1003.2212v2 [quant-ph] 23 Mar 2010

arXiv

Rigorouscriterion for characterizing
correlated multiphoton emissions

Hyun-Gue Hong?, Hyunchul Nha?', Jai-Hyung L ee!, and Kyungwon
Anl,*
1Department of Physics and Astronomy, Seoul National Usiter
Seoul 151-747, Korea

2Department of Physics, Texas A&M University at Qatar, EdioceCity, PO Box 23874,
Doha, Qatar

hyunchul.nha@qatar.tamu.etu

kwan@phya.snu.ackr

Abstract: Strong correlation of photons, particularly in the singleston
regime, has recently been exploited for various applicatim quantum
information processing. Existing correlation measuretsiehowever, do
not fully characterize multi-photon correlation in a redevcontext and may
pose limitations in practical situations. We propose a eptally rigorous,
but easy-to-implement, criterion for detecting correfateulti-photon
emission out of a quantum optical system, drawn from the exdnof
wavefunction collapse. We illustrate the robustness ofapyroach against
experimental limitations by considering an anharmonidcoapsystem.
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1. Introduction

Strong correlation of photons at the few quanta level canenpaissible a variety of nonlinear
optical devices useful for quantum information processsugh as single-photon transistors or
switching device< [1.12] and the generation of single phetomdemand3./4]. Furthermore, the
photon-photon correlation mediated by the emitters camladsemployed to simulate quantum
many-body systems in a controllable way. For example, tieetfe on-site repulsion between
photons can be exploited to study quantum phase transgigcisas the Mott-superfluid tran-
sition [5,[6,[7]8] and the fermionization of bosohs [9]. Thepplications are closely related
to a specific correlation effect, namely a single-photorckéale effect[[2, 3, 10, 11] —Once
a system is excited by one photon, the abosorption of nexoplas blocked, e.g., due to the
anharmonic energy level structure of the system.

Recently, interest in the correlation effect has also beg¢aneled to multi-photon level in
the context of multi-photon gateway, where a random (Paissy stream of photons can be
converted into a bunch of temporally correlateghotons. In particular, Kubanek al.demon-
strated the operation of two-photon gateway to some exgngan optical cavity QED system
[12]. In view of all these efforts, it seems very crucial tovha theoretical framework that can
appropriately characterize multi-photon correlatidn3, [14,[ 15/ 15], e.g.n-photon blockade
effect, and desirably that can be efficiently tested in expent.

Conventionally, correlation of photons is measured by ritteorder coherence functions
introduced by Glaubef [175"(0) = (a™a")/(a'a)", wherea (a') is the annihilation (cre-
ation) operator of an optical field. However, it is noted ia tkecent experiments of cavity QED
[2, 13,[12] thatg®(0) is not effective to resolve the correlated two photon eroissiue to a
huge bunching at the atom-cavity bare resonance oversliaglohe two-photon resonance.
Furthermore, as goes beyond twog(”)(O) or its simple variantd [12] contain more peaks at
k=1,---,n—1 photon resonances, irrelevant to genuirghoton correlation, as to be shown
below.



Instead one may takephoton excitation peaks ifa™a") spectrum itself, e.g. in[12, 13,114,
[15,[16], as a confirming evidence wiphoton correlations. Rigorously speaking, however, the
multi-photon resonant excitation peaks spectroscopiddéintified only uncover the energy-
level structure of the system. Whether each peak in the baireidence(a™a") indicates
relevant photon correlation must be checked very carefatly example, the three-photon co-
incidence tends to increase in the spectrum without anyetadion if the system possesses
two-photon correlation since an uncorrelated emissioreddd a correlated pair may register
another three-photon coincidence. Therefore, we needisider a stricter physical context for
characterizing correlated emissionmephotons. Although there have been several studies on
higher-order photon statistics in view of nonclassicd[if8,[19], none of them carries a clear
interpretation as multiphoton correlation.

Here we propose a conceptually rigorous, but easy-to-imeig, criterion for measuring
correlated multi-photon emissions out of a quantum optgatem. The criterion is derived
by considering wavefunction collapse related to sequiepkiato-detectiond [20] and has the
following merits. (i) It only detects highly-correlatedphoton emissions with no classical ana-
logue, and (ii) can be tested by usual photon coincidenasctens (no conditional measure-
ment) in a detector-efficiency insensitive form, and theref experimentally favorable. We
also introduce a quantitative measurengfhoton correlation based on this criterion, which is
quite robust in addressing multi-photon correlations mgfa@xperimental imperfections. This is
a practical merit of our approach made possible by the watliidished correlation context. We
illustrate the power of our method in an optical cavity QEBtsyn, where genuine-photon
correlated emissions can be efficiently verified in accocdamith its anharmonic energy levels.

2. Thecriterion

In order to envision a generic, though not exhaustive, seemdnere multiphoton correlations
may arise, let us compare two systems, one with harmonic laaather with anharmonic
level structure [Fig.1 (a)]. When a harmonic system withelespacinghay is excited by an
external driving on resonancey( = wy), all energy levels are equally accessible. On the other
hand, for an anharmonic system, if the external field-ghoton resonant with theth level,
other levels thamth would not be substantially addressed by the external. fisdda result,
the system could be excited to contain onlgorrelated quanta and further excitation would
be prohibited—-quanta (photon) blockade effect. We will apply a similaeliof reasoning to
emission, rather than excitation, process. Specificakyconstruct a criterion to detect ‘pure’
n-photon correlated emission by incorporating two distfeetures, (i) surge or rapid emission
of photons up ta quanta and (ii) blockade beyomd which can be applied to any quantum
optical systems, not necessarily anharmonic ones.

2.1. Photon surge

Generally, the photo-detection ra# is proportional to the intensity of the optical field un-
der consideration [ (é%,&), where the operatoréi correspond to the positive- and the
negative-frequency part of the field. Let us assume that atgoasystem can be described by
a pure steady stat®)s for simplicity, but our argument applies equally well to mdkstates. If

it has emittech — 1 quanta, the wavefunction is collapseqkl(ﬁnflb = éﬂ’ﬂ%s conditioned
on these emissions. The detection rate for the succeathinghoton is then given by
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after the normalization of the conditional stdtti,ér'*”). Specifically, if the emission out of
the system is a bunch of highly correlateghhotons, the second photon will be emitted right
after the first photon and the third photon after the second s@ on. This idea can be used to
construct our criterion as follows.

The “bare” rate for the first emission is simply given by theemsity, %1 = (é%,é%r), which
only characterizes the signal strength and has little toitto@orrelation. Fon-photon correla-
tion (n> 1), once a photon is emitted, however, the next emissiorimwitiediately follow, thus
the conditional rateZ, must be large enough. In particular, we requitgto be larger thawz,,

4 2242 o . . L
ie. R = g’? = <<5>6}2>>2 > 1, which is nothing but the bunching condition in the Glaug/ér

function. Extending the requirement to next emissions setially, we derive a set aurge
conditions
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which must be satisfied for eagh=2,...,n.

2.2. Photon blockade

However, the satisfaction of Ed.](2) for &= 2,...,n is not sufficient to ensura-photon
correlation, and importantly, one must also look at the redurrences carefully. After the
detection ofn photons, the succeeding emissions must be suppressedth, egdride expressed
as

Rk,kfl <1, (k: n-+ 1,"'). (3)

The fulfillment of all the surge and the blockade conditiom<gs. [2) and[{3) respectively
constitutes our criterion far-photon correlated emission. Note that the condifidn ()acides
with the special case of the higher-order antibunchinggdtintroduced in[[18] for the non-
classicality of photon statistics, rather than the cotieteeffect . L

In our criterion, it is crucial to use theonditionalrates%y, rather than thbarerates(6< &%),
as the former takes into account the correlation betweetad} emissions in a stronger sense.
However, the resulting criterion does not require any ctmil measurements. Instead, the
quantities Ry_1 in Egs. [2) and[(B) simply involve various photon-coincidemates and we
particularly note that the numerator and the denominaterimthe same order of the field
strength. It is thus given in an experimentally desirabtefahat is, insensitive to the quantum
efficiency of photodetectors.

2.3. Measure of multi-photon correlation

The conditions in Eqs[12) and](3) may be used to define a gatimé measure#;, of n-photon
correlation as

n Nir
Mo = erax{Rkk,l— 1,0} [ max{Ry',—1,0}, 4)
k= k=n+1

whereNy is a truncated excitation number to be taken appropriategiven situation.#,
quantifies the strength of thephoton correlation by measuring the deviation iR, from
unity in the surge and the blockade conditions of Eigs. (2) @pdrespectively, and returns a
nonzero value only when all those conditions are satisfiedexperimentally obtain#, for
a given system, one first measures the baphoton coincidence rate(ﬁo'jégb for all k =
1,...,Ny. Then, each conditional ratg,R 1 defined by Eq.[(R) is evaluated and plugged in to
Eqg. (4) to determine the value o#,.



2.4. Remarks

(a) Conventionally, multi-photon correlations have bestassed in terms of the Glauber co-
herence functions

0 _ (608 (Xo) - & ()4 () 61 ()6 ()
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(xi: a general space-time poirt) [17]. The context of corretaing™ is, however, rather limited
and we particularly note thaf™ compares the-photon coincidence rate (hnumerator) only
with the single-photon counting rates (denominator). egmall) value ofj™ characterizes
a bunching (antibunching) effect with no strit{photon correlation that can emerge even in
a classical scattering system, eg’ = n! for a thermal light (Hanbury-Brown—Twiss effect
[27,122]). Another example af(® > 1 with no rigorous two-photon correlation will be shown
below in SeéB.

(b) 1t is, therefore, interesting to ask whether our crédesf n-photon correlation can be
fulfilled by a classical source. It turns out that, as mergibim Sed_2J2, the blockade condition
in Eq. [3) is related to the nonclassicality of light field8[M9]. Let us consider the single-
mode case in which the field amplitude (£-) may be replaced by the annihilation (creation)
operatora (a"). Then, as a special case of R&f.][18], one can show that, ¢tasaical source
represented by a positive-definite GlauBdunction,P(a) > 0, a Cauchy-Schwarz inequality
follows as

g

(a*a) (@ 2 ?) — [ d%ajal*P(a) /'d2a|a|2k*4p(a)

2
> (/d2a|a|2k2P(a)) — (afklg12, 5)

The violation of the above inequality, which is nothing bug tblockade condition &1 < 1
in Eq. (3), is thus a clear signature of nonclassicality. Goapiteria of multiphoton correlation
can be fulfiled only by nonclassical sources. We emphasit iththe so called multiphoton
antibunching criteria in"[18, 19], the focus was made on howet/eal nonclassicality of the
field by a mathematical approach based on the positive GigRienction, thus lacking a clear
interpretation as multiphoton correlation.

3. Application: Cavity QED system
3.1. Model

To illustrate our criterion, we consider a cavity QED systeone of the well known anhar-
monic systems that can be implemented in various experahglattforms[2[ 8 4, 14]. A qubit
(two-state atom, quantum dot, etc.) is coupled to a singldenfield driven by a classical field.
For simplicity we investigate the on-resonance caser ac = wp, Wherewy is the qubit tran-
sition frequency andx: the cavity resonance frequency. The qubit-cavity systeooapling
strengthg is then described by the Hamiltonian

H = Ray (aTaJr %Gz) +ihg@'o_ —ao,), (6)

whereo. ando; are the Pauli pseudospin operators. The composite systethdiground state
|0,g) with the energyEp = 0 and the polaritonic excited statps'] ) = % (In,g) £ |n—1,€))

with En+ = nhap £hgy/n (n=1,2...) [See Fig.1 (b)]. Therefore, when the system is driven
by an external field at frequeney , n-photon resonant absorption may occur [23] at

nhw. = En+ = nhay £ hgy/n. (7)
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Fig. 1. (a) Energy-level diagram for (i) harmonic and (iihanmonic system. (b) Energy
level structure for cavity QED system. (c) multiphoton a@itence rate{;ﬂ”a”) as a func-
tion of /g for 2k /g = y/g= 0.01 with&'/k = 0.1. The dotted vertical lines represent the
locations of the multiphoton resonancés= +g//n throughout Figs. 1-3.

In practical situations, the qubit and the cavity field materact with Markovian envi-
ronments, which causes dissipation and decoherence to/$tens The global evolution is
then governed by the master equatjon= %[H| P+ y(o_poy — %mra,p - %pmra,) +
Kk (2apa’ — a'ap — pa'a), wherey (2«) is the qubit (cavity) decay rate and the interaction
HamiltonianH, = hé (a'a+ 30;) +ihg(a'o_ —aoy) +ihé&(a’ — a), with the driving strength
& and the detuning = wy— @_.

By measuring the cavity transmission as the driving fregyen scanned, one may identify
the energy-level structure of the cavity QED system. In BEig), we plot the bar@-photon
coincidence ratea™a") as a function of the normalized detunidigg. In the weak-excitation
limit, these rates are related to theexcitation probabilityP, as <aT”a”> ~ nlP,. We see that
more resonant peaks are spectroscopically observ@e-atg//n as the orden is increased
in a very strong-coupling regimg,/g = 2k /g = 0.01. It is important to note that not all the
peaks innth order coincidence rate are relevanntphoton correlation (e.g., the peakat
+g in the two-photon coincidence), so the bare coinciden@snatay not be used as such to
address genuine multiphoton correlation. To overcomedHigulty, for instance, one may
try to classify those peaks with a prior knowledge on the texicin paths[[16]. However, in
realistic situations, the peaks become less resolved asatiyging strength is reduced (not
shown). More importantly, these resonant peaks give inédion only on the level structure of
excitation and have a weak connection to correlated enmissio

3.2. Correlation measures

Instead, if one measures the Glauber coherence fungfibof the output, the result may char-
acterize the correlation of emitted photons to some extaritnot in a full rigorous sense.
In particular,g™ (0) = (a™a")/(a'a)" in Fig.[d(a) shows a large bunching at zero detuning
0 = 0, which has nothing to do with genuimephoton correlation as we will clearly show
below. Close inspection of photon statistics reveals thatdystem does exhibit some non-
classical behavior ad = 0, e.g. the oscillation of conditional detection ra#k which peaks

at even number oK, but it is not a rigorousi-photon correlation at any level in view of
our criterion. To get rid of this “cumbersome” resonanceeifffobserved ad = 0 that may
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Fig. 2. (a)-(c) The conventional correlation functiagi§ (0) by Glauber andC(" (0) by
Kubaneket al.[12]. (d)-(f) The quantitative measuré#, together with conditional relative
rates R x—1. The truncation numbers used are ki) = 4, (e) and ()Ny = 5. In all plots,
2k/g=y/g=&/k =0.1.

overwhelm the other resonance peaks, Kubagtedd. introduced the differential correlation
function, C?(0) = (afa?) — (a'a)?, that measures thabsoluteoccurrence of two-photon
excitation with respect to the single-photon excitatio@][IThe context in this correlation
function, however, is insufficient just likg® (0) in general, although it was instrumental to
identify the second resonant peak in][12]. Furthermore, riegization ton-photon level,
c(0) = (a™Ma") — (a'a)" for n > 3, becomes hardly effective in identifying the higher-arde
peaks by the broadening effect in the realistic regime [Ei@)-(c)].

In contrast, our criterion not only detects correlated sioisin a well-defined context, but
also provides a practical tool to identify the multi-phot@sonance structure of a system in
realistic situations. In FigEl 2(d}l 2(e), ddd 2(f), we pileg quantitative measuré, of Eq. (4)
for n= 2,3, and 4 along with various rateg R 1 which are ingredients for constructing the
corresponding,. Remarkably, ), yields a positive value only in the spectral vicinity of the
resonant peakd = +g/,/n. The “spurious” peak ab = 0 disappears by our criterion, which
rigorously confirms that this seeming “resonance” indeedsdaot represent purephoton
correlated emission.
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Fig. 3. Comparison betweegi” (0) (black dotted curve) and our measuv, (red solid
curve) for (a)n = 2 and (b)n = 3, with the truncation numbers (&) = 4 and (b)Ny = 5,
respectively. The driving intensity is rather higfi/k = 1, with the coupling condition

2k/g=y/g=0.1.

3.3. Large driving field

As we increase the pump strength to obtain more substaigielsthe coincidence spectrum
usually becomes difficult to resolve due to the saturatiothefsystem. Our method is, how-
ever, still useful for moderately strong pumping owing te tigorous context established in
it. To demonstrate this merit, we have considered the caadarfje driving fields/k = 1 in
Fig.[3, together with the realistic couplingg = 2« /g = 0.1. Due to the intensity-dependent
broadening effect, the Glauber functigt? (0) no longer shows noticeable marks of resonance,
except for the peak @ = 0 overwhelming the entire shape in the spectrum. On the bted,
our measurez, identifies a clear signature of multi-photon correlationder the same condi-
tion. This capability would allow one to increase the punipragth to some extent, and thereby
easing the difficulty of having to measure higher-order cioience tham [i.e., blockade con-
ditions in Eq. [B)] to identifyn-photon correlation in our method. Furthermore, we have als
checked that other possible broadening effects, e.g. atamtion in the cavity, do not de-
grade the capability of our criterion for characterizingltiplnoton correlations. We attribute
this robustness against experimental imperfections toigoeous context established with the
measure.



4. Conclusion

In conclusion, we have devised an easy-to-implement @iidor detecting correlated multi-
photon emission, imposing surge and blockade requiremerghotoemission processes. A
guantitative measure?,, has been derived from the correlation context between saivapho-
ton emissions in the framework of wavefunction collapser. @iterion applies to any quantum
optical systems, including the ones with anharmonic stmegfcavity QED systems, multi-level
atoms, etc.).

We have illustrated our method can efficiently detect npitidton correlations at the reso-
nant peaks of the cavity QED system in contrast to the egjstimrelation functions. Note that
the anharmonic spectrum which scales,&sis a clear signature of quantum nature of light
field [24,[25], and it thus has been of considerable intemdbhg but experimentally verified
only recently [1B[ 14, 15]. In the optical cavity-QED syst§®n4,[12,13], it becomes harder
to directly observe this anharmonicity in higher-orders ¢luless strong coupling than in the
microwave circuit QED system, but our method remarkably @sak possible to clearly pick
up the /n-dependence despite experimental limitations. We artieiphat our conceptually
rigorous approach can also be useful in addressing caoelkeffects in other quantum systems
beyond optics.

Acknowledgments

HN is grateful to H. J. Carmichael for helpful discussionsl @marks. This work was sup-
ported by NRL and WCU Grants. HN was supported by the NPRPt @&i1943-1-011 from
Qatar National Research Fund.



	1 Introduction
	2 The criterion
	2.1 Photon surge
	2.2 Photon blockade
	2.3 Measure of multi-photon correlation
	2.4 Remarks

	3 Application: Cavity QED system
	3.1 Model
	3.2 Correlation measures
	3.3 Large driving field

	4 Conclusion

