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The sensitivity in optical interferometry is strongly affected by losses during the signal propagation or
at the detection stage. The optimal quantum states of the probing signals in the presence of loss were
recently found. However, in many cases of practical interest, their associated accuracy is worse than the
one obtainable without employing quantum resources (e.g., entanglement and squeezing) but neglecting
the detector’s loss. Here, we detail an experiment that can reach the latter even in the presence of imperfect
detectors: it employs a phase-sensitive amplification of the signals after the phase sensing, before the
detection. We experimentally demonstrated the feasibility of a phase estimation experiment able to reach
its optimal working regime. Since our method uses coherent states as input signals, it is a practical
technique that can be used for high-sensitivity interferometry and, in contrast to the optimal strategies,

does not require one to have an exact characterization of the loss beforehand.
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From the investigation of fragile biological samples,
such as tissues [1] or blood proteins in aqueous buffer
solution [2], to gravitational wave measurements [3,4],
the estimation of an optical phase ¢ through interferomet-
ric experiments is an ubiquitous technique. For each input
state of the probe, the maximum accuracy of the process,
optimized over all possible measurement strategies, is
provided by the quantum Fisher information 135 through
the quantum Cramér-Rao (QCR) bound [5,6]. The QCR
sets an asymptotically achievable lower bound on the mean
square error of the estimation §¢ = (M 135)_1/ 2 where M
is the number of repeated experiments. In the absence of
noise and when no quantum effects (like entanglement or
squeezing) are exploited in the probe preparation, the QCR
bound scales as the inverse of the square root of the mean
photon number, the standard quantum limit (SQL). Better
performances are known to be achievable when using
entangled input signals [7-12]. However, all experiments
up to now have been performed using postselection and
cannot claim a sub-SQL sensitivity [13]. An alternative
approach, exploited in gravitational wave interferometry,
relies on combining an intense coherent beam with
squeezed light on a beam splitter, obtaining an enhance-
ment in the sensitivity of a constant factor proportional to
the squeezing factor [3,4,14]. Additionally, in the presence
of loss, the SQL can be asymptotically beaten only by a
constant factor [9,15,16], so that sophisticated sub-SQL
strategies [11,17] (implemented up to now only for few
photons) may not be worth the effort. This implies that, for
practical high-sensitivity interferometry, the best resource
exploitation (or, equivalently, the minimally invasive sce-
narios) currently entail strategies based on the use of a
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coherent state |a), i.e., a classical signal. Its QCR bound
takes the form 8¢ = (2Mné|a|*)~'/2, where we consider
separately the loss £, = 1 — £ in the sensing stage and the
loss £, = 1 — n in the overall detection process. Here, we
present the experimental realization of a robust phase
estimation protocol that improves the above accuracy up
to ~(2Mé&|al?)!, while still using coherent signals as
input. It achieves the SQL of a system only affected by
the propagation loss L, and not by the detection stage L, .

Our scheme employs a conventional interferometric
phase sensing stage that uses coherent-state probes.
These are amplified with an optical parametric amplifier
(OPA) carrying the phase after the interaction with the
sample, but before the lossy detectors. No postselection
is employed to filter [12,13] the output signal. The OPA (an
optimal phase covariant quantum cloning machine [18])
transfers the properties of the injected state into a field with
a larger number of particles, robust under losses and deco-
herence [19]. Previous works addressed quantum signal
amplification, namely quadrature signal, in a lossy envi-
ronment adopting nonlinear methods [20] and feedforward
techniques [21]. At variance with these approaches our
Letter analyzes how the amplification of coherent states
can be adopted for phase estimation purposes in a lossy
environment. Specifically by studying the quantum Fisher
information problem, we show that, by adopting the
amplification-based strategy, the extracted information
can achieve the quantum Cramér-Rao bound associated
to the coherent probe state measured with a perfect detec-
tion apparatus. Since the amplification acts after the inter-
action of the probe state with the sample, our scheme is
suitable for the analysis of fragile samples, e.g., optical
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microscopy of biological cells [22], or for single-photon . ) 2(8—8err)
interferometry [23] (where the small intensity of the probes Linp (1Bl 8. m) = 2|BI*n . (D

achieved only limited accuracy).

Theory.—The probe is a horizontally polarized (H) co-
herent state |a),|0)y, with @ = |a|e'. The state is rotated
in the 7. = 27'/2(#y *+ #) polarization basis, and the
interaction with the sample induces a phase shift ¢ be-
tween the 7. polarization components: U . The sample
loss L, reduces the state amplitude to 8 = JEa. The
maximum amount of information which can be extracted
on the coherent probe state is encoded in the corresponding
QCR bound 8¢ = (MIgQL)*l/Z, where IgQL =2|B|%>. In
the absence of amplification, the detection losses L,
would increase the QCR to §¢p = (M nIgQL)_l/ 2. To pre-
vent this and to attain the previous bound, we implemented
the operations shown in Fig. 1(a): a A/4 wave-plate with
optical axis at 45° and the OPA, described by the unitary
Uopa = exp[g(al? — al?)/2 + H.c.], where g = |gle* is
the amplifier gain, and ay and ay are the annihilation
operators of the two polarization modes. After the action

of detection losses 1 — 7, the state evolves into pg’g’". The

quantum Fisher information Iam1 of the amplification

B.gn

strategy, evaluated on the state p;;*" and quantifying the

optimal performances of the scheme, reads

(1) THEORETICAL ANALYSIS
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FIG. 1 (color online).
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where g = 1/4log[(ne’® + 1 —n)/(ne™ + 1 — )],
il = sinh?g, and we maximized the ¢-dependent quantum
Fisher information by choosing ¢ = 7/2 — A/2 + 6 [24].
For 7> (81)~! and |B|*> > 1/2, we observe that Iampl
approaches the SQL limit /¢, [dash-dotted line in
Fig. 1(e)]. In other words, increasing the amplifier gain,
the effects of the detector loss can be asymptotically
removed [25].

Achieving the accuracy associated with quantum Fisher
bound Iarnpl of Eq. (1) would need to use an optimal

estimation strategy which is difficult to characterize [6]
and most likely challenging to implement. To experimen-
tally test our proposal we decided hence to recover ¢ by
measuring (via lossy detectors) the photon number differ-

ence D = ny — ny between the two modes on the output

B.gm

state P after losses, with n, = a}; a,. Even though in

general this scheme fails to reach the accuracy bound of
Ijmpl, in the limit of high gain g and high amplitude g it
allows us to reach the value of ISQL (and hence of Iampl)

Indeed, the resulting uncertainty can be evaluated [5] as
5 = (r((D})I UD) |- where (D) is the expectation value

(2) COMPARISON WITH OTHER SCHEMES
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Theoretical analysis: (a) Scheme of the amplifier based protocol. (b) Comparison between the classical Fisher

information I, (points) and the sensitivity (8¢a’njpl)2 (lines) for |B|?> = 9. Comparison with other schemes: (c) Conventional
(unamplified) coherent-state interferometry with sample and detection loss £, and L, respectively: it can achieve the SQL bound
connected to the quantum Fisher information (QFI) 771 QL (d) Interferometry based on the states that optimize the QFI in the presence
of loss, proposed in [8], with the corresponding QFI, /¢ opt- (€) Comparison between the QFI for the three strategies (a), (c) and (d), for
|B]> =20 and g = 3.5, normalized with respect to ISQL Blue dash-dotted line: QFI of our method /' ampl Red solid line: QFI of the
coherent state phase estimation with loss of Fig. 1(c), nISQL Green dashed line: QFI of the optimal strategy of Fig. 1(d), Iop[ [8].
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of D on the output state. A calculation of the estimation
error 6¢ of the whole procedure shows that it depends on
the value of the phase ¢ to be estimated. The maximum
sensitivity, that is, the minimum uncertainty 6¢,np, is
obtained for ¢ = 77/2 by setting A = 26,

a'’?(i, n)
|BI2 a1+ 27+ 2Ja(1 + )]

where a(i, n) = 2a(1 + n + 2qn) + |BI[1 + 27 +
ni(6 + 871)]. It is then clear that for 7> (27)~! and
|BI> > 1/2 we have 8¢y = (2|81*)71/2, that is, the
QCR bound of the state I\I’(ﬁ) (before the amplification
and the detector loss) can be attained by our detection
strategy. We also notice that the adopted data processing
is optimal for a wide range of parameters. This can be
shown by evaluating the classical Fisher information 7,
which represents the maximum amount of information that
can be extracted from the probe state using our choice of
measurement, optimizing over all possible data processing.
In the present strategy, the sensitivity (6¢a_n}pl)2 closely

6¢ampl = (2)

tracks the I, both for small and intermediate values of 7.
Furthermore, the trend of the two curves suggest a close
resemblance also in the high photon number regime [see
Fig. 1(b)].

Because of the dependence of d¢ on ¢, to achieve the
minimum error ¢,y an adaptive strategy [26] is neces-
sary. In the Supplemental Material [27], we show that it is
sufficient to use a simple two-stage strategy in which we
first find a rough estimate of the phase ¢, employing
conventional phase estimation methods, and then we use it
to tune the zero reference so that our scheme operates at its
optimal working point detailed above. We also show that
the resources employed in the first stage of this adaptive
strategy are asymptotically negligible with respect to the
resources employed in the second high-resolution stage.

Efficiency of the phase estimation.—We now compare
our method to other strategies, using as a benchmark the
SQL 8¢ = (MI;’QL)_I/ 2, which would be achieved by a
probe coherent state with | 8|> average photons using loss-
less detectors. Consider now the case with no amplifica-
tion, where a coherent state is subject to both the sample
and detector loss [Fig. 1(c)]. This is the strategy conven-
tionally used in interferometry [28]. Our method clearly
always outperforms it, see the continuous line in Fig. 1(e).
Furthermore, in a lossy scenario the present amplifier-
based method achieves better performances than any quan-
tum strategy. Recently, the optimal strategy in the presence
of loss was derived [8] [Fig. 1(d)]. It employs the state that
maximizes the quantum Fisher information in lossy con-
ditions. Of course, this strategy cannot be beaten if one
could access the optimal measurement that attains the QCR
bound. Even though elegant proof of principle experiments
exist [10], both this measurement and the creation of these
states without using postselection are beyond the reach of

practical implementations for the foreseeable future, espe-
cially for states with large average photon numbers. In
addition, the form of these states strongly depends on the
value of the loss L,: it may be unknown and its experi-
mental evaluation typically requires irradiating the sample,
which removes the advantage of using the optimal mini-
mally invasive states. In contrast, the present amplifier-
based protocol uses readily available input states and
detection strategies, and does not require a priori knowl-
edge since the choice of the coherent state is independent
of the value of the loss. Since our method is devised
especially to counter the detector loss L,, we compare
the performance of our states with the optimal state calcu-
lated for the total amount of loss L,,, showing that our
method can achieve better performance for the practically
relevant case of low values of 7 [see dashed line in
Fig. 1(e)], where the detection strategy is clearly not opti-
mized to achieve the QCR bound of the optimal states.
Experimental setup.—We now describe the experimen-
tal implementation in highly lossy conditions, showing that
we can achieve a significative phase-sensitivity enhance-
ment with respect to the coherent probe based strategy. The
optical setup is reported in Fig. 2. To acquire the phase shift
to be measured, the probe coherent state is injected into the
sample, which is simulated by a Babinet-Soleil compensa-
tor that introduces a tunable phase shift ¢ between the H
and V polarizations. Subsequently, the probe state is super-
imposed spatially and temporally with a pump and injected
into the OPA. In this experimental realization the phases of
the pump and of the coherent state are not stabilized: this
will reduce the achievable enhancement by a fixed numeri-
cal factor of 4. Note that such condition corresponds to the
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FIG. 2 (color online). Experimental setup for the practical
implementation of the protocol. For details on the experimental
setup refer to the description in the text and to the Supplemental
Material [27].
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FIG. 3 (color online). Experimental results. (a) Fringe pattern
visibility and (b) experimental enhancement (8 con/8bexy)
evaluated at ¢ = 7/2 as a function of the nonlinear gain g for
|B]*> ~ 5.8, n~1.46 X 10~* (experiment: black diamond points;
theory: black solid line) and |B|*> ~22.8, 5 ~3.48 X 107
(experiment: green star points; theory: green dashed line).
(c) and (d) Experimental results for the phase estimation experi-
ment performed with the amplifier based strategy (g = 3.3,
|B|* ~ 22.8, n ~ 3.48 X 1077) for different values of the phase.
Estimated values of the phase ¢y, (¢) and corresponding error
Ohexpt (d). Points: experimental results. Blue solid lines: theo-
retical prediction given respectively by the true value of the
phase ¢ (c) and by the classical Fisher information (d). Red
dashed line corresponds to the classical Fisher information for
the adopted coherent state without amplification.

absence of an external phase reference. In contrast to
previous realizations of parametric amplification of coher-
ent states [29] which focused on the single-photon excita-
tion regime, we could achieve a large value for the
nonlinear gain, up to g = 3.3, corresponding to a number
of generated photons per mode 77 ~ 180 in spontaneous
emission. In addition, our scheme is also able to exploit the
polarization degree of freedom. After the amplification, the
two output orthogonal polarizations were spatially divided
and detected by two avalanche photodiodes. Their count
rates are then subtracted to obtain the value of (D), and
recorded as a function of the phase ¢, introduced by the
Babinet.

Experimental phase estimation.—The results of the ex-
periment are reported in Fig. 3. An enhancement of ~200 in
the counts rate for the former case is observed without
significantly affecting the visibility of the fringe pattern
[Fig. 3(a)], leading to an increased phase resolution. We
measured the enhancement (8¢con/8Pexy)® achievable
with our protocol &¢.,, with respect to the conventional
unamplified interferometry 6 ¢, inthe ¢ = 7/2 working
point [see Fig. 3(b)]. The quantity (8¢ eon/ 8 hexy)” repre-
sents the fraction of additional runs M of a coherent state
phase estimation experiment in order to achieve the same
performances of the amplifier-based strategy, with the two

protocols compared for the same values of | 8]? and 7. Our
measurement shows a good agreement with the theoretical
predictions. A significant enhancement up to a value of
(5¢Coh/6¢expl)2 = 186.3 = 9.3 has been achieved.

We then performed a phase estimation experiment with
the amplifier-based strategy for different values of the
phase shift ¢. To this end, for each chosen value of the
phase we recorded the photon counts in the two output
detectors for My, = 7.5 X 10° subsequent pulses of the
coherent state. Then, we adopted a Bayesian approach in
order to obtain an estimate ¢, for the phase and to
evaluate the associated error 0y, The results are re-
ported in Figs. 3(c) and 3(d). We observe that the estimated
values of the phase ¢, are in good agreement with the
corresponding true values ¢, and that the estimation pro-
cess reaches the Cramér-Rao bound. Furthermore, the
obtained results clearly outperforms the coherent state
strategy when no amplification is performed [red dashed
line in Fig. 3(d)].

Conclusions and perspectives.—We discuss a strategy
for phase estimation in the presence of noisy detectors that
can reach the performance of a lossless probe. This ap-
proach involves coherent states as input signals, thus not
requiring any a priori characterization of the amount of
losses, and phase sensitive amplification after the interac-
tion with the sample and before detection losses. As a
further perspective, our method could be exploited with
different classes of probe states, including quantum resour-
ces such as squeezing, leading to sub-SQL phase estima-
tion experiments in lossy conditions.

We acknowledge support by the FIRB “Futuro in
Ricerca” Project HYTEQ, and Progetto d’Ateneo of
Sapienza Universita di Roma. L.M. was supported by
EU through COQUIT and V. G. by MIUR through FIRB-
IDEAS Project No. RBIDOSB3FM.

*fabio.sciarrino@uniromal .it
http://quantumoptics.phys.uniromal..it

[1] M.B. Nasr, D.P. Goode, N. Nguyen, G. Rong, L. Yang,
B.M. Reinhard, B.E.A. Saleh, and M.C. Teich, Opt.
Commun. 282, 1154 (2009).

[2] A. Crespi, M. Lobino, J. C.F. Matthews, A. Politi, C.R.
Neal, R. Ramponi, R. Osellame, and J.L.O’Brien,
arXiv:1109.3128.

[3] K. Goda, O. Miyakawa, E.E. Mikhailov, S. Saraf, R.
Adhikari, K. McKenzie, R. Ward, S. Vass, A.J.
Weinstein, and N. Mavalvala, Nature Phys. 4, 472 (2008).

[4] J. Abadie et al., Nature Phys. 7, 962 (2011).

[5] C.W. Helstrom, Quantum Detection and Estimation
Theory (Academic, New York, 1976).

[6] M.G.A. Paris, Int. J. Quantum. Inform. 07, 125 (2009).

[7] V. Giovannetti, S. Lloyd, and L. Maccone, Phys. Rev. Lett.
96, 010401 (2006); J. P. Dowling, Contemp. Phys. 49, 125
(2008); S.D. Huver, C.F. Wildfeuer, and J.P. Dowling,
Phys. Rev. A 78, 063828 (2008); T. W. Lee, S. D. Huver,

233602-4


http://dx.doi.org/10.1016/j.optcom.2008.11.061
http://dx.doi.org/10.1016/j.optcom.2008.11.061
http://arXiv.org/abs/1109.3128
http://dx.doi.org/10.1038/nphys920
http://dx.doi.org/10.1038/nphys2083
http://dx.doi.org/10.1142/S0219749909004839
http://dx.doi.org/10.1103/PhysRevLett.96.010401
http://dx.doi.org/10.1103/PhysRevLett.96.010401
http://dx.doi.org/10.1080/00107510802091298
http://dx.doi.org/10.1080/00107510802091298
http://dx.doi.org/10.1103/PhysRevA.78.063828

PRL 108, 233602 (2012)

PHYSICAL REVIEW LETTERS

week ending
8 JUNE 2012

(8]

[10]

[11]

[12]

[13]

H. Lee, L. Kaplan, S. B. McCracken, C. Min, D. B. Uskov,
C.F. Wildfeuer, G. Veronis, and J. P. Dowling, Phys. Rev.
A 80, 063803 (2009); H. Cable and G. A. Durkin, Phys.
Rev. Lett. 105, 013603 (2010).

U. Dorner, R. Demkowicz-Dobrzanski, B.J. Smith, J. S.
Lundeen, W. Wasilewski, K. Banaszek, and I A.
Walmsley, Phys. Rev. Lett. 102, 040403, (2009).

M. Aspachs, J. Calsamiglia, R. Mufioz-Tapia, and E.
Bagan, Phys. Rev. A 79, 033834 (2009).

M. Kacprowicz, R. Demkowicz-Dobrzanski, W.
Wasilewski, K. Banaszek, and I.A. Walmsley, Nature
Photon. 4, 357 (2010).

A. Datta, L. Zhang, N. Thomas-Peter, U. Dorner, B.J.
Smith, and I.A. Walmsley, Phys. Rev. A 83, 063836
(2011).

V. Giovannetti, S. Lloyd, and L. Maccone, Nature Photon.
5,222 (2011).

K.J. Resch, K. L. Pregnell, R. Prevedel, A. Gilchrist, G.J.
Pryde, J.L. O’Brien, and A. G. White, Phys. Rev. Lett. 98,
223601 (2007).

P. Grangier, R. E. Slusher, B. Yurke, and A. LaPorta, Phys.
Rev. Lett. 59, 2153 (1987).

J. Kolodynski and R. Demkowicz-Dobrzanski, Phys. Rev.
A 82, 053804 (2010).

S. Knysh, V. N. Smelyanskiy, and G. A. Durkin, Phys. Rev.
A 83, 021804 (2011); B. M. Escher, R. L. de Matos Filho,
and L. Davidovich, Nature Phys. 7, 406 (2011).

M. D’Angelo, M. V. Chekhova, and Y. Shih, Phys. Rev.
Lett. 87, 013602 (2001); M. W. Mitchell, J.S. Lundeen,
and A.M. Steinberg, Nature (London) 429, 161 (2004);
H.F. Hofmann and T. Ono, Phys. Rev. A 76, 031806R
(2007); P. Walther, J.-W. Pan, M. Aspelmeyer, R. Ursin, S.
Gasparoni, and A. Zeilinger, Nature (London) 429, 158
(2004).

E. Nagali, T. De Angelis, F. Sciarrino, and F. De Martini,
Phys. Rev. A 76, 042126 (2007).

[19]
[20]
(21]
(22]
(23]

(24]

[25]

(26]

(27]

(28]

[29]

233602-5

N. Spagnolo, C. Vitelli, T. De Angelis, F. Sciarrino, and F.
De Martini, Phys. Rev. A 80, 032318 (2009).

J.A. Levenson, I. Abram, T. Rivera, P. Fayolle, J.C.
Garreau, and P. Grangier, Phys. Rev. Lett. 70, 267 (1993).
P.K. Lam, T.C. Ralph, E.H. Huntington, and H.-A.
Bachor, Phys. Rev. Lett. 79, 1471 (1997).

P.M. Carlton et al., Proc. Natl. Acad. Sci. U.S.A. 107,
16016 (2010).

C. Vitelli, N. Spagnolo, L. Toffoli, F. Sciarrino, and F. De
Martini, Phys. Rev. Lett. 105, 113602 (2010).

Note that in order to achieve the limit imposed by the QCR
bound an external phase reference is required. In our case,
such a reference is provided by the optical phase of the
pump beam.

M. Dall’Arno, G.M. D’Ariano, and M. F. Sacchi, Phys.
Rev. A 82, 042315 (2010).

H. Nagaoka, in Proceedings of the IEEE International
Symposium on Information Theory, Kobe, Japan, 1988
(IEEE, New York, 1988), p. 198; O.E. Barndorff and
R.D. Gill, J. Phys. A 33, 4481 (2000).

See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.108.233602 for an ex-
plicit derivation of the main equations of the text.

Other measurement strategies, involving for instance ho-
modyne detection, could in principle reduce detection
losses. However, homodyning requires extreme care in
the mode-matching: this is typically extremely difficult
and any failure in this will translate in reduced quantum
efficiency. Similarly to photon counting, classical Fisher
information corresponding to homodyning scales linearly
with 1 Liom = 27182

A. Zavatta, S. Viciani, and M. Bellini, Science 306, 660
(2004); Phys. Rev. A 72, 023820 (2005); M. Barbieri, N.
Spagnolo, M.G. Genoni, F. Ferreyrol, R. Blandino,
M. G. A. Paris, P. Grangier, and R. Tualle-Brouri, Phys.
Rev. A 82, 063833 (2010).


http://dx.doi.org/10.1103/PhysRevA.80.063803
http://dx.doi.org/10.1103/PhysRevA.80.063803
http://dx.doi.org/10.1103/PhysRevLett.105.013603
http://dx.doi.org/10.1103/PhysRevLett.105.013603
http://dx.doi.org/10.1103/PhysRevLett.102.040403
http://dx.doi.org/10.1103/PhysRevA.79.033834
http://dx.doi.org/10.1038/nphoton.2010.39
http://dx.doi.org/10.1038/nphoton.2010.39
http://dx.doi.org/10.1103/PhysRevA.83.063836
http://dx.doi.org/10.1103/PhysRevA.83.063836
http://dx.doi.org/10.1038/nphoton.2011.35
http://dx.doi.org/10.1038/nphoton.2011.35
http://dx.doi.org/10.1103/PhysRevLett.98.223601
http://dx.doi.org/10.1103/PhysRevLett.98.223601
http://dx.doi.org/10.1103/PhysRevLett.59.2153
http://dx.doi.org/10.1103/PhysRevLett.59.2153
http://dx.doi.org/10.1103/PhysRevA.82.053804
http://dx.doi.org/10.1103/PhysRevA.82.053804
http://dx.doi.org/10.1103/PhysRevA.83.021804
http://dx.doi.org/10.1103/PhysRevA.83.021804
http://dx.doi.org/10.1038/nphys1958
http://dx.doi.org/10.1103/PhysRevLett.87.013602
http://dx.doi.org/10.1103/PhysRevLett.87.013602
http://dx.doi.org/10.1038/nature02493
http://dx.doi.org/10.1103/PhysRevA.76.031806
http://dx.doi.org/10.1103/PhysRevA.76.031806
http://dx.doi.org/10.1038/nature02552
http://dx.doi.org/10.1038/nature02552
http://dx.doi.org/10.1103/PhysRevA.76.042126
http://dx.doi.org/10.1103/PhysRevA.80.032318
http://dx.doi.org/10.1103/PhysRevLett.70.267
http://dx.doi.org/10.1103/PhysRevLett.79.1471
http://dx.doi.org/10.1073/pnas.1004037107
http://dx.doi.org/10.1073/pnas.1004037107
http://dx.doi.org/10.1103/PhysRevLett.105.113602
http://dx.doi.org/10.1103/PhysRevA.82.042315
http://dx.doi.org/10.1103/PhysRevA.82.042315
http://dx.doi.org/10.1088/0305-4470/33/24/306
http://link.aps.org/supplemental/10.1103/PhysRevLett.108.233602
http://link.aps.org/supplemental/10.1103/PhysRevLett.108.233602
http://dx.doi.org/10.1126/science.1103190
http://dx.doi.org/10.1126/science.1103190
http://dx.doi.org/10.1103/PhysRevA.72.023820
http://dx.doi.org/10.1103/PhysRevA.82.063833
http://dx.doi.org/10.1103/PhysRevA.82.063833

