to the blue side from the
potassium line center. The voltage is normalized to unity for the

_ off-resonance shot-noise level. The smooth line is the theoretical

prediction and the noisy line is the experimental result.

lar measurements, the crbssing angle between the pump and
probe beams was 2.6°, and the pump intensity was ~20
W/cm?. Figure 3(a) shows the experimental results when the

- pump beam is blocked. Close to resonance the probe beam is

completely absorbed and the noise level of the transmitted
probe beam behaves as expected of a field in a coherent state.
In the presence of the pump beam [Fig. 3(b)], however, the
absolute noise level of the transmitted probe beam is ampli-
fied when the laser is tuned close to resonance, even though
a significant portion of the probe beam is absorbed. Figure
3(c) shows the theoretical prediction based on Eq. (2) for the
noise of the transmitted probe beam in the presence of the
pump field. For a best fit between the experimental and theo-
retical results, we assumed that agL =2000 (where a is the
line-center absorption coefficient and L is the length of the
cell) and that the ratio of the dephasing time and population
lifetime was T',/T,=0.3. These values are in good order-of-
magnitude agreement with the best estimates of the values of
these parameters under our experimental conditions. We fur-
ther assumed that the intensity of the pump beam entering
the medium was 17 W/cm?. The general agreement between
the experimental data and the theoretical prediction is seen to
be good, although the width of the noise feature in the theo-
retical plot is somewhat narrower than that observed experi-
mentally. We attribute the slight asymmetry of the experi-
mental noise plot on the blue and red sides of the line center
to the effects of self-focusing and self-defocusing, respec-
tively. We also note that, according to our theoretical model,
the dominant contribution to the excess noise under our ex-
perimental conditions arises from the fluctuations of the
atomic medium.

For further evidence of the two-beam-coupling mecha-
nism, we have also studied the dependence of the intensity
fluctuations of the transmitted probe beam on the spectrum
analyzer frequency. In Fig. 4 we show the experimental and
theoretical results for the rms noise voltage of the transmitted
probe beam in a narrow frequency band normalized to the
off-resonance shot-noise level as a function of the spectrum
analyzer center frequency for the case where the laser was
detuned by ~1.5 GHz to the blue side from exact resonance.
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The experimental conditions and the parameters used in the
theoretical model are the same as in Fig. 3 and for the best fit
with the experimental result we assumed a detuning of 1.2
GHz in the theory. The noise level is seen to decrease and
approach the shot-noise limit as a function of the frequency
but to exceed the shot-noise limit for all frequencies studied.
The noise level was also found to be sensitive to the crossing
angle between the pump and probe beams, in agreement with
the expected results for the two-beam-coupling process in a
Doppler-broadened medium [27].

In conclusion, we have investigated a mechanism that we
believe can be important in limiting the amount of quantum-
noise reduction that can be obtained by schemes utilizing
four-wave mixing in atomic vapors. In such noise-reduction
experiments, the four-wave-mixing process is expected to
give rise to correlated fluctuations in the intensities of the
signal and idler beams. However, the two-beam-coupling
process that occurs between the vacuum sidebands of the
signal or idler beam and a single pump beam at a time gives
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rise to uncorrelated fluctuations in the intensities of the sig-
nal and idler beams. We believe that these uncorrelated fluc-
tuations are sufficient to prevent large amounts of noise re-
duction due to the four-wave-mixing process from occurring,
Our full quantum-mechanical description of this noise ampli-
fication process is in very good agreement with the experi-
mental results. We expect that the amount of excess noise
due to this mechanism can be reduced by looking at the noise
at frequencies higher than ~100 MHz [10], which is the
typical width of the Rayleigh feature of the two-beam-
coupling process. On the other hand, the frequency should be
smaller than the Rabi frequency corresponding to the inten-
sity of the pump beam, since a similar noise amplification
mechanism is expected to take place at the Rabi sidebands.
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