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Interferometric Measurement of Quantum Noise in a Raman Amplifier
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How large must the input signal to an amplifier be to dominate the quantum noise introduced during
amplification? We attempt to answer this question for a Raman amplifier with an experiment that uti-
lizes a modified Mach-Zender interferometer with an amplifier placed in each leg. The quantum noise
added by the amplifiers manifests itself by degrading the visibility of the output fringes from the inter-
ferometer. Only an average of a few photons per mode were necessary to achieve good visibility.

PACS numbers: 42.50.Kb, 03.65.Bz, 42.60.Da

The role of amplifiers in physics has long been a central
concern. This is especially true when amplifiers are used
to transform "quantum" signals to "classical" signals
such as in the famous example of Schrodinger's cat para-
dox. Glauber [1] has discussed the role of amplifiers in

this gedanken experiment and has shown that the central
stumbling block to superpositions of alive and dead cats
lies in the amplifier. It has been shown that even with an
ideal linear amplifier, quantum noise is necessarily added
[2-4) and corresponds to at least one photon per mode at
the input to a noiseless amplifier. (The term "linear"
means the output signal is linearly related to the input
signal. ) The origin of this quantum noise can be traced
to the fundamental commutation relations of the
amplifier. Thus the noise does not arise from an "imper-
fection" in the amplifier; it is fundamentally required by
the Heisenberg uncertainty principle.

While early experiments [5,61 showed that the noise
power emitted from a laser gain tube approaches what
one would expect from the quantum limit, recent interest
has centered on determining how large an input signal is
needed to dominate this quantum noise added by the
amplifier. For example, Duncan et al. [71 have observed
that an average of 300 photons per spatial mode were
needed to control the output spatial mode in a Raman
amplifier. In another experiment using a quantum am-
plifier, Kulagin, Pasmanik, and Shilov [8] have found
that as few as five photons per spatial mode are needed to
operate a highly sensitive phase-conjugating projection
system. Recent experiments [91 have also found that the
noise added to the input signal by fiber amplifiers is close
to the quantum limit. In this Letter we describe an ex-
periment using an interferometer with an amplifier in
each leg to show that even with average injection levels of
one photon per mode, the fringe visibility due to the
amplification of the input signal is observable.

Our experiment is diagramed in Fig. 1. We will dis-
cuss the essentials of this experiment now and save the
various experimental details for later in this Letter. Basi-
cally, the experiment consisted of a Raman generator
that provided the input signal to an interferometer.
Separate, identical Raman amplifiers were inserted into
each leg of the interferometer [10]. These amplifiers
transformed the small input signals into large, macro-
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FIG. 1. Experimental apparatus used to study quantum
noise. One beam path in the interferometer is indicated by a
dashed line, and the other by a solid line. The output fringe
pattern is imaged onto a linear photodiode array for data collec-
tion.

scopic output signals, but also added noise due to am-
plified spontaneous emission. To quantify the effect of
this added noise, we calculated the visibility of the output
fringe pattern from the interferometer:

(i& .,„-(i&;„V= 1
(i& .,„+(i&;„'

Jl

where V is the visibihty, (I&,. „ is the maximum intensity
of the ensemble fringe pattern, and (I&;„is the minimum
intensity of the ensemble fringe pattern.

The output field from the amplifier consists of a super-
position between the amplified field arising from spon-
taneous emission in the amplifier (the noise) and the
amplified field due to stimulated emission of the input sig-
nal [11]. These two fields lead to very different visibili-
ties. It has been shown that the amplified fields arising
from spontaneous emission in two separate Raman am-
plifiers are uncorrelated in phase [121. Consequently, the
position of the peaks and troughs in the output fringe pat-
tern vary from shot to shot and the ensemble average of
the fringe patterns has a visibility of 0. On the other
hand, the amplified input signals are correlated since the
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inputs are correlated. Thus the two outputs produce sta-
tionary fringes from shot to shot, and therefore the
ensemble-average fringe pattern has good visibility.

One then sees that ensembles with large visibilities are
dominated by the amplified input signal, and those with
small visibilities are dominated by the amplified spon-
taneous emission (noise). As one would expect, when the
input signal to the interferometer is very weak the visibili-

ty is low, but as the input signal gets larger, the visibility
approaches 1. This leads one to ask the question: How
large must the input signal be to dominate the noise?

To answer the above question theoretically we used the
fully quantum theory of Raman scattering [13,14] to cal-
culate the visibility. These rather involved calculations
lead to a result that is unfortunately too long and compli-
cated to be presented here but will be given in a future
article. If, however, one replaces the Raman amplifiers in

the experimental setup shown in Fig. 1 with ideal, single-
mode amplifiers [2], a concise expression for the visibility
may be found which predicts a visibility very similar to
that for the fully quantum Raman theory [15]:

(bgbG)

(bGbG)+ (1 —~M ~ )/2Tp, Rg, Tp,
(2)

A

In Eq. (2) the term (bGbG) is the average number of
photons input to the interferometer, ~M~ is the inverse
of the gain in the amplifiers, Tq, is the transmittance of
the identical input and exit beam splitters of the inter-
ferometer, Rq, is the refiectance of the input and exit
beam splitters, and Tp is the transmittance of the identi-
cal pickoff' optics (the optics where the solid and dashed
lines diverge when inside the interferometer in Fig. 1).

The second term in the denominator is due to the noise
added by the amplifiers. In Eq. (2) one can see that
when the gain (M~ is 1 (no amplification), then the noise
plays no role, as expected in a passive interferometer.
Also note that when the amplifier gain is large, the visi-
bility is insensitive to small variations in the gain. This is
quite reasonable since once the signal has been amplified
by several orders of magnitude, one would not expect the
spontaneous emission added during further amplification
to be significant.

If the input and exit beam splitters are chosen to have
50/50 transmission/reliection ratios (Tq, =Rq, =0.5) and
if T~ is approximately 1, the eAect of the noise is mini-
mized and hence the visibility is maximized. With the
above choices of beam splitters and the amplifiers operat-
ing at high gain, the noise term [second term in the
denominator in Eq. (2)] is equal to the input signal when
an average of two photons are input to the interferometer,
or, when one photon on average is input to each amplifier.
With this input, the visibility is 2 . Doubling the input
signal yields a visibility of —, . Thus one can see that the
visibility is a very sensitive measure of the relationship
between the input signal and the amplifier-added noise

for low photon numbers.
To test the predictions of this theory we performed the

experiment outlined schematically in Fig. 1. A pulsed,
near-single-mode, frequency-doubled Nd-doped yttrium-
aluminum-garnet laser with a full width at half max-
imum temporal profile of 14.6 ns was used to pump a Ra-
man generator that consisted of a cell of H2 at 10 atm
placed in a multipass cell. The pump energy input to the
Raman generator was adjusted to a desired value by
varying attenuators (not shown in Fig. 1) in front of the
generator. To insure that no mode hops of the pump
laser occurred during data runs, the pump frequency was
monitored with an etalon. A power meter (not shown in

Fig. 1) recorded the input energy of every pump shot.
The resulting down-shifted Stokes light from the genera-
tor became the input signal to the interferometer. This
input was combined with more pump for the amplifica-
tion in the Raman amplifiers which were also placed in

multipass cells. The peak pump intensity in the am-
plifiers was —5 MW/cm, which led to amplifications of
around 10 orders of magnitude in the thirteen passes of
the multipass cells. However, the amplification was never
so large as to lead to pump depletion.

In Fig. 1, one beam path has been drawn as a dashed
line to distinguish it from the other beam path in the in-
terferometer. The input beam splitter to the interferome-
ter split the pump energy equally to within 1% to insure
equal pumping of the amplifiers. At the Stokes frequen-
cy, however, the reAectance was R&, =0.22 and the
transmittance was Tq, =0.78. The interferometer was
nearly cyclic; thus in most of the interferometer both
beams experienced the same optics. This greatly in-
creased the stability of the interferometer as compared to
a true Mach-Zender interferometer. The few optics ex-
perienced by only one of the beam paths allowed easy ad-
justment of the beams to obtain the desired fringe spac-
ing. The transmittance of the pickoff' mirrors at the
Stokes frequency was T~ =0.5.

The two beam paths indicated experienced separate
Raman amplifiers as they traversed the interferometer.
After amplification, the residual pump was removed from
the beam with a modified Pellenbroca prism. Additional-
ly, an optical delay between the two amplifiers made sure
that the pulses never overlapped inside an amplifier.
Consequently, the amplifications of the two pulses were
independent of each other. The pump fields that were re-
moved from the interferometer were monitored with fast
photodiodes (not shown in Fig. 1) to insure that no pump
depletion occurred that would lead to nonlinear amplifi-
cation.

The amplified beams were then combined at the exit
beam splitter (identical to the input beam splitter) and
the resulting fringe pattern was imaged onto a linear pho-
todiode array [16]. The photodiode array output was
digitized and interfaced to a computer for data collection
and analysis. Each shot was interpreted as a realization
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FIG. 2. Ensemble average of 244 fringe patterns. The input
signa s a a1 h d an average of 0.28 photon per mode input into each
amplifier in e in e1'fi '

th t rferometer. The measured visibi i y
0.1.

FIG. 4. Visibility as a function of pump energy input to the
Raman generator.t . The individual data points indicate experi-
mental data and the curve gives the results from theory.
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of the ensemble, so the ensemble average of the shots was
compared to the quantum-mechanical prediction.

Figures 2 and 3 show two typical ensemble averages
with the amplifiers turned on. In Fig. 2, we present the
ensemble average of 244 shots that had input signals with
an average of 0.28 photon per mode per amplifier. We
measured a visibility of 0.1 for this ensemble. In Fig. 3
the input signal had an average of 1.9 input photons per
mode per amplifier with a resulting visibility of 0.39,
showing that the larger the input signal, the better the
visibility.

In Fi . 4 we present the experimentally measured visi-
bilit (crosses) as a function of the input pump energy to
the Raman generator. This graph shohows that as the
pump energy to e ath R man generator increases (i.e., the
input signa o e a1 t th amplifiers increases), the visibility ap-
proaches 1, indicating the amplified signal dominates the
quantum noise. so s ow . eAl hown in Fig. 4 as a solid curve are
the theoretical results based on the full quantum-me-
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chanical theory of Raman scattering [13,14]. Expen-
mentally, the photodiodes that recorded the fringe pa-
tern integrated the intensity over the duration of the

ulse. Therefore we integrated the theoretical intensity
expectation values over the pulse to compare with experi-
ment [17]. The error bars in the data are based on esti-

lude ossiblet f easurement errors but do not inc u e p
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downward shift of the data relative to the theoretica
curve.

To fully appreciate the implications of these measure-
t transformed the horizontal axis of Fig. 4 into
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FIG. 3. Ensemble average of 272 shots with an average of
1.9 photons per mode in the signal input to the am lifiers. Thep
measured visibility was 0.39.
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FIG. 5. Visibility as a function of the average number of
photons per mode input to the Raman ampm lifiers in the inter-
ferometer plotted on a logarithmicic scale. The dashed curve
shows the theoretical results using an idea, singsin le-mode am-

the Ra manpi er; e soi1 fi; th 1 d line indicates the results using e
a visibilitThe theoretical curves fall somewhat below a visi i i ytheory. e core i

mode in ut becauseof 0.5 with an average of one photon per mode inpu
the beam splitters i no aved d t h ve a 50/50 transmission/reflection
ratio.
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each amplifier [18]. To determine an approximate num-
ber of modes, we took the ratio of the gain-narrowed Ra-
man linewidth to the pump linewidth [19]. This is plot-
ted in Fig. 5 on a logarithmic scale. As in Fig. 4, the
theoretical results from the full quantum theory for Ra-
man amplification are shown as a solid curve. In addi-
tion, the calculation for ideal, single-mode amplifiers are
shown as a dashed curve. This curve was calculated from
Eq. (2) at high gain using the experimentally measured
values for Tb„Rb„and T~,.

In Figs. 4 and 5 the experimental results clearly lie
below the theoretical results. One of the possible ex-
planations for this is that not all of the Stokes signal in-
put photons were amplified, due to lineup difficulties and
scattering losses. To account for these losses theoretical-
ly, we replaced the term (b&bG) in Eq. (2) with a(bGbG),
where a indicates the fraction of input signal that was
amplified. With this alteration, Eq. (2) best fitted the
data when a =0.6. Thus a 40% loss of input signal would
account for the discrepancy between theory and experi-
ment.

In conclusion, both the theoretical and experimental
data in Fig. 5 indicate that it takes very few photons per
mode to observe large visibilities, or put another way,
only a few photons per mode are required to dominate the
noise. This experiment explicitly demonstrates that the
amplified field retains some "memory" of the phase of the
input signal, even with extremely small inputs. Previous
work has shown that the Raman amplifier can operate at
the quantum-mechanical limit [20]. The similarity in re-
sults between the Raman theory and the ideal, single-
mode amplifier theory reinforces this conclusion, and the
experimental results show that the quantum-mechanical
limit can be approached in practice.
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