AMERICAN

JOURNAL
AAPT  JRR%sas
R ———— e

Quantum noise detection: A portable and educational system
Jean-Francgois Morizur, Massimiliano Colla, and Hans-A. Bachor

Citation: American Journal of Physics 76, 1022 (2008); doi: 10.1119/1.2969722

View online: http://dx.doi.org/10.1119/1.2969722

View Table of Contents: http://scitation.aip.org/content/aapt/journal/ajp/76/11?ver=pdfcov
Published by the American Association of Physics Teachers

Articles you may be interested in
Reducing collective quantum state rotation errors with reversible dephasing
Appl. Phys. Lett. 105, 261102 (2014); 10.1063/1.4905148

A portable lab-on-a-chip system for gold-nanoparticle-based colorimetric detection of metal ions in water
Biomicrofluidics 8, 052107 (2014); 10.1063/1.4894244

Faithful qubit transmission against collective noise without ancillary qubits
Appl. Phys. Lett. 91, 144101 (2007); 10.1063/1.2794433

Minimization of fixed pattern noise in photon event counting imaging
Rev. Sci. Instrum. 73, 2917 (2002); 10.1063/1.1490422

Speckle noise or dust diffraction?
Phys. Teach. 37, 324 (1999); 10.1119/1.880295

Explore the AAPT Career Center -
access hundreds of physics education and

other STEM teaching jobs at two-year and
four-year colleges and universities.

%@HE
http://jobs.aapt.org mﬁ



http://scitation.aip.org/content/aapt/journal/ajp?ver=pdfcov
http://jobs.aapt.org/
http://scitation.aip.org/search?value1=Jean-Fran�ois+Morizur&option1=author
http://scitation.aip.org/search?value1=Massimiliano+Colla&option1=author
http://scitation.aip.org/search?value1=Hans-A.+Bachor&option1=author
http://scitation.aip.org/content/aapt/journal/ajp?ver=pdfcov
http://dx.doi.org/10.1119/1.2969722
http://scitation.aip.org/content/aapt/journal/ajp/76/11?ver=pdfcov
http://scitation.aip.org/content/aapt?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/105/26/10.1063/1.4905148?ver=pdfcov
http://scitation.aip.org/content/aip/journal/bmf/8/5/10.1063/1.4894244?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/91/14/10.1063/1.2794433?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/73/8/10.1063/1.1490422?ver=pdfcov
http://scitation.aip.org/content/aapt/journal/tpt/37/6/10.1119/1.880295?ver=pdfcov

Quantum noise detection: A portable and educational system

Jean-Francois Morizur®

ACQAO, The Australian National University, Canberra ACT, 0200 Australia and Laboratoire Kastler
Brossel, Université Pierre et Marie Curie, Case 74, 75252 Paris cedex 05, France

Massimiliano Colla®

ACQAO, The Australian National University, Canberra ACT, 0200 Australia and Centre for Quantum

Technologies, National University of Singapore, Singapore

Hans-A. Bachor®

ACQAO, The Australian National University, Canberra ACT, 0200 Australia

(Received 8 April 2008; accepted 22 July 2008)

Quantum noise is a key feature of laser beams. It is both a limiting effect in contemporary optical
measurements and a manifestation of the quantum nature of light. Its properties distinguish it from
classical noise. We demonstrate a simple, reliable, and portable apparatus using low cost
commercial lasers and electronics that provides evidence of these properties. © 2008 American

Association of Physics Teachers.

[DOLI: 10.1119/1.2969722]

I. INTRODUCTION: THE PROPERTIES OF
OPTICAL QUANTUM NOISE

The quantum propert1es of hght are often associated with
wave-particle duality. ™ 12 By using modern photodetectors itis
possible to record the arrival of each photon in a beam as an
individual event, if the photon flux is relatively low. This
ability can be used to demonstrate some quantum effects,
such as single particle interference.’ The quantum nature of
light also has consequences for the properties of much stron-
ger beams.* Shot noise or optical quantum noise is the result
of quantum fluctuations of the intensity of a laser beam. The
formalism of quantum optics has been spectacularly success-
ful in describing the quantum state of a laser beam, using the
coherent state or Glauber state.” This formalism has been
well tested and extended to include nonclassical or squeezed
states of 11ght in which quantum noise is lowered for one
property, for example, the phase, while increased for another,
the amplitude; the total amount of uncertainty is kept con-
stant.

In recent years many optical instruments have been per-
fected so that optical quantum noise, or shot noise as it has
been called, is the dominant remaining source of noise.
Quantum noise thus limits the signal-to-noise ratio for man
optical tools such as absorption spectrometers,
interferometers,®” and even laser pointers % In brief, optical
quantum noise is important as a fundamental consequence of
quantum mechanics and as a limiting effect in the develop-
ment of modern instruments.

In this paper we describe a method of detecting quantum
noise in a teaching context and describe a convincing dem-
onstration of the properties of quantum noise. The emphasis
is on a simple, reliable, and low-cost apparatus using, when-
ever possible, readily available components.

There are three defining features of quantum noise'* that
allow a clear distinction between classical noise and quan-
tum noise:

1. The quantum fluctuations of the intensity of a laser beam
have a specific noise spectrum. The noise power is inde-
pendent of the frequency at which it is detected. Such a
spectrum is called white noise, and differs from many
other noise sources which increase for lower frequencies,
for example with a 1/f dependence.
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2. Another property of quantum noise is the scaling of the
noise variance with the intensity. For quantum noise the
variance Vy, scales as

Vea(P) ~ P. (1)

In contrast the standard deviation \'V, of classical noise is a
fixed percentage of the total power. Hence,

Va(P) ~ P2 (2)

Likewise, the scaling law resulting from a modulation of the
laser intensity is

Vinoa(P) ~ P2. 3)

3. A feature of quantum noise is its behavior in relation to
beam splitting. The classical fluctuations and modulations
of the beam intensity are shared between the reflected and
the transmitted beams, equivalent to Kirchoff’s law in
electrical circuits, and result in two perfectly correlated
beams hitting the detectors. In contrast, quantum noise
introduces uncorrelated noise. One way to understand this
property is to remember that quantum noise comes from
the random arrival of photons. The photons are not split in
half by the beam splitter, but have a 50% probability to be
transmitted or reflected. This randomness gives rise to
uncorrelated noise in the detectors. If a laser beam is
quantum noise limited and the classical noise is negli-
gible, the noise in the two output beams from the beam
splitter is completely uncorrelated.

In our experiment we demonstrate properties (2) and (3).
The spectral properties (1) can be demonstrated using an
electronic spectrum analyzer, but this kind of device is out-
side the scope of most teaching laboratories. To demonstrate
the scaling and correlation properties, a light source with as
little classical noise as possible is necessary. Such a source is
readily available as a low-cost diode laser. Detectors and
amplifiers that contribute less electronic noise than quantum
noise are also required. For this purpose we use photodetec-
tors with custom-made preamplifiers and commercial low
noise amphﬁers.11 2 A conventional oscilloscope is used to
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Fig. 1. The total laser beam power is adjusted using an aperture in front of
the laser source. The laser intensity is modulated using a custom-built am-
plified crystal oscillator which produces a sinusoidal modulation at 2 MHz.
The two beams are simultaneously detected by photodiodes 1 and 2 and the
amplified signals are displayed on an oscilloscope in x-y mode.

detect the output signal, and a straightforward analysis
method is available using an oscilloscope with an x-y dis-
play.

The apparatus shown in Fig. 1 enables us to measure both
the correlation and scaling properties of optical quantum
noise and to demonstrate some quantum features of light.
Most optical experiments either focus on the frequency do-
main using spectrum analyzers and measure the noise spec-
trum of intense beams." Alternatively, they focus on count-
ing the clicks from individual photons with avalanche
photodiodes14 to study the correlations between the clicks
from one or more detectors. Our design allows us to inves-
tigate correlations in an intense beam using a continuous
noise signal.

II. THE EXPERIMENT

Because the goal is to design a teaching and demonstration
experiment, our emphasis is on simplicity. Accordingly, the
apparatus is small (the entire experimental setup fits on a
210 mm X 300 mm breadboard) and uses a conventional 0s-
cilloscope. The trick is to use an oscilloscope as a detector
for correlations. The laser beam is split into two beams 1 and
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2 of equal power by sliding mirror M2 half-way across the
beam. Each beam is detected separately and the photocur-
rents are amplified and displayed simultaneously on the x
and y axis of the oscilloscope. If the two photocurrents,
which are proportional to the intensities 1,(r) and I,(¢) of the
beams, are correlated, the display will be on the diagonal
axis. That is, correlated noise will be seen as fluctuations
along the diagonal axis, at 45° to the x and y axes, if the
intensities and gains in the two beams are the same. Uncor-
related noise will lead to independent fluctuations in both the
x and y axes and produce a fuzzy area on the screen. For
equal intensity and gain this area will be circular. The oscil-
loscope displays all frequencies up to its cutoff frequency or
the detector’s or the amplifier’s. To demonstrate quantum
noise we have to be very careful to avoid any extraneous
noise, for example from stray magnetic fields. Reducing ex-
traneous noise can be achieved by good design and electro-
magnetic shielding.

The apparatus employs a relatively low power laser diode
pointer (~8 mW) emitting a beam at 632 nm with a slightly
elliptical shape. The laser is housed in an aluminium casing
secured to the custom-made aluminium breadboard. The la-
ser beam intensity can be changed by adjusting the diameter
of an aperture mounted directly outside the diode laser. The
laser beam is then focussed by a lens (200 mm focal length)
on the detectors to maximize the detection efficiency. After
the lens the beam is reflected by mirror M1 and split into
equal parts by a second mirror M2. One half of the beam is
redirected onto the first photodetector while the other half
misses the mirror and proceeds to the second photodetector.
The beamsplitting mirror is mounted on a miniature transla-
tional stage (Thorlab MR 1.4) which allows it to move in and
out of the beam and the splitting ratio to be adjusted. The
mirror M2 could also be replaced by a half-silvered mirror, at
the expense of loosing the ability to adjust the splitting ratio.

The two detectors are custom made and are matched to
produce very similar outputs when exposed to the same
power. The aim is to create the largest quantum noise signal
and suppressing the electronic noise from the first amplifier
inside the detector is critical. The direct current (dc) signals
from the detectors are monitored to ensure that the power P
is equally split between the photodiodes; the alternating cur-
rent (ac) signals are connected to a pair of high-gain/low
noise  commercial — amplifiers (MITEQ, frequency
1-100 MHz). Several rechargeable battery packs make this
system completely portable and reduce noise inputs from
power supply. A picture and the layout of the system can be
found in Fig. 1.

The laser intensity can be modulated with the electronic
voltage created by the amplified crystal oscillator (IQXO-
350). The degree of modulation is adjusted by the user. The
modulation frequency must be high enough so that the
modulated signal is not affected by low-frequency noise
sources, including the 1/f noise resulting from the electron-
ics, and is above the lower cutoff frequency of the amplifiers
(1 MHz). The frequency also must not exceed either the
maximum modulation frequency of the laser or push to the
limits the low-noise amplifiers inside the detectors. For this
reason an intermediate value of 2 MHz was chosen. Because
the evidence of quantum noise that we seek does not depend
on this modulation frequency, it remains fixed throughout the
experiments.

Morizur, Colla, and Bachor 1023
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Fig. 2. Display of the oscilloscope used for measuring the noise and corre-
lation. The x and y axis display the photocurrent generated by detectors 1
and 2, respectively. Any correlated noise will appear on the diagonal axis
labeled C; any uncorrelated noise will appear equally on the A and C axes.
(a) The laser is turned off, (b) the laser beam at 8 mW without modulation,
and (c) the laser beam at 8 mW and maximum modulation.

III. RESULTS

With the two photodiodes aligned and the laser turned on,
the two signals originating from the photodetectors are dis-
played in x-y mode. Different investigations are possible by
varying the intensity of the beam and the modulation ampli-
tude.

The electrical noise, that is, dark noise, of the detectors
and amplifiers is first measured by turning the laser off. This
noise calibration is critical because we need the quantum
noise to be significantly larger than the dark noise.

By turning on the laser without introducing any modula-
tion, the beams create additional fluctuations. They are the
result of the optical quantum noise for which the two signals
from photodiode 1 and 2 are uncorrelated and the residual
classical noise in the laser. This classical noise introduces
correlations between the two photodiode channels. Figures
2(a) and 2(b) show oscilloscope traces of the signal for no
beam, that is, dark noise, and for an 8 mW beam, respec-
tively.

Noise along the C axis is correlated noise, and noise along
the A axis is anticorrelated. The C axis is not perfectly at 45°
because the gains of the amplifiers are not perfectly bal-
anced. Both dark noise and quantum noise, because they
produce noncorrelated signals on the two detectors, intro-
duce fluctuations equally on the A and C axes. In contrast,
classical noise and modulation of the laser intensity intro-
duce correlations between the two signals and give fluctua-
tions only on the C axis. Thus, a comparison of Figs. 2(a)
and 2(b) makes it easy to evaluate the different components
of the noise encountered. Along the A axis the difference of
the noise level between Figs. 2(a) and 2(b) can be attributed
to quantum noise. This simple comparison provides us with a
first demonstration of the uncorrelated nature of quantum
noise and a clear assessment of the quality of the detectors.
We show a ratio of 3.5 between the variance of the noise
from a 8 mW beam and the variance of the electrical noise,
without filtering the output signal. Using bandpass filters in
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Fig. 3. Variance of the intensity fluctuations as a function of the average
intensity of the beam in photocurrent units. (a) The variance along the cor-
related axis with a quadratic dependence on the intensity. (b) The variance
along the anti-correlated axis with a linear dependence on the intensity.

the 3—5 Mhz range improves the ratio to 5.5, and introduces
phase differences between the two output signals. These
phase differences do not allow for a clear linear shape when
introducing modulation and thus were not used in our mea-
surements. Second, comparing the noise levels along the C
and A axes in Fig. 2(b) emphasizes the correlated nature of
the classical noise of the beam.

Further analysis is possible by using the modulator, which
introduces strong classical fluctuations. Their correlated na-
ture is obvious in Fig. 2(c), with overextended fluctuations
along the C axis, while fluctuations along A remain similar to
Fig. 2(b). Thus, the analysis of several oscilloscope traces
demonstrates the uncorrelated nature of quantum noise. By
setting the modulation amplitude to the maximum value be-
low the amplifier’s saturation and changing the average beam
intensity, it is possible to observe the scaling laws. Figure 3
shows the variance of the fluctuations as a function of the
beam intensity. We observe both the linear scaling of the
quantum noise and the quadratic scaling of the classical
noise.

Finally, recording the trace is possible, either by using a
digital oscilloscope with relevant connectivity (for example a
Tektronix TDS 2004 B) or a USB oscilloscope (Voltcraft
DSO0-220 USB). The distribution of the data points recorded
with a modulated beam provide further confirmation of the
correlated nature of classical fluctuations. As can be seen in
Fig. 4 the shape of the distribution is clearly non-Gaussian
along the C axis because it is the result of the sinusoidal
modulation of the intensity. In contrast, along the A axis, the
distribution remains Gaussian, thus indicating that no fluc-
tuations on the A axis result from the modulation. The A axis
is thus truly uncorrelated noise, that is, dark noise and quan-
tum noise. If we consider that the total fluctuations of the
signal are a result of the modulation, classical noise, dark
noise, and quantum noise, the fit of the theoretical distribu-
tion to the data gives very accurate results.

In conclusion, our simple experiment provides evidence of

Morizur, Colla, and Bachor 1024
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Fig. 4. The distribution of the measurements is non-Gaussian as a result of
the sinusoidal modulation. The black dots are the measurements results
(only one fifth of the actual sample is shown), and the full surface is the
measurement’s density. The wired surface is a theoretical distribution which
accounts for all the noise terms discussed in the text.

the properties of quantum noise in intense beams. It can also
be used as a benchmark to compare the performance of
equipment to the quantum noise limit.

ACKNOWLEDGMENTS

The authors would like to thank Neil Hintchey and Caro-
line Christenson for their great technical support. This work
was supported by Centre of Excellence for Quantum-Atom
Optics of the Australian Research Council.

1025 Am. J. Phys., Vol. 76, No. 11, November 2008

“Electronic mail: jean-francois.morizur@anu.edu.au

YElectronic mail: max.colla@nus.edu.sg

“Electronic mail: hans.bachor@anu.edu.au

1Rodney Loudon, The Quantum Theory of Light, 3rd ed. (Oxford U.P.,
Oxford, 2004), pp. 117-123.

2Claude Cohen-Tannoudji, Bernard Diu, and Frank Laloe, Quantum Me-
chanics (Wiley-Interscience, Malden, MA, 2006).

3COH. Holbrow, E. Galvez, and M. E. Parks, “Photon quantum mechanics
and beam splitters,” Am. J. Phys. 70, 260-265 (2002).

*Hans-A. Bachor and Timothy Ralph, A Guide to Experiments in Quantum
Optics, 2nd ed. (Wiley, Malden, MA, 2003).

SR. I. Glauber, “Coherent and incoherent states of radiation field,” Phys.
Rev. 131, 2766-2788 (1963).

°D. F. Walls, “Squeezed states of light,” Nature (London) 306, 141-146
(1983).

R Marin, A. Bramati, V. Jost, and E. Giacobino, “Demonstration of high
sensitivity spectroscopy with squeezed semiconductor lasers,” Opt.
Commun. 140, 146-157 (1997).

SA.F Pace, M. J. Collet, and D. F. Walls, “Quantum limits in interfero-
metric detection of gravitational-radiation,” Phys. Rev. A 47, 3173-3189
(1993).

°C. M. Caves, “Quantum-mechanical noise in an interferometer,” Phys.
Rev. D 23, 1693-1708 (1981).

0N, Treps, N. Grosse, W. P. Bowen, C. Fabre, H.-A. Bachor, and P. K.
Lam, “A quantum laser pointer,” Science 301, 940-943 (2003).

'ISee EPAPS Document No. E-AJPIAS-76-013810 for the design of the
amplifiers. For more information on EPAPS, see http://www.aip.org/
pubservs/epaps.html.

M. B. Gray, D. A. Shaddock, C. C. Harb, and H.-A. Bachor, “Photode-
tector designs for low-noise, broadband, and high-power applications,”
Rev. Sci. Instrum. 69, 3755-3762 (1998).

BA. Furusawa, J. L. Sorensen, S. L. Braunstein, C. A. Fuchs, H. J. Kimble,
and E. S. Polzik, “Unconditional quantum teleportation,” Science 282,
706-709 (1998).

YR, Short and L. Mandel, “Observation of sub-Poissonian photon statis-
tics,” Phys. Rev. Lett. 51, 384-387 (1983).

Morizur, Colla, and Bachor 1025



