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Abstract

Light-matter interaction is at the heart of quantum optics, because of its fundamental
importance in both, basic research as well as for promising applications of quantum phe-
nomena in our daily life.
Because of its importance, the interaction between laser fields and ensembles of atoms or
even single atoms has been studied theoretically as well as experimentally in great detail
over the last decades. Besides coherent laser fields, the use of quantum light, such as
single photons, entangled photon pairs and squeezed light has proven very successful in
many fields of quantum physics. Especially photon pairs from spontaneous parametric
down-conversion (SPDC) in nonlinear crystals are frequently used, because these pairs are
correlated in many degrees of freedom, relatively easy to generate and allow high collection
efficiencies. However, the bandwidth of SPDC, as of most single or pair photon sources,
is orders of magnitude broader than the linewidth of atomic resonances and therefore not
compatible with efficient atom-photon interaction. The goal of my research was to extend
the field of application of SPDC sources to the atomic regime.
In this document the main findings of my research are presented. First, the implemen-
tation of an ultra-bright cavity-enhanced SPDC source is presented. The photon-pair
state is characterized in terms of indistinguishability, brightness, fidelity and polarization.
The spectral brightness, which is one of the highest of pairs of indistinguishable photons
reported so far, enables a measurable quantity of photons after filtering to the atomic
linewidth. The filtering is accomplished using a novel atomic-based filter. The filtered
photon source is atom-resonant and can be used as a heralded single-photon source. In a
different setup polarization-squeezed light is shown to improve the sensitivity of an atomic
magnetometer.
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Chapter 1

Introduction

In the last decades, the realization of many experiments in quantum optics became possi-
ble, that at the beginning of the 20th century were considered as pure thought experiments
(Gedankenexperimente). Along those are fundamental tests of quantum mechanics, like
the experiments addressing the completeness of the quantum mechanical description [1],
which relates to Albert Einstein’s famous EPR publication [2].
Apart from experiments that aimed at a deeper understanding of quantum physics, more
and more applications of quantum effects and especially quantum optical phenomena be-
came evident. The new fields of quantum communication, quantum information, quantum
imaging and quantum metrology evolved, which use among other resources, non-classical
states of light.
It was shown, for example, that information can be coded more densely and transmitted
securely using so-called quantum bits (qubits) [3]. A qubit denotes an element of a two-
dimensional Hilbert space that, in contrast to a classical bit, is able to store information
not only in two states, but as an arbitrary coherent superposition of two states. One way
to realize a qubit can be accomplished with the two mutual orthogonal polarization states
of a photon. Combined with the already mature technique of transmitting information
with light over long distances in optical fibers, single photons represent ideal carriers of
quantum information. On the other hand, concerning the storage and processing of quan-
tum information, other systems like atomic states are superior. For this reason a reliable
interface between photonic and atomic qubits is of fundamental importance. Significant
steps in this direction have been carried out with the teleportation of photon states [4]
and the teleportation between light and matter [5], as well as the storage of single-photon
states in electromagnetic-induced transparency (EIT) media [6].
One basis for the rapid development of experimental quantum optics over the last two
decades was the availability of non-classical light sources, especially as sources of single
photons and correlated photon pairs. The first photon source of this kind relied on cascade
transitions in calcium and was used in experiments concerning the completeness of quan-
tum physics [7, 1, 8]. In calcium atoms there are transitions that allow the simultaneous
emission of two photons, which are correlated in their polarization, but not in their direc-
tion of propagation, because the atom receives a part of the momentum. Therefore, the
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photons are emitted in all spatial directions and only a fraction of the generated photon
pairs can be utilized. This small efficiency together with the high technical effort prevented
the wide application of this source of correlated photon pairs.
Instead, a multitude of new sources of single photons and photon pairs has been devel-
oped. It is possible to exploit photon pair sources as single-photon sources when one of
the photons of a pair is used to herald the presence of the other. On the other hand in-
distinguishable single photons can also be temporally and spatially overlapped to obtain
photon pairs. Requirements of a source are often indistinguishability and entanglement.
This indistinguishability is different from the concept of indistinguishability of thermody-
namics and quantum statistics, where photons are always considered as indistinguishable
particles. The indistinguishability meant here is a necessary condition for the Hong-Ou-
Mandel effect that is used in many practical quantum optical proposals. For this effect to
take place, two photons need to be in the same spatial mode and have to be correlated in
wavelength and arrival time.
Some concepts for single-photon sources rely on the spontaneous emission of a single ex-
cited neutral atom [9, 10] or ion [11], whose preparation requires high technical com-
plexity. A single-photon source that is easier to realize uses nitrogen-vacancy centers in
diamond, where two neighboring positions of the crystal lattice are occupied by a carbon
atom and a vacancy instead of two nitrogen atoms [12]. Also the spontaneous emission
of single molecules is exploited for this purpose [13, 14]. Promising is the application
of low-dimensional semiconductor heterostructures, like quantum dots for single-photon
generation [15, 16]. As a solid-state solution, these sources show high stability and inte-
gratability. Recently, the generation of entangled photon pairs in a quantum dot cascade
system could be demonstrated [17, 18]. However, most single-photon sources show a large
spectral bandwidth and emit in all directions leading to a low collection efficiency.
In contrast, when using a source of photon pairs based on spontaneous parametric down-
conversion (SPDC), the direction of emission is determined by momentum conservation.
In a suitable nonlinear crystal a pump photon is converted into two photons with lower
frequency. The generated photons are called signal and idler and can be correlated in dif-
ferent degrees of freedom, such as polarization, frequency and time. The potential of this
technique was discovered early [19, 20], but only after nonlinear crystals of high quality
and high nonlinear coefficient became available and after the development of a geometry
which allows the generation of entangled pairs of photons [21], SPDC established itself as
workhorse in the field of quantum optics. Recently, very bright and stable sources of polar-
ization entangled photons have been proposed and realized using a Sagnac interferometer
[22, 23].
Since signal and idler photons are generated at the same time [24], the detection of one
photon of a pair determines the position of the other [25], which can be used for subse-
quent experiments. This is known as the heralding of single photons. A condition is that
the probability of generating two photon pairs within the coherence time of a photon is
negligible. This requirement is normally met, because of the low conversion efficiency and
short coherence time of parametric down-conversion, which is typically in the range of some
100 fs. This short coherence is however linked to a large spectral width. For applications



7

that require a narrow bandwidth of the photons, interference filters are necessary, which
can reduce the bandwidth to a few nm, at the same time decreasing the intensity by a lot.
Narrow-band photons are, for example, needed for the interaction with atomic resonances,
since their linewidth is in the MHz range, whereas the linewidth of parametric down-
conversion in the THz range. A light-matter interface depends on the efficient interaction
and therefore on a similar bandwidth of both systems. One approach for the realization of
narrow-band single photons whose count rate is comparable to SPDC sources, is based on
the resonance of the down-conversion modes inside an optical cavity. The linewidth of the
SPDC modes is strongly reduced, because the down-conversion photons are only emitted
into the modes that lie within the narrow cavity linewidth. Due to this filtering during the
generation, the count rate is not decreased, in contrast to filtering after the source.
The application of a SPDC source inside a resonator geometry is not new and known as
optical parametric oscillator (OPO). OPOs are used as narrow-band, frequency-tunable
ligth sources in spectroscopy, where they cover wavelength ranges, which are not accessible
with appropriate lasers. For this purpose, OPOs are operated at high pump powers over
resonator threshold, so that stimulated emission processes in the nonlinear crystal over-
whelm the spontaneous emission events and many photon are generated in the same mode.
To preserve the single-photon property, the cavity has to be operated far below threshold,
where stimulated processes are negligible and in average much less than one photon pair
is inside the cavity.
Over the last years, there has been increasing interest in those optical parametric oscilla-
tors (OPO) operated far below threshold [26, 27, 28, 29, 30]. First implementations were
using an OPO with Type-I phase-matching of the nonlinear crystal, where signal and idler
photons are mutually perpendicularly polarized [26]. To generate polarization-entangled
photons, two consecutive Type-I crystals have been used with their optic axes rotated by
90◦ along the beam direction [28]. Later schemes used Type-II sources with the advantage
to separate the two photons of a pair by their polarization and generate a polarization-
entangled state. Another approach used a single resonant OPO sacrificing the collinear
output and indistinguishability of the photons [30].
One challenge in the Type-II phase-matching is the transversal and longitudinal walk-off
for signal and idler modes inside the nonlinear crystal due to birefringence. The transversal
walk-off results in an emission into different modes for signal and idler photons and makes
them spatially distinguishable. This problem was overcome through the availability of pe-
riodically poled crystals, in which the propagation can be chosen to be in a direction that
exhibits no transversal walk-off. The longitudinal walk-off yields the partially temporal
distinguishability of signal and idler since one of them always exits the crystal first. To
ensure indistinguishability in the Type-II case, two crystals can be used inside the cavity,
with their optic axes perpendicular to each other, to compensate for birefringence [29].
Even though OPO pair-photon sources are expected to show great advantages over SPDC
sources, like higher brightness, emission into a single spatial mode, high purity without the
need for filtering, until recently, these advantages could not be demonstrated to their full
extent.
Our approach, realized with a doubly-resonant Type-II OPO combines advantages of the



8 Contents

different previous schemes, achieving at the same time a high degree of indistinguishabil-
ity, an ultra-bright flux of photon pairs and allowing for active stabilization of the cavity
length and for a variable delay between the two polarization modes after the cavity. This
work is described in detail in Chapter 2. To further characterize the OPO and gain full
information of the polarization state of the created photon pairs, we performed quantum
state tomography and reconstructed the polarization density matrix of the two-photon
state. The photon pairs from the OPO can be described as a special polarization- or path-
entangled state. One property of such a so-called NOON state is its capability of beating
the shot-noise limit in phase estimation experiments, which is known as super-resolution.
We showed that the created photon pairs have a high fidelity with a NOON state and that
they achieve super-resolution in phase estimation. The tomography and super-resolution
results are presented in Chapter 3.
The emission of the down-conversion emission inside the OPO resonator is enhanced into
the modes resonant to the cavity which can be designed to show a linewidth similar to the
natural linewidth of atomic resonances. However, the spectrum of the down-conversion
process with a width of 130 GHz consists of many longitudinal modes each of them sepa-
rated by 500 MHz from its neighboring modes. Only one of the modes, where signal and
idler photons are degenerate in frequency is at the D1 line of atomic rubidium. Therefore
a filter has to be used that transmits the degenerate mode and absorbs or reflects all other
modes, to achieve a true single-mode atom-tuned source of photon pairs.
Previous schemes relied on consecutive cavities as filter [26, 27]. Our approach for filtering
the degenerate mode of the OPO output uses a setup that was developed in our group for
the interaction-free measurement of the density of a cloud of rubidium atoms [31]. The
working principles of this filter are described in Appendix A. The advantages of this
technique are its high extinction ratio, its time stability and its intrinsic tuning to an
atomic resonance.
After filtering the degenerate mode, this setup is capable of providing photon pairs suitable
for efficient interaction with atomic systems. It is both, atom-resonant and can be used as
a heralded single-photon source as discussed in Chapter 4.
To apply the photon source to an atomic system, the narrow-band NOON state could be
made to interact with a hot rubidium vapor. One possible application of a NOON state is
a super-resolving phase measurement as described in Appendix B in more detail.
Other applications could be the storage of single photons in EIT media as a way to a
quantum memory of light or the use in quantum repeaters that promise long distance
transmission of quantum entanglement with all its uses in quantum cryptography and
quantum key distribution.
As opposed to the detection of photon pairs, the cavity-enhanced down-conversion setup
is also capable of producing squeezed states of light. We used a similar but different cavity
setup to create polarization squeezing. The main difference is that the cavity contains
a Type-I nonlinear crystal that creates photon pairs where both photons have the same
polarization. While the generation is very similar to the previously discussed experiments,
the detection is very different. In order to select one spectral mode, homodyne detection
is used. The squeezed vacuum produced in the OPO is overlapped with a local oscillator
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beam - a coherent beam at the fundamental frequency - and send to a balanced detec-
tor. The difference signal shows lower noise than shot noise and can therefore be used
to improve the sensitivity in measurements. Using this new technique, we improved the
sensitivity of an atomic magnetometer as described in Chapter 5. This new method could
find application in advanced optical magnetometers.
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Chapter 2

Ultra-bright filter-free
cavity-enhanced down-conversion

We demonstrate a high-brightness source of pairs of indistinguishable photons based on
a type-II phase-matched doubly-resonant optical parametric oscillator operated far below
threshold. The cavity-enhanced down-conversion output of a PPKTP crystal is coupled
into two single-mode fibers with a mode coupling efficiency of 58%. The high degree of
indistinguishability between the photons of a pair is demonstrated by a Hong-Ou-Mandel
interference visibility of higher than 90% without any filtering at an instantaneous coinci-
dence rate of 450 000 pairs/s per mW of pump power per nm of down-conversion band-
width. For the degenerate spectral mode with a linewidth of 7 MHz at 795 nm a rate of
70 pairs/(s mW MHz) is estimated, increasing the spectral brightness for indistinguishable
photons by two orders of magnitude compared to similar previous sources.

2.1 Introduction

Indistinguishable photons exhibit non-classical interference, the basis for applications in-
cluding entanglement generation [32], linear-optics quantum computing [33], and super-
resolving phase measurements [34]. Many down-conversion sources [21, 22, 23] achieve
indistinguishability by spectral and/or spatial filtering, at the cost of reduced efficiency.
In contrast, cavity-enhanced down-conversion [35, 36, 28, 29, 27, 30] promises to produce
photon pairs with cavity-defined, and thus controllable, spatial and spectral characteris-
tics. In this spirit, Ou et al. [35] used a type-I optical parametric oscillator (OPO) far
below threshold to produce a two-photon state that was later shown to be mode-locked
and consisting of indistinguishable photons by observing the Hong-Ou-Mandel effect with
moderate visibility [36, 37]. A high-purity source of heralded single photons was recently
demonstrated by Neergaard-Nielsen et al. [27] with a sub-threshold type-I OPO and filters
to select heralding photons from a single mode. Kuklewicz et al. [29] used a type-II OPO
below threshold with temporal filtering (selection of nearly-coincident pairs), to demon-
strate a high-brightness source with up to 76.8% Hong-Ou-Mandel interference visibility.
The source that we demonstrate here avoids filtering altogether: all output of the source
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is used, giving a brightness tens to hundreds of times higher than earlier sources. At the
same time, high-quality pairs are produced, as demonstrated by a high-visibility Hong-
Ou-Mandel dip. The source is also tunable to a rubidium resonance, allowing studies of
light-atom interactions with photon pairs.
Despite energy conservation and phase-matching requirements, parametric down-conversion
is generally under-constrained, allowing emission into a range of energy and momentum
states. Emitted photons are correlated in energy and momentum, providing both an en-
tanglement resource and a challenge to efficient collection. By their nature, position-
momentum entangled states cannot be efficiently collected into single-mode optics. Corre-
lations between observed and unobserved variables can also render the photons distinguish-
able and destroy quantum interference [38]. While filters can ”erase” the distinguishing
information, they change the nature of the source, from one which produces entangled pairs
(and nothing else) to one which sometimes produces unpaired photons. Also, the herald-
ing efficiency is reduced, exponentially decreasing the success probability in a multi-photon
heralded experiment. Rather than use filters, we place the down-conversion within a res-
onant cavity [35, 29]. As with other spontaneous processes [39, 40, 9], this constrains the
emission to the cavity modes and enhances the emission rate into those modes. The cavity
is designed and stabilized for simultaneous resonance on all longitudinal modes within the
phase-matching bandwidth, producing both a very bright source and pair indistinguisha-
bility.

2.2 Experimental setup

As laser source we use a frequency-doubled diode laser system (Toptica TA-SHG 110).
The laser wavelength is stabilized to the D1 transition of atomic rubidium at 795 nm and
then frequency doubled to generate the 397.5 nm pump that is passed through a mode-
cleaning single-mode fiber and is focused into the center of a 20 mm-long periodically-poled
KTiOPO4 (PPKTP) crystal in a cavity, forming the OPO (Fig. 5.1). A pump beam waist
of 30 µm is achieved with a telescope. This beam waist was chosen to be larger than the
optimum for degenerate down-conversion according to Boyd and Kleinman [41] in order to
reduce possible effects of thermal lensing [42] and gray-tracking [43]. The crystal is poled
for type-II degenerate down-conversion, and produces orthogonally-polarized signal and
idler photons. Due to crystal birefringence, these photons experience temporal walk-off
which would, if un-compensated, render the photons temporally distinguishable. A second
KTP crystal of the same length and crystal cut, but not phase-matched and rotated about
the beam direction by 90◦, is added to the long arm of the cavity in order to introduce a
second walk-off equal in magnitude but opposite in sign [29].
The ring cavity is formed by two flat mirrors (M1, M2) and two concave mirrors (M3, M4)
with a radius of curvature of 100 mm. The effective cavity length of 610 mm corresponds
to a free spectral range (FSR) of 490 MHz. This geometry provides a beam waist of 42 µm
for the resonant down-converted beam at the center of the crystal, which matches the
30 µm pump beam waist. Cavity length is controlled by a piezoelectric transducer on
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Figure 2.1: Experimental Setup. PPKTP, phase-matched nonlinear crystal; KTP, com-
pensating crystal; M1-4, cavity mirrors; PBS, polarizing beam splitter; HWP, half wave
plate; QWP, quarter wave plate; SMF, single-mode fiber; PD, photodiode

mirror M1. The output coupler M2 has a reflectivity of 93% at 795 nm. All other cavity
mirrors are highly reflecting (R > 99.9%) at 795 nm and highly transmitting at 397.5 nm
(R < 3%) resulting in a single-pass through the nonlinear crystal for the blue pump beam.
The crystal endfaces are AR coated for 397.5 nm and 795 nm. The measured cavity finesse
of 70 results in a cavity linewidth of 7 MHz.
While the walk-off per round trip is compensated by the KTP crystal, there is an un-
compensated walk-off of in average half a crystal-length, because of the different positions
inside the PPKTP, where a photon pair could be generated. This leads to a remaining tem-
poral distinguishability at the output of the cavity that is completely removed by delaying
the horizontally polarized photon of each pair with a Michelson-geometry compensator:
a polarizing beam splitter, retro-reflecting mirrors, and quarter wave-plates set to 45◦ in-
troduce an adjustable delay while preserving spatial mode overlap. After recombination
the pairs are sent through a half wave plate (HWP2) that together with PBS2 determines
the measurement basis. Both output ports of PBS2 are coupled into single-mode fibers
(SMF) connected to single photon counting modules (Perkin Elmer SPCM-AQ4C). The
pulse events are registered and processed by coincidence electronics (FAST ComTec P7888)
with a resolution of 1 ns.
The OPO cavity is actively stabilized by injecting an auxiliary beam, derived from the diode
laser, into the cavity via the output coupler (M2). This light is detected in transmission
by a photodiode (PD1). Frequency modulation at 20 MHz is used to lock to the peak
of the cavity transmission. To eliminate the background noise caused by this auxiliary
beam and to protect the SPCMs, the locking and measuring intervals are alternated using
a mechanical chopper at a frequency of about 80 Hz with a duty cycle of 24%.
To achieve degeneracy of the H/V modes, we set the polarization of the auxiliary beam



13

to 45◦ and measure the cavity transmission for H- and V-polarized components. The
transmission peaks for the two polarizations are overlapped by temperature tuning of the
compensating KTP crystal, whereas the temperature of the PPKTP crystal is kept stable at
the optimal phase-matching temperature for degenerate operation at 42.0◦C. Both crystals
are temperature controlled with a long-term stability of better than 5 mK corresponding to
an overlap between the transmission spectra for H- and V-polarized components of better
than 95%.
The pump power after the cavity is measured by collecting a constant fraction on a photodi-
ode (PD2). This system is calibrated against the total power passing through the PPKTP
crystal as measured by a power meter (Coherent FieldMate). Over the duration of any
given measurement, the power was stable to within 5%. We used a typical optical pump
power of 200 µW to reduce the probability of generation of two pairs within the cavity
ring-down time. The optimization of the pump beam mode-matching was performed by
maximizing the count rates on the single-photon detectors.

2.3 Arrival-time correlation measurement

Without correcting for any losses, the photon rate in each arm (RSMF1,SMF2) was measured
to be 142 000 counts/s during the measurement period (when the chopper was open) with
a coincidence rate of 34 000 pairs/s. The unavoidable accidental coincidence rate Racc in
the coincidence time window of τ = 256 ns is calculated by Racc = RSMF1 RSMF2 τ = 5 000
pairs/s, resulting in a corrected coincidence rate of 29 000 pairs/s, that is, a collection
efficiency of 20%.
The FWHM of the crystal phase-matching bandwidth is calculated by 1/(|k′s − k′i|L) =
148 GHz, with the crystal length L and the k-vectors for signal and idler photons [44].
Considering this bandwidth a spectral brightness of 450 000 pairs/(s mW nm) is calcu-
lated, brighter by a factor of 1.6 compared to the single-pass SPDC source in [22] with a
coincidence rate of 273 000 pairs/(s mW nm).
Within the crystal bandwidth the output spectrum consists of roughly 600 modes, the de-
generate one at the rubidium D1 line. The modes are spaced by a FSR of 490 MHz, each of
them having a bandwidth of 7 MHz. For the degenerate mode, which contains about 1/300
of the total output, the photon coincidence rate is estimated to be 70 pairs/(s mW MHz),
two orders of magnitude higher than the rate of 0.7 pairs/(s mW MHz) reported in [29].
Taking into account the limited quantum efficiency of the detectors (49%), the single-mode
fiber coupling efficiency (58%), the escape efficiency of the cavity (82%) and the overall
transmission through all optical elements after the cavity (90%) a conditional detection
efficiency of 21% is expected. The fact that the measured efficiency agrees with this
expectation proves that the emission from the cavity itself is in a single spatial mode. Given
this parameter, we estimate the true pair production rate to be 3.4× 106 pairs/(s mW).
We measured the arrival time difference between detection events on the two SPCMs in a
time window of 256 ns over 30 seconds in the H/V and ±45◦ bases (Fig. 2.2). The time
correlation graph shows the typical double-exponential decay reflecting the ring-down time
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Figure 2.2: Histogram of difference between signal and idler arrival times in the ±45◦ basis
(multiplied by 8, lower curve) and in the H/V basis (upper curve) without path difference
between signal and idler beam paths

of the cavity. The time delay between the photons of a pair is always an integer multiple
of the round trip time, resulting in the comb structure of Fig. 2.2, in which alternating
bins have low and high count rates. The contrast of this oscillation is modulated due to
the sampling resolution of 1.0 ns and the 2.03 ns round trip time, vanishing every 31 peaks
as can be seen in Fig. 2.2. These results agree with the theory given in [29] for the case of
compensated birefringence.

2.4 Hong-Ou-Mandel measurement

When the relative delay between the two photons of a pair is changed, their degree of
temporal indistinguishability is varied and the Hong-Ou-Mandel effect [37] can be observed.
When we measure in the ±45◦ basis and with no delay, signal and idler photons of a pair
impinging on PBS2 are indistinguishable and exit on the same output port of PBS2 leading
to a drop in the coincidence rate as shown in Fig. 2.2.
The coincidence rate in the ±45◦ basis was measured for different mirror positions over a
range of 8 mm with a step width of 0.2 mm, accumulating coincidence counts at each point
for 30 seconds. All coincidences within the time window of τ = 256 ns are counted and the
results are shown in Fig. 3.2. Accidentals due to double pairs are subtracted and the data
are corrected for power fluctuations in the pump. The statistical error bars are too small
to be displayed. As expected for an unfiltered type-II SPDC source, the HOM dip shows
a triangular shape [45]. The model that we use for the fit is based on the theory given in
[44]. The coincidence rate Rcoin is given in terms of the difference ∆l between signal and
idler paths, the average coincidence rate for large time differences Ravg and a parameter ζ
with ζ = 4/(L|k′s − k′i|), that depends on the crystal length L and the k-vectors for signal
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Figure 2.3: Hong-Ou-Mandel Dip. Experimental data and triangular fit function.

and idler photons:

Rcoin(∆l) = Ravg

(
1− ∧

(
∆lζ

2c

))
(2.1)

The function ∧(x) takes the value ∧(x) = 1− |x| for |x| < 1 and ∧(x) = 0 elsewhere. The
theoretical prediction of the base-to-base width of the triangle 4c/ζ = 2.03 mm agrees well
with the fitted value of 2.0 mm.
The drop of the coincidence rate for path differences larger than +2.5 mm is due to a
change in coupling efficiency to the single-mode fibers, as the efficiency was optimized for
translation stage positions close to the bottom of the dip. Therefore, data points over
+2.5 mm were disregarded for the fit. The fit function displays a visibility defined by
V = (Cmax − Cmin)/(Cmax + Cmin) of 96% with subtraction of accidental counts and 83%
without; the lowest point measured directly shows a visibility of 90%. To reduce the rate of
accidental counts due to double pair generation even more, the HOM dip was also measured
for a very low pump power of 12 µW. For this measurement the visibility for the lowest
data point is 95% with subtraction of the accidentals and 90% for the raw data. This
visibility clearly indicates the non-classical character of the down-converted photon pairs
and their indistinguishability [46]. It should be noted that all our measurements were done
without any spectral filtering.

2.5 Conclusion

In conclusion, we have demonstrated a high-brightness, highly efficient source of pairs of
indistinguishable photons using a type-II OPO. Compared to other schemes it shows a
higher degree of indistinguishability and a higher flux. Our setup achieves indistinguisha-
bility without any spectral or spatial filtering, which allows for the first time efficient
coupling of high-quality photon pairs into single-mode fibers. A Hong-Ou-Mandel dip was
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measured with a visibility of over 90%. The source can easily be extended to provide
beams of polarization-entangled photons by using an ordinary 50-50 beam splitter. The
degenerate spectral mode with a linewidth of 7 MHz at 795 nm is estimated to contain
70 pairs/(s mW MHz), increasing the spectral brightness for pairs of indistinguishable
photons by two orders of magnitude over the, to our knowledge, spectrally brightest com-
parable source reported so far. Depending on the application, filter cavities after the OPO
could be used to isolate this degenerate mode or the unfiltered output could be directly
applied on a frequency-selective system such as atoms. Since the spectral properties of this
mode match perfectly the natural linewidth of the D1 transition of atomic rubidium, the
presented source provides photon pairs for efficient interaction with atomic systems. This
is an essential requirement for the realization of an interface between light and matter on
the single-photon level for quantum memories and quantum repeaters.



Chapter 3

NOON states from cavity-enhanced
down-conversion

Indistinguishable photons play a key role in quantum optical information technologies. We
characterize the output of an ultra-bright photon-pair source using multi-particle tomogra-
phy [R. B. A. Adamson et al., Phys. Rev. Lett. 98, 043601 (2007)] and separately identify
coherent errors, decoherence, and distinguishability. We demonstrate generation of high-
quality indistinguishable pairs and polarization NOON states with 99% fidelity to an ideal
NOON state. Using a NOON state we perform a super-resolving angular measurement
with 90% visibility.

3.1 Introduction

Many applications in quantum information, quantum imaging and quantum metrology rely
on the availability of high-quality single photons or entangled photon pairs. Depending on
the kind of application, the requirements on a source of photonic quantum states include
brightness and efficiency as well as the degree of indistinguishability, purity and entangle-
ment of the output state.
Recently there has been increasing interest in the generation of cavity-enhanced paired
photons [35, 36, 28, 29, 30, 47, 48], because the cavity geometry enhances the photon gen-
eration into the spatial and spectral resonator modes increasing at the same time bright-
ness, collection efficiency and indistinguishability. The enhancement of the brightness is of
the order of the cavity finesse. When the nonlinear crystal is type-II phase-matched, it is
possible to achieve polarization entanglement and create NOON states that can be applied
to achieve phase super-resolution. Due to multiple passage through the crystal, such cavity
schemes are more sensitive to imperfections in materials and alignment. Another challenge
is double resonance that is not automatically achieved since in a type-II process the two
generated photons have orthogonal polarization and see different refractive indices in the
birefringent nonlinear crystal. Due to these cavity effects type-II schemes can suffer from
a low Hong-Ou-Mandel (HOM) dip visibility [37], e.g. in [29], where the reported visibility
was 76.8% and not all reasons for the low visibility could be identified.
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A limited visibility can be caused by distinguishing timing information, coherent state-
preparation errors, and decoherence. These three possibilities cannot be differentiated by
a HOM measurement. Nevertheless, multi-particle states can be fully characterized, in-
cluding decoherence and distinguishability of particles by tomographic techniques [38]. We
apply these techniques to the output pairs from a cavity-enhanced down-conversion source,
and show that cavity-enhanced down-conversion not only provides a large photon flux, but
is also capable of producing highly indistinguishable photons that can be used to create
interesting and useful quantum states such as a high-fidelity NOON state.

3.2 Experimental setup

The experimental setup consists of two parts, one for the preparation of the state and the
other for its analysis. The state preparation part is based on the high-brightness cavity-
enhanced down-conversion source described in detail in a previous publication [47]. As
principal light source we use a single-frequency diode laser locked to the D1 transition of
atomic rubidium at 795 nm (Figure 5.1). The frequency doubled part of the laser pumps
a type-II phase-matched PPKTP crystal inside an optical cavity. After the photons leave
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Figure 3.1: Experimental Setup. SHG, second harmonic generation cavity; PPKTP, phase-
matched nonlinear crystal; KTP, compensating crystal; M1-4, cavity mirrors; PBS, polar-
izing beam splitter; HWP, half wave plate; QWP, quarter wave plate; SMF, single-mode
fiber; PD, photodiode; FBS, fiber beam splitter; SPCM, single photon counting module.

the cavity, a variable retarder consisting of a polarizing beam splitter, two quarter wave
plates and two mirrors in a Michelson geometry produces a relative delay between the
horizontally (H) and vertically (V ) polarized photons.
A general polarization analyzer, consisting of a quarter wave plate (QWP1) followed by
a half wave plate (HWP) and a polarizing beam splitter (PBS2) is used to determine
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the measurement basis as shown in Figure 5.1. To generate a NOON state in the H/V
basis another quarter wave plate (QWP2) can be added. The two output ports of PBS2
are coupled to single-mode fibers and split with 50:50 fiber beam splitters. The four
outputs are connected to a set of single photon counting modules (Perkin Elmer SPCM-
AQ4C). Time-stamping was performed by coincidence electronics with a resolution of 2 ns.
By considering a time window of 150 ns, that is longer than the coherence time of each
individual photon, we can evaluate the coincidences between any two of the four channels.
Using this detection setup we cannot only observe the standard HOM interference that
requires two detectors, but also implement multi-particle tomography [38].

3.3 Hong-Ou-Mandel experiment

To observe a classic “HOM dip”, we set the analyzer for ±45 degree with QWP1 and
QWP2 removed and scan the relative delay. The resulting curve is shown in Figure 3.2. At
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Figure 3.2: Hong-Ou-Mandel effect. Experimental data and triangular fit function. La-
belled points indicate locations of tomographic reconstructions in Figure 3.3.

the used pump power of about 200 µW accidental coincidences account for approximately
10% of the coincidence counts out of the dip and have been subtracted. These accidentals
occur when multiple photon pairs are generated within a time window that is smaller than
the ring-down time of the cavity.
For zero delay the photons are highly indistinguishable indicated by a visibility of the
triangular fit function of 96%. When the pump power is reduced to 12 µW a visibility of
higher than 90% was seen without need for accidentals subtraction. The dip presents the
triangular shape expected for type-II phase matching [49].
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3.4 Theory

We use the multi-particle state tomography of reference [38]. As in tomographic charac-
terization of qubits [50], this method gives a complete description of the polarization of
the photons, including partial coherence. Moreover, it quantifies the operational distin-
guishability of the photons, i.e., information in unobserved degrees of freedom that could
in principle be used to identify the photons, and which destroys non-classical interference.
For example, photons which differ in arrival time, frequency, or spatial mode are opera-
tionally distinguishable and do not show non-classical interference. The presence of these
other degrees of freedom allows the photons to have any symmetry of their polarization
wave-function while remaining globally symmetric.
We use the symmetry-ordered basis {|H1, H2〉 , |ψ+〉 , |V1, V2〉 , |ψ−〉}, with |ψ±〉 ≡ (|H1, V2〉±
|V1, H2〉 /

√
2, where subscripts 1, 2 label the photons, as described in reference [38]. In this

basis, a general polarization state is described by a density matrix of the form

ρ =





 ρS




·
·
·

· · · (
ρA

)


 , (3.1)

where ρS is a 3 × 3 matrix describing the symmetric portion of the polarization state
and ρA is a 1 × 1 matrix describing the anti-symmetric portion. We use a dot (·) to
indicate coherences between the symmetric and anti-symmetric parts of the state. These
coherences, if observed, could allow us to distinguish the photons. But because our analyzer
is insensitive to the hidden degrees of freedom where the distinguishing information exists,
these coherences are effectively zero. We now calculate the coincidence probability for
a state ρ analyzed in an arbitrary polarization basis. The result allows us to predict the
HOM visibility for an arbitrary state, and also the visibility in a polarization interferometer.
These visibilities are often reported as indicators of the quality of a state, and our goal
here is to make contact between the tomographic results and the simpler but less complete
visibilities.
Concretely, we imagine an analyzer consisting of wave-plates before a PBS, as in the
experiment. One input polarization |α〉 ≡ cos θ |H〉−sin θ exp[iφ] |V 〉 leaves via one output
port of the PBS and the orthogonal polarization |β〉 ≡ sin θ |H〉 + exp[iφ] cos θ |V 〉 leaves
via the other output port. A coincidence (one photon in each output) indicates a state
with one α photon and one β photon, but does not distinguish the photons or indicate
the symmetry of the state. It is a projective measurement onto the subspace spanned by
|α1, β2〉 and |α2, β1〉, described by a projection operator Πα,β ≡ P|α1,β2〉 + P|β1,α2〉 where
P|Ψ〉 ≡ |Ψ〉 〈Ψ|. The probability of coincidence is Pcoinc = Tr[ρΠα,β]. In the symmetry-
ordered basis, we find

Πα,β =




1
2
sin2 2θ 1

2
√

2
e−iφ sin 4θ −1

2
e−2iφ sin2 2θ 0

1
2
√

2
eiφ sin 4θ cos2 2θ − 1

2
√

2
e−iφ sin 4θ 0

−1
2
e2iφ sin2 2θ − 1

2
√

2
eiφ sin 4θ 1

2
sin2 2θ 0

0 0 0 1


 . (3.2)



21

We now consider the HOM situation encountered in the experiment. The splitting is
balanced, i.e., θ = π/4, so that the coincidence probability is

Pcoinc = ρ44 +
1

2
(ρ11 + ρ33)− Re[e2iφρ13]. (3.3)

In the experiment, it is possible to introduce a delay between the H and V parts of the
state, to achieve zero delay or a large delay (points labeled ’a,’ and ‘c,’ respectively in

Figure 3.2). For zero delay, we have P
(zero delay)
coinc = ρ44 +(ρ11 +ρ33)/2−Re[e2iφρ13] as above.

A large delay, however, makes H photons distinguishable (in principle) from V photons
and thereby removes the coherence between states |H1, V2〉 and |V1, H2〉. Equivalently, it
changes ρ by ρ22 → (ρ22 + ρ44)/2 and ρ44 → (ρ22 + ρ44)/2. Using Tr[ρ] = 1, we can express
the coincidence probability away from the dip as

P
(delay)
coinc =

1

2
− Re[e2iφρ13]. (3.4)

The visibility of the HOM dip is

VHOM ≡ P
(delay)
coinc − P

(zero delay)
coinc

P
(delay)
coinc + P

(zero delay)
coinc

=
ρ22 − ρ44

2− (ρ22 − ρ44)− 4Re[e2iφρ13]
. (3.5)

We note that this depends on few of the density matrix elements, and thus a variety of
different states could have the same HOM dip visibility.
We can also calculate the visibility in an interferometric measurement based on polarization
rotations, such as those which give super-resolution. We assume a wave plate or other
optical device applies a unitary rotation to both photons of the state, and they are detected
in the α, β state as above. The ψ− component is invariant under any unitary transformation
affecting both photons, and thus contributes a constant ρ44 to the coincidence probability.
In contrast, the contribution of the triplet component may oscillate between zero and
ρ11 + ρ22 + ρ33 = 1− ρ44. A limit on interferometric visibility is thus

VINT ≤ 1− ρ44

1 + ρ44

. (3.6)

3.5 Multi-particle state tomography

We follow the tomography method developed in [38, 51] in order to get a polarization
characterization of the output state of the cavity-enhanced down-conversion process. In
the case of perfect indistinguishability of the photons of a pair, the photons are supposed
to be in the state ψ+. We evaluated the coincidence counts for the same 10 different
wave plate settings of HWP and QWP1 as in [38]. The acquisition time for each wave
plate setting was 60 seconds. Applying a maximum likelihood reconstruction we obtain
the polarization density matrix. The single count rate corrected for accidentals during the
measurements was typically 10 000 counts/s.
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We measured the density matrix for different delays between the photons corresponding to
different positions in the HOM dip, i.e. to different amounts of distinguishing information.
We generated different states as follows: a) center of dip b) mid-point of dip c) outside of
dip. In addition, we produced an unknown state d) by tuning the fundamental laser by
about 3.1 GHz from the frequency used in a) – c). No compensations such as the adjusting
of the crystal temperature were performed. At this detuning we observe a reduced HOM
visibility, for reasons that are not understood. Data for d) were taken at the center of the
dip, i.e., with zero relative delay. For all these states we applied the same tomography
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Figure 3.3: Reconstructed polarization density matrices for (a) center of HOM dip, (b)
edge of HOM dip, (c) outside of HOM dip (corresponding to points in Figure 3.2), (d)
center of dip, but with system tuned to a different frequency.

procedure. Figure 3.3 shows the elements of the real parts of the density matrices. The
imaginary parts are close to zero and are not shown.
We note that the populations in |ψ+〉 and |ψ−〉 change for different dip positions: a) 94%
and 4%, b) 68% and 28%, c) 49% and 50%, d) 66% and 16%. We also note that while
b) and d) have a similar amount of HOM dip visibility, their density matrices look very
different. In b) only the ψ+ and ψ− populations are significant, while d) shows also V V
population and coherence between ψ+ and V V . Thus b) shows distinguishability while
d) shows some distinguishability but also decoherence and coherent errors which cause
non-zero off-diagonal elements to appear in the density matrix. This shows clearly that
multi-particle tomography provides information not present in the HOM visibility, and can
be useful for identifying imperfections in generated states.
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3.6 High quality NOON state

The achieved high visibility of the state is the requirement for a high-fidelity NOON state.
We introduce another quarter wave plate (QWP2) before the analyzing part of the setup to
create a two-photon NOON state in the H/V basis, which can be written 1/

√
2(|H1, H2〉+

eiφ|V1, V2〉). Since the output state of the cavity |HV 〉 is already a NOON state in the
basis formed by right-hand (R) and left-hand (L) circular polarization modes |HV 〉 =
i/
√

2(|L1, L2〉 + |R1, R2〉), this state can be transferred into a NOON state in the H/V
basis by sending it through an additional quarter wave plate at 45 degrees. In Figure
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Figure 3.4: (a) Real and (b) imaginary part of the polarization density matrix of the
pair-photon state transformed to a two-photon NOON state.

3.4 real and imaginary parts of the reconstructed density matrix of a NOON state are
displayed. The coherence of the state is partly imaginary leading to a phase of φ = 0.10
between HH and V V components (Figure 3.4(b)), which is however of no importance in
the following. The fidelity of this state with the corresponding ideal two-photon NOON
state 1/

√
2(|H1, H2〉+ e2iφ|V1, V2〉) is 99%, making the state suitable for applications such

as phase-estimation [34]. To demonstrate this ability, we performed a super-resolving
phase experiment. After passing the NOON state, for this experiment in the circular basis
(without QWP1 and QWP2), through the HWP, the coincidence counts between the output
ports of PBS2 for different HWP settings were recorded. In Figure 3.5 the interference
fringes of the coincidences are displayed together with single counts from a measurement
in which one polarization of the cavity output was blocked. The pump power in this
experiment was 200 µW and accidental coincidences have been subtracted. The period of
the coincidence counts oscillations is shorter by a factor of two compared to the singles,
as expected for a two-photon NOON state. The sinusoidal fit function of the coincidences
shows a high visibility of 90%. Reasons for a non-perfect visibility are slight imperfections
of the polarization optics and of the beam alignment.

3.7 Conclusion

We have used quantum state tomography to analyze the pair-photon state from a cavity-
enhanced down-conversion source in order to optimize the indistinguishability of the pho-
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Figure 3.5: (a) Standard phase measurement. Normalized singles detection at the trans-
mitted port of PBS2. In this measurement only the H polarized part of the pair-photon
state was sent to the analyzer. (b) Super-resolving phase measurement. Normalized coin-
cidence detection between reflected and transmitted port of PBS2 for a NOON state input.
The shorter period of the coincidence counts oscillations indicates super-resolution.

tons. The highly indistinguishable photons have then been converted to a high-fidelity
polarization NOON state in the H/V basis. Furthermore, a phase super-resolution mea-
surement using NOON states has been demonstrated showing that these states are suitable
for applications in quantum imaging and atomic spectroscopy. For the cavity-enhanced
down-conversion source used in this experiment, applications in atomic spectroscopy are
especially promising since the photon wavelength is at a rubidium resonance. In addition,
the photons are spectrally tailored, such that even after filtering them to a bandwidth of a
few MHz, which is comparable to the natural linewidth of atomic rubidium, a high count
rate of 70 pairs/(s mW MHz) is expected [31, 47].



Chapter 4

Atom-resonant heralded single
photons

We demonstrate the generation of rubidium-resonant heralded single photons for quantum
memories. Photon pairs are created by cavity-enhanced down-conversion and narrowed in
bandwidth to 7 MHz with a novel atom-based filter operating by “interaction-free measure-
ment” principles. At least 94% of the heralded photons are atom-resonant as demonstrated
by a direct absorption measurement with rubidium vapor. A heralded auto-correlation
measurement shows g

(2)
c (0) = 0.040±0.012, i.e., suppression of multi-photon contributions

by a factor of 25 relative to a coherent state. The generated heralded photons can readily
be used in quantum memories and quantum networks.

4.1 Introduction

The availability of single photons is a crucial requirement in quantum information, quan-
tum communication and quantum metrology. For quantum networks, the photons (flying
qubits) should be resonant with atoms (stationary qubits) for storage and/or processing.
For this reason, it has been an important goal of quantum optics to produce high-purity
single photons capable of interaction with atoms. While there exist a number of differ-
ent single-photon sources, most of these do not fulfill all necessary requirements 1. The
most widely used heralded single-photon source, spontaneous parametric down-conversion
(SPDC) [52, 53], produces photons with a spectral width orders of magnitude larger than
typical atomic natural linewidths. Passive filtering of SPDC photons is possible and has
been demonstrated [54], but shows low count rates that are not sufficient for many tasks.
Cavity-enhancement of the down-conversion process has established itself in recent years as
a method to not only enhance the total photon rate, but at the same time to enhance the
emission into the spectral and spatial modes of the cavity, producing high-purity photon
states at high rates [26, 29, 55, 27, 30, 47, 48, 56].
Bocquillon et al. [57] identify two critical figures of merit for heralded single-photon sources.

1A review of narrow-band generation methods and their limitations is provided in Reference [27]
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The first, g
(2)
S,I(τ), describes the cross-correlation of signal and idler beams, a measure of

reliability of the heralding mechanism. The second, g
(2)
c (τ), describes the conditional auto-

correlation of the signal beam, a measure of the single-photon character of the heralded
state. g

(2)
c (0) < 1 indicates non-classical behavior; g

(2)
c (0) = 0 for an ideal source.

Experiments using a cavity-enhanced, but unfiltered, source [56] have demonstrated g(2)(0) <
1, but work in a regime where many longitudinal frequency modes, spread over tens of
GHz, contribute to the signal. A cavity-enhanced source with optical-cavity filtering of the
heralding (idler) beam and homodyne detection of the signal produced highly non-classical
states: 70% of the heralded pulses contained a single photon in the mode to which the
detection was sensitive [55, 27]. Undetected modes, however, contained photons spread
over a large bandwidth. A recent experiment reports nearly 10% efficient atom-storage
of beams from filtered cavity-enhanced SPDC, implying at least 10% atom-resonance, but
made no measurement of g

(2)
c (0) [58]. To date, no SPDC single-photon source has demon-

strated atom-resonance of more than a small fraction of its output.
Here we demonstrate the generation of atom-resonant heralded single photons with high
spectral purity: within the detection window of 400-1000 nm (450 THz), at least 94% of
the photons are in a single, 7 MHz-bandwidth mode at the D1 line of 87Rb. Multi-photon
contamination is at most 4%. We achieve this using an atom-based filter, inspired by the
“interaction-free measurement” (IFM) strategy of Elitzur and Vaidman [59] (also known
as “quantum interrogation” [60]). The IFM proposal is based on a balanced Mach-Zehnder
interferometer in which due to destructive interference one of the two output ports is dark.
The presence of an opaque object in either interferometer arm changes the interference and
thus increases the probability of a photon exiting through the dark port. In our filtering
scheme the object is a hot atomic vapor which is opaque at the transition frequencies.
This guarantees the frequency of photons exiting through the dark port to be at an atomic
transition.
IFM experiments have been proposed and demonstrated in different systems [61] and for
a variety of applications including imaging [62] and quantum computing [63, 64, 65].
Intrinsic stability and intrinsic atom-resonance make our system robust and attractive for
quantum networking applications. Our IFM filtering technique could be used also with
solid-state ensembles [66, 67].

4.2 Experimental setup

The experiment combines a cavity-enhanced down-conversion source locked to a rubidium
transition, described in detail in [47, 68] and an intrinsically atom-resonant narrow-band
filter, described in [31]. The setup is shown schematically in Fig. 5.1.
A single-frequency diode laser is locked to the 52S1/2(F=2)→52P1/2(F’=1) transition of
the D1 line of 87Rb. Part of the laser output is frequency doubled and pumps the cavity-
enhanced down-conversion system at a typical pump power of 25 mW. Type-II phase-
matched down conversion takes place in a 2 cm-long phase-matched periodically poled
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potassium titanyl phosphate (PPKTP) crystal. Another KTP crystal (neither pumped nor
phase-matched) inside the cavity is temperature tuned to achieve simultaneous resonance
of signal and idler modes. The type-II process generates photon pairs with mutually
perpendicular polarizations. This allows for straightforward separation of signal and idler
photon and also for easy generation of polarization entanglement. A locking beam from the
same diode laser, and therefore also at the same rubidium transition frequency, is used to
stabilize the cavity length. In this way, we guarantee the presence of frequency-degenerate
cavity modes at the atomic transition frequency. After leaving the cavity, the generated
photon pairs are coupled into a single-mode fiber.
The pumped, nonlinear cavity acts as a sub-threshold optical parametric oscillator and
generates resonant pairs of modes. With the cavity locked and doubly-resonant for signal
and idler modes, the output spectrum is determined by the 148 GHz phase-matching
bandwidth of the down-conversion process. Within this envelope the spectrum consists of
hundreds of non-degenerate frequency modes spaced by the free spectral range of 490 MHz,
centered around the degenerate mode at the rubidium transition frequency.
To achieve filtering that guarantees a high ratio between degenerate and non-degenerate
modes, e.g., a signal-to-noise ratio of 90%, requires an extinction ratio of several thousand,
over a bandwidth of hundreds of GHz. In principle this filtering can be achieved with
optical cavities. Consecutive cavities with incommensurate free spectral ranges have been
used in other experiments [55, 27, 54], but do not appear to reach high rejection ratios.
Neergaard-Nielsen et al. report a 20% discrepancy in effective signal detection efficiency,
and give “insufficient suppression of uncorrelated frequency modes in the series of trigger
filters” as a likely explanation [27]. A small misalignment or aberration would be sufficient
to couple into higher modes and spoil the extinction ratio.
In contrast, our filter operates by principles of “interaction-free measurement” [59, 69]
and combines extremely broadband optics (birefringent polarizers) with extremely narrow-
band optics (atoms) with a large angular acceptance, thus practically insensitive to mode
misalignment.
As shown in Fig. 5.1, a YVO4 crystal separates horizontally and vertically polarized pho-
tons by 1 mm. The polarization modes travel parallel to each other through a hot rubidium
cell of isotopically pure 87Rb, optically pumped by a single-frequency laser resonant to the
F=2→F’=3 transition of the D2 line of 87Rb (not shown). Due to Doppler shifts, the
optical pumping only effects a portion of the thermal velocity distribution, and creates a
circular dichroism with a sub-Doppler linewidth of about 80 MHz. A second YVO4 crystal
introduces a second relative displacement, which can re-combine or further separate the
photons, depending on polarization. Separated photons are collected, while re-combined
photons are blocked. A half wave plate is used to switch between the “active” configu-
ration, in which only photons that change polarization in the cell are collected, and the
“inactive” configuration, in which photons that do not change are collected. In the “ac-
tive” configuration, the system acts as an IFM detector for polarized atoms: a photon is
collected only if it experiences a polarization change, i.e., if it is resonant with the optically
pumped atoms, which absorb one circular component of the photon polarization state.
Neighboring modes of the degenerate mode at the rubidium transition are already 490 MHz
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Figure 4.1: Experimental setup. SHG, second harmonic generation cavity; PPKTP, phase-
matched nonlinear crystal; KTP, compensating crystal; YVO4, Yttrium Vanadate crystal;
HWP, half wave plate; APD, avalanche photo-diode. (a)-(c), different measurement sce-
narios for the signal photon detection.

detuned and therefore outside of the filter linewidth of 80 MHz. The out-of-band extinction
ratio is≥35 dB. The filter transmission is optimized by adjusting the overlap between pump
and single-photon mode, the rubidium vapor temperature and the magnitude of a small
orienting applied magnetic field. The temperature is set to 65◦C, which corresponds to an
atomic density of 5 · 1011 cm−3. The measured filter transmission of 10.0% for horizontal
polarization and 9.5% for vertical polarization is limited by pump power and in princi-
ple can reach 25% [31]. To avoid contamination of the single-photon mode by scattered
pump light, the pump enters the vapor cell at a small angle and counter-propagating to
the single-photon mode. Interference filters centered on 795 nm further reject the 780 nm
pump light with an extinction ratio of >105. The measured contribution from pump pho-
tons is below the detectors’ dark count rate. Each output is coupled into single-mode
fiber. One is detected directly on a fiber-coupled avalanche photo diode (APD, Perkin
Elmer SPCM-AQ4C). The other is used for subsequent experiments. Photon detections
are recorded by a counting board (FAST ComTec P7888) for later analysis.

4.3 Time-correlation measurements

First, the time distribution of the difference in arrival time between signal and idler photons
is analyzed in absence of the filter (Fig. 5.1(a)). We follow the theory developed in [53, 70,
56, 57]. The cross-correlation function between signal and idler modes is

g
(2)
S,I(τ) ≡ 〈E†

S(t + τ)E†
I(t)EI(t)ES(t + τ)〉

〈E†
I(t)EI(t)〉〈E†

S(t + τ)ES(t + τ)〉 , (4.1)
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where ES,I are the operators of the signal and idler fields. In the case of doubly-resonant
cavity-enhanced down-conversion it takes this form:

g
(2)
S,I(τ) ∝

∣∣∣∣∣
∞∑

mS ,mI=0

√
γS γI ωS ωI

ΓS + ΓI

×
{

e−2πΓS(τ−(τ0/2))sinc(iπτ0ΓS) τ > τ0
2

e+2πΓI(τ−(τ0/2))sinc(iπτ0ΓI) τ < τ0
2

∣∣∣∣∣

2

,

(4.2)

where γS,I are the cavity damping rates for signal (S) and idler (I), ωS,I are the central
frequencies, τ0 is difference between the transit times of a signal and idler photon through
the SPDC crystal, ΓS,I ≡ γS,I/2 + imS,I∆ωS,I with mode indices mS,I and free spectral
ranges ∆ωS,I [56, 70]. Due to compensation, ∆ωS = ∆ωI ≡ ∆ω in our cavity.

We first measure the g
(2)
S,I(τ)-function with the filter in the “inactive” configuration at

a much reduced pump power. The histogram of the difference in arrival time between
detection events in the two APDs is shown in Fig. 4.2. The blue bars represent the
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Figure 4.2: Arrival time histogram of unfiltered photon pairs; experimental data (upper
bars) and theory (lower bars). The frequency-comb structure is reflected by a comb-like
structure in the temporal domain. The visibility of the experimental data is limited by
time resolution of the counting electronics.

coincidence event detections within time bins of 1 ns, the resolution of the counting board.
The black bars, drawn inverted for better visibility, show the theoretical prediction based
on Eq. (4.2). The height of the theory histogram, the only free parameter, has been set
to match the height of the data. Experimental and theoretical results are in excellent
agreement. The comb-like structure of the histogram is a consequence of interference
between different frequency modes. The temporal spacing between neighboring peaks
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corresponds to the cavity round-trip time 1/∆ω ≈ 2.04 ns.
When the filter is “active”, the arrival time difference histogram shows a smooth double-
exponential shape, without multi-mode interference (Fig. 4.3). This already indicates that
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Figure 4.3: Arrival time histogram of filtered photon pairs; experimental data (upper
bars) and theory (lower bars). The disappearance of the comb structure in the filtered
case indicates the single-mode character of the filtered fields.

only a single frequency mode is transmitted through the filter. The theory (lower black
bars) is given by Eq. (4.2) for a single mode (ΓS,I=γS,I/2). The data shows a very low
background noise level. Throughout, raw data are shown; background coincidences have
not been subtracted.
In this experiment we are interested in time correlations, but it is interesting to ask if other
kinds of correlations and possible entanglement, e.g. in polarization or in frequency, are
also preserved by the filter. By design, the filter should transmit nearly equally different
frequency and polarization components of the selected cavity mode, preserving correlations:
absorptive and refractive effects vary on the scale of the 80 MHz absorption linewidth, large
relative to the 7 MHz of the cavity mode. Also, the axial magnetic field scrambles any
linear birefringence or dichroism, giving equal response for the two linear polarizations.
Preliminary results indicate that the degree of polarization as well as the entanglement in
a polarization entangled state are not changed significantly by the filter. A detailed study
of this will be the subject of a future publication.

4.4 Atom-resonance

To measure the atom-resonant fraction, we let the filtered photons of the signal arm prop-
agate through a rubidium vapor cell (Fig. 5.1(b)). At room temperature, the cell’s optical
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density (OD) is low (0.3) corresponding to a transmission of 74% and coincidences between
the detection events on the two APDs are observed (Fig. 4.4, upper green bars). By heat-
ing the rubidium cell, an optical density of 6, or 0.25% resonant transmission, is reached.
The coincidences drop to the background level (Fig. 4.4, lower black bars). Within a co-
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Figure 4.4: Arrival time histogram of filtered photon pairs after passing the signal photons
through a rubidium vapor cell at an optical density of 0.3 (upper green bars) and at an
optical density of 6 (lower black bars).

incidence window of 40 ns, the ratio of raw OD 0.3 coincidences to raw OD 6 coincidences
is 11.6:1, indicating rubidium resonance of at least 94% of the photons.

4.5 Suppression of multi-photon events

The signal auto-correlation function, given a trigger detection of the idler, is [53, 57, 56]

g(2)
c (τ) =

〈E†
S(t + τ)E†

S(t)ES(t)ES(t + τ)〉
〈E†

S(t)ES(t)〉〈E†
S(t + τ)ES(t + τ)〉 . (4.3)

The crucial figure of merit is the value of the auto-correlation function of signal photons
g

(2)
c (τ) at τ = 0. We measure g

(2)
c (0) as follows: the signal mode is split by a 50/50 beam

splitting fiber and the coincidences between the idler detector (APD1) and the two signal
detectors (APD2 and APD3) are analyzed (Fig. 5.1(c)). The detection of an idler photon
defines a coincidence window of 40 ns, symmetrical around the detection time. Individual
and coincident detections in this time window give singles counts N2, N3, while detections
at both APD2 and APD3 give the coincidence count N23. N23 corresponds to unwanted
multi-photon contributions which are very low in our experiment. To accurately estimate
N23, we measure for large coincidence windows of up to 2000 ns, extrapolate down to 40 ns,
and multiply by two, to account for possible bunching [57, 56]. We then calculate

g(2)
c (0) ≈ N23N1

N2N3

, (4.4)

where N1 is the number of idler trigger events [52, 53, 57]. We note that this gives an

upper limit for g
(2)
c (0), due to the conservative bunching factor and the finite time window.

We find g
(2)
c (0) ≤ 0.040± 0.012, 80 standard deviations below the classical limit of 1.
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4.6 Conclusion

Using an ultra-bright cavity-enhanced down-conversion source and an atom-based filter
operating by “interaction-free measurement” principles, we have generated for the first
time narrow-band, high-spectral purity, atom-resonant heralded single photons from SPDC.
Of the generated photons, 94% are resonant to a rubidium transition frequency. A g

(2)
c -

measurement shows an upper limit of g
(2)
c (0) = 0.040± 0.012 corresponding to a reduction

of multiple photon events by a factor of at least 25 compared to a coherent state. The
source is an ideal tool for atom-photon interactions at the single-photon level, for quantum
memories in EIT media [6] and solid-state systems [66, 67] and single-photon single-atom
interfaces [71, 54].



Chapter 5

Squeezed-light optical magnetometry

We demonstrate a light-shot-noise-limited magnetometer based on the Faraday effect in a
hot unpolarized ensemble of rubidium atoms. By using off-resonant, polarization-squeezed
probe light, we improve the sensitivity of the magnetometer by 3.2 dB. The technique could
improve the sensitivity of the most advanced magnetometers and quantum nondemolition
measurements of atomic spin ensembles.

5.1 Introduction

The ability to measure magnetic fields with high sensitivity is a key requirement in many
physical, biological and medical applications. Examples can be found in the measurement of
geomagnetic anomalies, magnetic fields in space as well as the measurement of biomagnetic
fields such as the mapping of electric and magnetic fields produced in the brain [72, 73, 74,
75].
Optical magnetometers, based on optical readout of magnetic atomic ensembles, are cur-
rently the most sensitive devices. These instruments have demonstrated sensitivities better
than 1 fT/

√
Hz, with rapid advancement in recent years [76, 77, 78, 79]. Two distinct

sources of quantum noise determine the fundamental sensitivity of this technique: the
atomic projection noise and the optical polarization noise, a manifestation of shot noise
[80, 81, 82, 83]. As today’s most advanced magnetometers approach the standard quantum
noise limits [84] understanding these limits becomes critical for future advances [76].
For magnetometers based on Faraday rotation and optimized for sensitivity, contributions
from projection noise and light-shot noise are comparable [80, 78], and simultaneous reduc-
tion of both sources is advantageous. A pair of techniques for reducing these fundamental
noise sources have been proposed, spin squeezing of the atomic ensemble [85, 86] and
polarization squeezing of the probe light [87, 80], with potential to reduce the noise to
the Heisenberg limit [83], except in the long-time regime where spin relaxation is lim-
iting [80]. Recent experiments have demonstrated spin squeezing using optical quantum
non-demolition (QND) measurements [88, 89, 90] and application of spin squeezing in mag-
netometry [84]. We report here reduction of the other fundamental noise source in optical
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magnetometry: we demonstrate an optical magnetometer with sensitivity better than the
shot-noise limit using a polarization-squeezed probe tuned near the atomic resonance.
In other fields of optical science, the application of squeezed light has already been demon-
strated, such as in polarization interferometry [91], atomic spectroscopy [92], and gravita-
tional wave detection [93, 94, 95].
We note that the QND measurements used to produce spin squeezing are performed by the
same mechanism as the spin readout, and are themselves fundamentally limited by optical
shot noise [80, 82]. In that context, polarization-squeezed probing implies a greater degree
of spin squeezing. Ultimately, it will therefore be desirable to employ both techniques in
the same experiment [96].
The magnetometer consists of a source of polarization-squeezed light, a rubidium vapor cell
at room temperature and a shot-noise-limited polarimeter. By the Faraday effect, an axial
magnetic field creates a circular birefringence in the vapor. The resulting rotation of the
polarization plane of a linearly polarized input beam is seen in the detected signal. This
rotation is described in terms of the probe beam Stokes parameters S0 = IH + IV , Sx =
IH−IV , Sy = ID−ID̄, Sz = IR−IL, where I are the intensities of the different polarization
components (H: horizontal, V : vertical, D: diagonal, D̄: antidiagonal, R: right circular,
L: left circular). The detected signal is

S(out)
y = S(in)

y + Sx(VBz + αFz)l , (5.1)

where V is the Verdet constant of the vapor, B is the magnetic field, α is proportional to
the vector component of the atomic polarizability, F is the collective atomic spin, and l is
the length of the medium. For a horizontally polarized probe beam, 〈Sx〉 is maximal and

〈 S
(in)
y 〉 is zero. The magnetometer signal comes from the terms VBz and αFz, the latter

being sensitive to field-induced spin precession. Projection noise is present in Fz, while
shot noise is present in S

(in)
y . We work in a regime where these fundamental noise sources

are dominant, to show clearly the advantage of squeezed light for optical magnetometry.
In one usual mode of operation, a magnetometer operates via precession of a polarized
spin, the initial polarization rotating into the z direction in response to the field, e.g.,
from x toward z due to By as 〈Fz〉 = |F |µ0gByτ , where g is the Landé factor, µ0 is the
Bohr magneton, and τ is the precession time [78]. This gives a gain due to precession of

Gy ≡ ∂S
(out)
y /∂By = Sxαµ0gτ |F |l. Technical noise sources, e.g., in the initial orientation

of F, and environmental noise in B contribute to var(Sy) as G2
y, i.e., as |F |2. Similarly,

Gz ≡ ∂S
(out)
y /∂Bz = SxVl, with associated technical noise. While important progress has

been made toward reducing technical and environmental noise below the quantum noise
[78, 84], this is far from trivial and we adopt the simpler strategy of reducing the gain by
reducing |F |. We work with an unpolarized ensemble, i.e., a thermal distribution within
the hyperfine and Zeeman levels, with 〈F〉 = 0. Gy, the gain due to precession and the
associated technical noise are then zero, while Gz remains and we operate in the Faraday
rotation mode.
The fundamental noise sources are largely unchanged in this mode of operation, and we
can demonstrate shot-noise-limited performance under conditions that would be present
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in a highly-sensitive magnetometer with greatly reduced technical noise. The thermal
distribution has intrinsic spin noise var(Fz) = F (F + 1)NA/3, compared to var(Fz) =
|F |/2 = FNA/2 for an ideal polarized state [82]. In the experiment below, the light is
tuned close to the transitions from the F = 2 manifold, which contains 5NA/8 atoms and
for which F (F + 1)/3 = 2. The resulting spin noise detected via the last term in Eq. (5.1)
is ≈ 5NA/4, versus ≈ NA for a fully polarized F = 2 ensemble. The shot-noise contribution
is unchanged. In this way, we can see the full effects of fundamental noise sources, but
with a greatly reduced sensitivity.

5.2 Experimental Setup

The experimental setup is shown schematically in Fig. 5.1. As principal light source we
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Figure 5.1: Experimental apparatus. Rb cell, rubidium vapor cell with magnetic coil and
magnetic shielding; OPO, optical parametric oscillator; PPKTP, phase-matched nonlinear
crystal; LO, local oscillator beam; PBS, polarizing beam splitter; HWP, half-wave plate;
SMF, single-mode fiber; PD, photodiode.

use an external-cavity diode laser at 794.7 nm, tunable over the D1 transition of atomic
rubidium. The frequency can be stabilized by FM saturated absorption spectroscopy to
individual transitions of the D1 line of Rb. The laser output passes through a tapered
amplifier and is split in two parts: The weaker part is spatially filtered with a single-mode
fiber and serves as local oscillator (LO) beam. The stronger part is frequency doubled to
397.4 nm and then sent through a single-mode fiber for mode-cleaning. After the fiber a
power of 42 mW is used to pump a subthreshold optical parametric oscillator (OPO) in
which squeezed vacuum is produced. The nonlinear medium in the OPO is a type-I phase-
matched PPKTP crystal. The cavity is actively stabilized by using a frequency-shifted
beam with a polarization orthogonal to the polarization of the squeezed vacuum. Further
details of the OPO setup can be found in [97].
The vertically-polarized cavity output is combined with the horizontally-polarized LO at
a polarizing beam splitter (PBS1) with a degree of overlap of 99%. The resulting light is
horizontally polarized, with squeezed fluctuations in the diagonal or circular polarization
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basis. The polarization-squeezed light is then sent through a 15 cm-long atomic cell at
room temperature. The isotopically purified atomic vapor contains >99% 87Rb with a small
concentration of 85Rb. We lock the laser to the 52S1/2(F=3)→52P1/2(F’=2) transition of
the D1 line of 85Rb. This corresponds to a detuning of about 700 MHz from the closest 87Rb
resonance. The cell is contained within a single-layer µ-metal cylinder to shield external
magnetic fields while a coil within the cylinder generates the desired field Bz.
The optical rotation is detected by a shot-noise-limited polarimeter: after a half-wave plate
at 22.5◦, a polarizing beam splitter (PBS2) splits the horizontally and vertically polarized
components of the beam and directs them to the two photodiodes of a balanced amplified
photo-detector with a quantum efficiency of 95%. The signal is monitored on a spectrum
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Figure 5.2: Polarization squeezing after the atomic vapor cell. Polarization noise power
as the phase of the local oscillator is scanned. Center frequency 1 MHz, zero-span mode,
RBW=30 kHz, VBW=30 Hz. Horizontal trace shows noise with a polarized (but not
squeezed) probe, i.e. with OPO off, and is taken as the reference 0 dB. Oscillating trace
shows noise with OPO on, including regions below the shot-noise level.

analyzer. Quantum noise locking is used to stabilize the phase of the local oscillator at
maximum squeezing or anti-squeezing [98].

5.3 Polarization squeezing

We first characterize the polarization squeezing at the output of the vapor cell, in the
absence of an applied magnetic field. The production of polarization squeezing is a phase-
sensitive process, with the relative phase of the squeezed vacuum and local oscillator de-
termining the angle of the polarization-squeezing ellipse in the Sy, Sz plane [99].
The polarization noise is detected with the spectrum analyzer as the LO phase is scanned
with a piezo-electric actuator, giving rise to the squeezing trace shown in Fig. 5.2. The
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electronic noise is everywhere more than 13 dB below the shot-noise level and is subtracted
from data. The squeezing level is consistent with squeezing we observed in other measure-
ments that were carried out without the atomic cell. The minimum of the noise level in the
squeezed phase is -3.6 dB below the shot-noise level and the maximum 7.4 dB above shot
noise in the anti-squeezed phase. To our knowledge this is the highest degree of squeezing
obtained in a diode-laser-pumped system.
This measurement was performed at a central frequency of 1 MHz with zero span and a
resolution bandwidth of 30 kHz, a video bandwidth of 30 Hz and a sweep time of 2 s. The

0 0.5 1 1.5 2

3.5

4

4.5

5

5.5

6

6.5

7
x 10

-8

Frequency (MHz)

S
e

n
s
it
iv

it
y
 (

T
H

z
-1

/2
)

0.08 0.1 0.12 0.14 0.16

4

5

6

7
x 10

-8

Frequency (MHz)

S
e

n
s
it
iv

it
y
 (

T
H

z
-1

/2
)

Figure 5.3: Faraday rotation measurement. Power of the polarization signal as center
frequency is scanned, RBW=3 kHz, VBW=30 Hz. The (upper) black curve shows the
applied magnetic signal at 120 kHz above the shot-noise background of a polarized (but
not squeezed) probe. The (lower) green line depicts the same signal with polarization-
squeezing. A zoomed view around the calibration peak at 120 kHz is shown in the inset.

total detection efficiency after creation is 82% and includes the escape efficiency (96%),
the homodyne efficiency (98%), transmission through the atomic cell (97%) and the optical
elements (95%), and the quantum efficiency of the detector (95%). The parametric gain,
defined here as the ratio between the maximum transmission of a classical beam through
the cavity with and without the presence of the co-propagating pump beam was measured
to be 4.8.

5.4 Squeezing-enhanced Faraday rotation measurement

To measure the magnetometric sensitivity, we observe the Faraday rotation signal in re-
sponse to an applied sinusoidal magnetic field at a frequency of 120 kHz. The sensitivity is
measured with two different input polarization states: a coherent polarization state (OPO
off) and a state squeezed in Sy. Quantum noise locking is used to stabilize the LO phase
during the measurements. In both cases the average polarization is horizontal, due to
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the strong LO contribution, but the quantum fluctuations differ. As shown in Fig. 5.3,
the observed power spectrum in both cases shows the reference signal due to the applied
oscillating magnetic field at 120 kHz above differing noise backgrounds.
The LO beam has a power of 620 µW and a beam waist of 950 µm inside the vapor cell.
For this intensity, beam shape, and detuning, the magnetometer operates in a regime of
nonlinear magneto-optical rotation (NMOR) [78]. A small fraction of the atoms are opti-
cally pumped while passing through the linearly-polarized probe beam, creating coherences
within the F = 2 manifold. Rotation of these coherences by the z-polarized magnetic field
creates the conditions for alignment-to-orientation conversion [100, 101, 102], again by
the probe beam. Measurements of rotation angle vs input power show a quadratic scal-
ing consistent with this nonlinear mechanism. Unlike optical self-rotation [103, 104], this
nonlinearity does not strongly couple optical noise into Sy, so long as the rotation angle
remains small. The rotation angle was calculated to be φ = (I1− I2)/(I1 + I2) = 1.2 µrad,
where I1,2 are the beam intensities at the two detectors. The spectrum analyzer frequency
is scanned from 80 kHz to 2 MHz, in a sweep time of 8 s. The resolution bandwidth and
the video bandwidth were set to 3 kHz and 30 Hz, respectively and the signal was averaged
over 130 cycles.
The polarimeter signal was calibrated against a linear magnetic field sensor inserted within
the coil and shielding, thus permitting a direct conversion from measured voltage to axial
magnetic field Bz. The sensitivity, i.e., field noise density as measured with the spectrum
analyzer, is 4.6 · 10−8 T/

√
Hz for a polarized input, and reduced by 3.2 dB to 3.2 · 10−8

T/
√

Hz with a polarization-squeezed input. It should be noted that the squeezing extends
over > 2 MHz of bandwidth, allowing magnetic field measurements in the µs-regime with
squeezing-enhanced sensitivity. This technique is thus also suitable to improve µs-scale
QND measurements [82].

5.5 Conclusion

We have demonstrated the squeezing-enhanced measurement of a magnetic field with
a hot atomic vapor of 87Rb atoms. The measurement is shot-noise-limited, and us-
ing a polarization-squeezed probe we improve the sensitivity 3.2 dB beyond the shot-
noise level. This result complements recent demonstrations of spin squeezing to reduce
spin projection noise, the other fundamental noise source in optical magnetometry. The
squeezing-enhanced sensitivity extends over a bandwidth greater than 2 MHz, allowing
high-bandwidth, sub-shot-noise magnetometry. The demonstrated technique could be ap-
plied in advanced optical magnetometers and in µs-scale QND measurements.
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Appendix A

Atomic-Based Filter

The output of the OPO is suitable for interaction with the atomic ensembles, because the
degenerate mode is tuned to the rubidium D1 line and has a narrow bandwidth of 7 MHz,
matching the natural linewidth of atomic rubidium.
To filter the degenerate mode we will use a scheme for interaction-free measurements, which
was developed in our group [31]. It will be shown below how this setup, that is based on
a Mach-Zehnder interferometer, can be used as a narrow-band filter.

A.1 Mach-Zehnder Interferometer

A Mach-Zehnder interferometer (Fig. A.1) consists of two symmetrical beam splitters
and two mirrors. In the case of 50:50 beam splitters, half of the intensity of the injected
beam is transmitted by the first beam splitter (BS1), whereas the second half is reflected
and experiences a phase shift of half a wavelength, because it is reflected at a surface
of a medium with a higher refractive index. The mirror in each of the two paths of the
interferometer also contributes a phase shift of half a wavelength and in arm 2 an additional
phase shift of φ is added. The corresponding photonic state is:

|ψ〉 =
1√
2
(â†1 + eiφâ†2) |0〉 (A.1)

When the two beams are combined on the second beam splitter (BS2), another phase shift
is only introduced to the beam in arm 2, because the other beam is reflected at a surface
of a medium with a lower refractive index.
According to the beam splitter transformations

â†1 =
1√
2
(â†3 + â†4) â†2 =

1√
2
(â†3 − â†4), (A.2)

the state can be expressed in terms of operators â†3 and â†4 of the output fields

|ψ〉 =
1

2

[
â†3(1 + eiφ) + â†4(1− eiφ)

]
|0〉 (A.3)
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Figure A.1: Mach-Zehnder interferometer. BS, beam splitter; D, detector; a0 − a4, field
operators; φ, additional phase shift

If φ = 0, for output 4, the fields in both interferometer arms acquire the same phase shift
and interfere constructively, whereas no light is observed in output 3, because of destructive
interference. If the additional phase shift φ is different from zero, the constructive and
destructive interference is not complete anymore and the previously ”dark” output port 3,
receives some light.
This phase dependence can be used for precise phase measurements, by inserting a medium
into arm 2 that introduces a (unknown) phase shift.

A.2 Polarization Interferometer

In contrast to the classical Mach-Zehnder interferometer where the beam is spatially split
in two arms, the two modes can also be realized with two orthogonal polarization modes.
An advantage of a polarization interferometer is that the modes can remain in the same
spatial mode and the alignment demands become lower.
The beam entering through the first beam splitter, which has to be a polarizing beam
splitter (PBS), becomes horizontally polarized, which can be expressed as a superposition
of left- and right-circular polarized components:

â†H =
1√
2
(â†R + â†L). (A.4)

The beam then passes through a medium, in which a phase shift can be applied. The state
before the second polarizing beam splitter can be written as

|ψ〉 =
1√
2

[
(1− cR)â†R + (1− cL)â†L

]
|0〉 , (A.5)

where cR and cL is the relative absorption of left- and right-circular polarized fields in the
medium inside the interferometer. A second PBS after the medium analyzes the polariza-
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Figure A.2: Setup of the atomic-based filter. QWP, quarter wave plate; HWP, half wave
plate; WP, Wollaston prism; GT, Glan-Thompson polarizer; D, detector

tion state of the beam in the H/V basis. After transformation of the operators

â†R =
1√
2
(â†H − iâ†V ) â†L =

1√
2
(â†H + iâ†V ) , (A.6)

the state can be written in the H/V basis:

|ψ〉 =
1

2

[
â†H(2− cR − cL) + iâ†V (cR − cL)

]
|0〉 . (A.7)

If the absorption is zero or if cR = cL, the polarization is not changed by passing through
the medium. So, the beam is still horizontally polarized and will exit only on one output
port of the PBS. If the absorption is different for the two components, a imbalance is
created and photons will also exit at the previously ”dark” port.
In many respects, this scheme is similar to the Mach-Zehnder interferometer. Instead of a
phase shift, the polarization of the outgoing field compared to the injected field is rotated,
because of different absorption coefficients of the two circular polarizations.

Setup

In our setup (Fig. A.2) we use rubidium atoms in a hot vapor cell and perform an
interaction-free measurement on the optical density of the sample of atoms [31]. In an
interaction-free measurement, a Mach-Zehnder interferometer is used to get information
about a medium in one arm of the interferometer from photons that never interacted with
this medium [69].
To produce an imbalance between the absorption coefficients of the two circular polariza-
tions, a counterpropagating pump beam is applied to optically pump the atoms into a state
in which the ensemble is transparent for the left-circular polarized component and absorp-
tive for the right-circular component. Therefore, if the absorption is saturated, the beam
after the cell will be left circularly polarized and will exit on both ports of the analyzing
Wollaston prism (WP) with equal probability.
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Use as a Narrow-band Filter

This setup can be used as a narrow-band filter, if instead of the probe beam, the photon
pairs or one of the photons of a pair of the OPO output is sent through the atomic ensemble.
Only one of the longitudinal modes of the OPO output, the degenerate mode, is at a
rubidium resonance and can be used for atom-photon interactions. The setup explained in
the previous section is suitable for the filtering of this degenerate mode, because only the
photons that have the right frequency for interaction with atoms experience the imbalance
for the different polarizations and up to 25% of this mode is send to the previously ”dark”
port. Experimentally an efficiency of up to 15% could be demonstrated with our setup.



Appendix B

Super-Resolution with NOON States

B.1 Phase Estimation Problem

Many tasks in precision measurements can be expressed in terms of measuring the phase
of an optical state. This approach is used in a wide field of practical applications. Usually
the phase is measured by monitoring the phase difference between the two paths of an
interferometer. Whereas classically there is no limit for how precise the phase difference
can be measured, quantum physics sets lower limits to the uncertainty in phase depending
on the input state. Because of the discrete nature of light, the uncertainty in photon
number restricts the precision of phase measurement.
The traditional argument for this limit is the Heisenberg uncertainty principle, where the
lower limit for the product of phase fluctuation ∆φ and photon number fluctuation ∆N is
given by:

∆φ ∆N ≥ 1 . (B.1)

For coherent light, Poissonian statistics of the photon distribution implies an uncertainty
in photon number of

∆N =
√
〈N〉 , (B.2)

which limits the phase precision to the so-called shot-noise:

∆φ ≥ 1√
〈N〉 . (B.3)

However, it can be shown that this shot-noise ”limit” can be broken with non-classical
states of light like squeezed and entangled states. In principle, the fluctuations in photon
number can be as high as the photon number, leading to the so-called Heisenberg limit:

∆φ ≥ 1

〈N〉 . (B.4)

In the following sections, the exact limits for phase estimation in a Mach-Zehnder interfer-
ometer will be calculated for different input states.
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Phase Estimation with Single-Photon States

Consider an entangled single-photon state

|ψ〉 =
1√
2
(|1, 0〉+ eiφ |0, 1〉), (B.5)

where the two modes could be realized e.g. by different spatial or polarization modes. The
expectation value of the operator for a single-photon (SP)

ÂSP1 = |0, 1〉〈1, 0|+ |1, 0〉〈0, 1| (B.6)

is

〈ÂSP1〉 = 〈ψ|ÂSP1|ψ〉 =
1

2
(eiφ + e−iφ) = cos φ . (B.7)

In all practical applications, not one but N photons will be sent to get an estimation of
the phase. Mathematically the corresponding operator ÂN can be described by a direct
sum of the operators of each single photon:

ÂN = (|0, 1〉〈1, 0|+ |1, 0〉〈0, 1|)SP1 + ... + (|0, 1〉〈1, 0|+ |1, 0〉〈0, 1|)SPN =
N⊕

i=1

ÂSPi . (B.8)

An operator ÂSPi acts only on the ith single-photon, which is described by the state |ψ〉i.
Applied to all N states this gives:

〈ψ|N ... 〈ψ|1
(

N⊕
i=1

ÂSPi

)
|ψ〉1 ... |ψ〉N = 〈ψ| ÂSP1 |ψ〉1 + ... + 〈ψ| ÂSPN |ψ〉N = N cos φ(B.9)

Since Â2
SP1 is the identity operator and Â2

N is the identity operator times N , the expectation
value for Â2

SP1 is 1 respectively N for Â2
N, giving a variance for ÂN of:

(∆ÂN)2 = 〈Â2
N〉 − 〈ÂN〉2 = N(1− cos2 φ) = N sin2 φ. (B.10)

The variance of the phase can be approximated from this result:

(∆φ)2 ≈ (∆ÂN)2

(
d〈ÂN〉

dφ

)−2

= N sin2 φ
1

N2 sin2 φ
=

1

N
(B.11)

=⇒ ∆φ ≈ 1√
N

(B.12)

This means that in the case of single photons the lower bound for the uncertainty in phase
is given by the shot-noise limit.
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Phase Estimation with NOON States

The uncertainty can be reduced to the Heisenberg limit, when entangled states are used
[105, 106, 107, 108]. A NOON state

|N :: 0〉1,2 =
1√
2
(|N, 0〉1,2 + eiNφ|0, N〉1,2) (B.13)

is an entangled state which represents the superposition of the state when N photons are
in mode 1 and no photon is in mode 2 and vice versa. The phase shift in the second term
enters now with a factor of N , because all N photons experience the phase difference. The
expectation value for the NOON state of the operator

ÂNOON = |0, N〉〈N, 0|+ |N, 0〉〈0, N | (B.14)

is now

〈ÂNOON〉 = 〈ψ|ÂNOON|ψ〉 =
1

2

(
eiNφ + e−iNφ

)
= cos Nφ (B.15)

The variance of ÂNOON is analog to equation B.10

(∆ÂNOON)2 = 〈Â2
NOON〉 − 〈ÂNOON〉2 = 1− cos2 Nφ = sin2 Nφ, (B.16)

which gives a phase variance of

(∆φ)2 ≈ (∆ÂNOON)2

(
d〈ÂNOON〉

dφ

)−2

= sin2 Nφ
1

N2 sin2 Nφ
=

1

N2
(B.17)

=⇒ ∆φ ≈ 1

N
(B.18)

This shows that the shot noise limit can be beaten, when NOON states are used as an input
resulting in a minimum phase uncertainty given by the Heisenberg limit. This property
of NOON states of achieving super-resolution has been demonstrated experimentally [109,
110, 111, 34].

NOON State Detection in a Mach-Zehnder Interferometer

When using a Mach-Zehnder interferometer, the NOON state is combined on a beam
splitter and the phase information has to be deduced from the signal of single-photon
counters at the output ports of the beam splitter.
An arbitrary NOON state can be written in terms of creation and annihilation operators
for modes 1 and 2:

|ψ〉 =
1√
2

[
1√
N !

(â†1)
N + eiNφ 1√

N !
(â†2)

N

]
|0〉 . (B.19)
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The second analyzing beam splitter transforms the modes in the following way:

â†1 =
1√
2
(â†3 + â†4) â†2 =

1√
2
(â†3 − â†4) . (B.20)

For the operators of the NOON state this yields:

(â†1)
N =

N∑

k=0

(
1√
2

)N

ck(â
†
3)

N−k(â†4)
k (B.21)

(â†2)
N =

N∑

k′=0

(
1√
2

)N

ck′(â
†
3)

N−k′(−â†4)
k′ , (B.22)

where ck are the binomial coefficients ck =
(

N
k

)
. Inserted into equation B.19 this gives:

|ψ〉 =

(
1√
2

)N+1
1√
N !




N∑

k=0
k even

ck(â
†
3)

N−k(â†4)
k(1 + eiNφ) +

N∑

k=0
k odd

ck(â
†
3)

N−k(â†4)
k(1− eiNφ)


 |0〉 .

(B.23)
The two different sums for even and odd k in this expression correspond to even and odd
photon numbers on the two single-photon counters, if N itself is even. For N = 2 these
different outcomes can easily be distinguished as the odd state induces coincidences of
detection events at the two photon counters, whereas the even state does not. For NOON
states with higher photon numbers the difference between even and odd states can be
measured with number resolving photon counters or further splitting of the beam after the
BS. The respective operators

Âeven = |0, N〉〈0, N |+ |2, N − 2〉〈2, N − 2|+ ... + |N, 0〉〈N, 0| (B.24)

Âodd = |1, N − 1〉〈1, N − 1|+ ... + |N − 1, 1〉〈N − 1, 1| (B.25)

Â+ = Âeven + Âodd (B.26)

Â− = Âeven − Âodd (B.27)

have the following expectation values:

〈Âeven〉 =
1

4
[(1 + e−iNφ)(1 + eiNφ)] =

1

2
[1 + cos Nφ] (B.28)

〈Âodd〉 =
1

4
[(1− e−iNφ)(1− eiNφ)] =

1

2
[1− cos Nφ] (B.29)

〈Â+〉 = 1 (B.30)

〈Â−〉 = cos Nφ . (B.31)

Even and odd number states show different oscillatory behavior, when the phase is varied,
but both expectation values show a period of Nφ meaning that a smaller phase difference
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Figure B.1: Interferometric setup for super-resolution phase measurement. OPO, optical
parametric oscillator; PBS, polarizing beam splitter; DV, detector for vertical polarization;
DH, detector for horizontal polarization

is resolvable compared to a non-entangled state. The variance of the difference operator
between even and odd states Â− is:

(∆Â−)2 = 〈Â2
−〉 − 〈Â−〉2 = 1− cos2 Nφ = sin2 Nφ . (B.32)

The variance in phase can be estimated from (∆Â−)2 by multiplying it with

(
d〈Â−〉

dφ

)−2

=
1

N2 sin2 Nφ
. (B.33)

Analog to equation B.11 the variance in phase is now:

(∆φ)2 ≈ (∆Â−)2

(
d〈Â−〉

dφ

)−2

= sin2 Nφ
1

N2 sin2 Nφ
. (B.34)

Therefore the phase uncertainty is proportional to N−1:

∆φ ∝ 1

N
. (B.35)

B.2 Experimental Realization

For the case of our photon source the photon pair is in the state

|ψ〉 = (â†H â†V ) |0〉 . (B.36)

When the creation operators are transformed into the circular polarization basis

|ψ〉 =
i

2
(â†Râ†R − â†Lâ†L) |0〉 , (B.37)

it is evident that the OPO output already is a NOON state in this basis and can be used
as input state for a hot rubidium vapor cell.
When the frequency of the photons is detuned from the atomic absorption line, most of
the light will be transmitted by the atomic ensemble. At the same time, if a magnetic field
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is applied to the atomic sample, the Zeeman splitting of the atomic levels will increase and
give rise to a different refractive index for left- and right-circularly polarized light. This
results in a phase shift between the two orthogonal components leading to a rotation of
the polarization:

|ψ〉 =
i

2
(â†Râ†R − ei2φâ†Lâ†L) |0〉 . (B.38)

After exiting the cell, this phase shift can be analyzed by a polarizing beam splitter in the
H/V basis. The state is:

|ψ〉 =
1

2

[
i√
2
(|2, 0〉H,V − |0, 2〉H,V )(1− e2iφ) + |1, 1〉H,V (1 + e2iφ)

]
. (B.39)

The second term of the sum gives rise to coincidences between the two output ports of the
beam splitter that are monitored. By changing the applied magnetic field resulting in a
different polarization rotation the coincidence rate is modulated. In one of the arms after
the beam splitter, the atomic filter as described in Appendix A is inserted. In this way
only the fraction of the spectrum that interacts with the atomic ensemble is considered in
the coincidence measurement. Because of the 2φ term, the modulation period is smaller
for NOON states which results in a higher measurement precision per probe photon. In
this way the applied magnetic field can be measured with super-resolution.
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