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Entanglement preparation and quantum communication with atoms in optical cavities
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We propose an experimentally feasible scheme to generate general entangled states between atoms in
spatially separate cavities, and then show one of the applications—a secure communication allowing asymp-
totically key distribution and quasisecure direct communication. The scheme involves laser manipulation of
atoms in a highR cavity, adjustable quarter- and half-wave plates, beam splitter, polarizing beam splitters, and
single-photon detectors, and well fits the status of the current experimental technology.
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I. INTRODUCTION efficient in the sense that the success probability can be close
_ . . to 1in the ideal case(2) it is more insensitive to certain

Over the last decade there has been much activity in thgractical sources of noise, such as randomness in the atom’s
theoretical[1,2] and experimental3] study of simple non- position, atomic spontaneous emission, or detection ineffi-
trivial models of quantum-optical interactions involving one ciency, which only decrease the success probabilities, but
atom with a few energy levels and one or more near resonaifave no influence on the fidelity of the intended state gen-
modes of the quantized electromagnetic field. Recently, traperation for the successful subset of triaf3) individual ad-
ping of single atoms in higl@ cavities opens up exciting dressing of atoms is not required, nor are single-photon
possibilities which have wide applications such as for genstates as initial resources.
eration of nonclassical or entangled optical pulpg$], for This paper is organized as follows: in the following sec-
observing strong cavity-QED effec{$—8], and more re- tion, we explain the basic idea of the method in the ideal case
markably, for implementation of quantum communicationwhere no dissipation takes places, and then describe and
and computatiofi9-13. The trapping potential for confining Solve the model Hamiltonian analytically following some
single atoms can be created by diverse avenues, includingfe!l-known approach based on the adiabatic approximation.
the cavity-QED light itself[6,7], by additional far-off- In.Sec. [, the scheme is analyzed in the more reahsyc situ-
resonant trapping beani&4], and by combining single trap- ation. We propose a protocol that allows the generation of a
ping atoms with highQ cavities[15,16. Remarkably, cavity Maximally entangled state between individual atoms held in
QED, where atoms interact with a quantized eIectromagnetigat'a"y separate cavities. Two Raman interactions are used

; . . entangle the electronic levels and the quantized cavity
field, has already proven to be an ideal system for generatin eld in each atom-cavity system. The output fields of the two
entangled stat§l7]. Very recently, some schemes with in-

. . cavities are superimposed and detected by single-photon de-
herent robustness to diverse sources of noise have been P%tors. In Sec. IV by making use of quantum memory avail-
posed for entangling atoms in one caviy8B—27 as well as ' e

! S " able in atomic internal levels, the “EPR” states can be put
in spatiality separate cavitief23,24. The protocols are

hereb babilisti d | ditionally f into many applications, for example, secure direct communi-
thereby probabilistic, succeeding only conditionally for par-c4iq, allowing asymptotically secure key distribution and
ticular measurement results. Imperfections and noise in the

h q h babilitv. but h il asisecure direct communication, and in the latter case, the
schemes decrease n€ success probability, but have No INTHG ., m nication protocol is quasisecure, i.e., an eavesdropper

ence on the fidelity of the intended state generation for th% able to gain a small amount of message information before

“sulccehssful"subset of tri?(ljsi_k h for th being detected. In case of a key distribution, the protocol is
n the paper, we would like to propose a scheme for t Ssymptotically secure. In contrast to other quantum crypto-
preparaltlpn of general gntanglement betwe'en. atoms in Q'ﬁe jraphic schemes, the presented scheme is instantaneous, that
ent cavities. We consider a system consisting of a singlgg “yhe jnformation can be decoded during the transmission.

five-level atom, located inside an external driven optical CaV-rhis improvement is obtained via random switching between
ity. The atom interacts with environment via a partially trans-, o distinct communication modes—a transmission mode

parent mirror. The output field from the cavities momtoredand detection mode. The kegr plain texj is generatedor

using the ?lngle—photonhdgtectors. Ogr scheme anVOIVr?s thf?ansmitted in the transmission mode, while the eavesdrop-
passage of an atom with Zeeman substructure through oVely, - ic qetected in the other mode. The only parameter which

Iapplr;g c?wty and Iaserdflelds, gnd IS basehd on the adrl]abat as to be analyzed in order to detect the eavesdropper is the
transfer of atomic ground-state Zeeman coherence to the Cayg e ation of bits generated in the detection mode. The basic

ity mode. Compared with the previous scheme, our protocojye of the protocol has been raised by Bost®inal. [25].
has the following favorable featuregl) It is much more In the last section, we summarize our proposal, and discuss
how some states are more robust than other ones against
dissipation and loss. The derivation of the evolution in the
*Email address: xuepeng@mail.ustc.edu.cn presence of dissipation uses the standard method of adiabatic
"Email address: gcguo@ustc.edu.cn elimination and produces quite complicated equations.
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IIl. CAVITY QED WITH A TRAPPING ATOM Qr B = QSO (). )

IN AN IDEAL CASE _ . _ o _
The density matriyp of this system satisfies the equation

First we explain the basic idea of this method by consid-
ering a single trapping atom, with relevant level configura- dp = —i[Hesr, o] (3)
tion shown as Fig. 1. We consider a doubleype five-level dt e
configuration of atomic state 8fRb by way of example. In

this case|g), |h), and [v) with energy differencesoy, and and the effective Hamiltoniahl, is given by

wg, Of the simplified five-level modes can be achieved in |Q4(r,b)? oata

pairs of Zeeman sublevels of electronic ground-sta&,) Hefr=— > T|9><g| +]0s(r, 1)[*CsC4S)(]

8Rb atoms, corresponding respectively, [fo=1,M:=0), s=ho

[F=2,Mg=-2), and|F=2,M¢=2), with magnetic quantum Qr Hga(r,b)

numbers differing by 2. The upper level,) and|e,) with S S — Colsi(gl +H.c.| |. 4

energy splittingsmgeh and wge 10 the ground statlg) (7=1)

are the Zeeman sublevels of electronic excitd,5state, Here we adiabatically eliminate the excited state of the atom
corresponding tdF=2,Mg=-1) and|F=2,Mr=1), respec- by assuming that the population of that state is negligible.
tively. The two pairs of Zeeman sublevels of the ground The effective HamiltoniaH((t) has the property that it
stategg),|h) and|g),|v) are coupled via two far-detuned Ra- couples only state within the family, or manifold,
man transition, i.e., all fields have the same large detuning {|g,n),|h,n+1),|v,n+1)} where|n) represents am-photon

on their respective transitions to the upper leviels and  Fock state of the cavity mode. The adiabatic energy eigen-
le,). The transitiongey) — |s) (heres=h,v) are coupled reso- values of the Hamiltonian associated with a particular family
nantly to the cavity-QED modé, with the coupling rates of states are

g«(r ,t) which depends on the atom'’s positiorand the time

of the atom across the cavity field profile, and can be factor- By =Na, (%)
ized as 200 L
r,H(n+
€=y LD,
ge(r,t) = (O x(1). 1)
2 2

We assume for simplicity that, and¢, have the same spa- E3=nw, + 20°(r,h(n+ 1)+ Q (r,t).
tial mode structure with the same frequeney(for example, 2A

they can be of different polarizationsTwo classical lasers
with the same frequencyw, and different polarizations
couple to the transitionlg) — |e) with the Rabi frequencies
Q4(r,t), through other cavity mode&. The two lasers are
far-off-resonant to the cavity modéswith a large detuning
wys denoting the splitting between the levéds and|s). For
simplicity, we assume that, and &, have the same spatial 2060 Vn + 1)g,n) = Qo) ([h,n+ 1) + [v,n + 1))
mode structure with the same frequency and different polar- |En = 2 > .
izations. Then the Rabi frequency will depend on the atom’s VAgH(D(n+ 1) +2Q4(1)

positionr by the same mode functiop(r), i.e., Q4r ,t) can (6)
be factorized as

For simplicity, we assume that the Rabi frequencies and the
coupling coefficients are real and satisfy(r,t)=g,(r,t)
=g(r,t), andQ(r,t)=Q,(r ,t)=Q(r ,t). Of particular interest

to us is the eigenstate correspondingBg=nw, which is
given by

This eigenstate does not contain any contribution from the
excited statghence the term “dark” stateand is indepen-
dent of the detuning\. The possibility for adiabatic passage
————— arises from the following behavior ¢E,):

IE) — [a.n)  for Qg(t)/ge(t) — O, (7)
" |[Ep — |h,n+1) or |v,n+1) for gyt)/Qq(t) — 0,
; that is, for the pulse sequence in which tg(t) pulse is

time delayed with respect tgy(t), the statelg,n) may be
adiabatically transformed into the stdten+1) or [v,n+1)
with the same probability.

FIG. 1. The relevant-type doubl&-level structure of the alkali

atoms in the ensembles. The metastable lower s|'@)t,e|$n>, and|v> I1l. ANALYSIS INCLUDING DISSIPATION AND NOISE

can be achieved by, for example, Zeeman sublevels of electronic

ground states S, 8’Rb atoms, ande,) and|e,) (5P, are the The main purpose of this paper is to demonstrate that it is
excited states. possible to use two different cavities to entangle atoms even
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in situations where substantial dissipation is present. In this R 2Q(r, t)g(r,1) )
section, we analyze the performance of our proposal in the Cs= ‘m@(@ﬂ + noise, (13
presence of the two main decoherence mechanisms, sponta- s
neous emission and cavity decay. where the noise ensures the communication relation of the

The full master equation for the density operagothen  operator. The cavity outpdf (t) is connected with the cav-
takes the form ity modes ¢ through the standard input-output relation

Cout)=Ch(H+ Vs wherec; (t) is the input vacuum field
O o itHr ]+ Gupd + Dpdh+ Jep3i+ 3p3T,  (8)  With the property[&5,(t), &51(t)]= ait-t).

dt We are interested in the limit for which the variation

where we have defined the effective non-Hermitian Hamil—rate of Q(t) is S|gn|f|c_:an_tly_ smaller than Fhe cavity de_cay
rates k,, and «,. In this limit, we can define an effective

;?QI'ihn)(girde'évvg)e have adiabatically eliminated the upper Iev_single-mode bosonic operat@g,, (here s=h,v) from the

cavity output operatot} (t) astS=[ofs(1)E,(t)dt, whereT
) A+iT/2 | Q4r,b) 5 it is the pulse duration and(t) is the output pulse shape,
H'=-2X A2+124| 2 |9Xal + g°(r H)EsEs)(s] which is determined by the shape dBy(t) as f4t)
s=ho =\kesin A exd—(k/2) [} sirf6(n)d7]  with  sin 6(t)
. (—Q“’t)g(r’t)e;|s><g| + H.C.)} " '—Kseges}. @ QOGO+, .
2 2 The atom in each cavity is initially prepared in the ground
) ) _ state|g), but the basis vectors of a qubit are represented by
The excited stat¢ey) (or |e,)) is assumed to have three in- the statesh) and|v). The cavity mode is put in the vacuum
dependent decay channels: each of them may decay to thejfate. The atom in each cavity is illuminated by the two
two lower statesg) and|h) (or |g) and|v)) with decay rates  griving lasers with the same frequency and different polar-
71 and y,, respectively, and it may decay to some otherjzations (o, and o), and transferred with the probability
stateso) with a decay ratey;. And I' is the total decay rate p.~1 to the metastable staté® and|v) by emitting a pho-
of the excited state$ =y, +y,+y;. The total effect of the  ton from the transitionfe,) — |h) and|e,) —|v), and the final
spontaneous emission is described by three relaxation opergmte between the atom and the corresponding cavity output
tors will quickly approach the form

[ = (IM[H)e + [0 V)2, (14)

where A=1,2. Here, H and V, respectively, represent the
(10)  right (o) and left (o) circular polarization which can be
turned into horizontal and vertical polarizations of a photon
. \E A A by a quarter-wave platéQWP). In the following, |H). and
J,= A2 g(r,t)(C,[v)(v] + &x|h)hl) |V). represent the photon states with the horizontal and ver-
tical polarizations, respectively. If the two driving pulses

—

- \53’1
YT A-ir2

[9(r,0)(C,|g)v| + Elgxh]) + Q(r,1)

oxgll,

Q(r,t) have the same shay(r,t) for the two cavities, the output
* 2 (joal + |h)<g|)] single-photon pulses from the two cavities will also have the
same shapé,(t) and they will interfere with high visibility at
\,7 the polarizing beam splittéPBS). If one gets a “click” from
Jo=_— 3 a + 8 + each of the detectors at the outputs of the PBS, the two
Js A- iI‘/2[g(r't)(C”|O><U| o)) + A(r.DloXol]. incoming photons can both be either|i), or |V)., and the

possibility amplitudes are coherently superposed when the
incoming photon pulses overlap with each other with the
same shape. Therefore, the measurement in Fig. 2, together
with the half-wave plat6dHWP), corresponds to projecting

To describe the decay of the cavity with the rakigsand «,,,
we introduce a relaxation operator

~ —a a
Je = VKnCh + Vi, Cy (1) the whole statdp);, ® |¢), between the atoms and photons
The interaction Hamiltonian in the rotating frame is onto a subspace with the projection operator givenFby
=|HV)(HV|+|VH)«(VH|. Within this measurement scheme,
A+il’/2 the stat ® is effectively equivalent to the state
Ho== 3 | ez 000900 Gehee): v ed :
e |@er = Ple)s ® [@)2 < (o) @ [HV)e+ [uh) @ [VH) /2.
R i ata
X (&l]s)(g| + H.c) + Eksc;rcs . (12) (15

The 45° polarizer projects the photon polarizations from
We then adiabatically eliminate the cavity in the Heisenberghe{|H)c,|V)¢} basis tof(|H)+[V))o/V2,(|H)=[V))s/ V2}. Af-
picture by assuming the “bad cavity” limitxs ter the measurement, the two atoms will be prepared in
> Q(r,)g(r ,H)A/(A2+T?/4). Settingdey/dt=—i[&,Hi,]=0 EPR state|¥*),=(Jhv)+|vh))/v2. The polarizer can also
we obtain be replaced by HWP and PBS with both of its output
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1 filter QWP HWP

PBS

FIG. 2. We consider a setup in which individual atoms are
trapped inside two spatially separated optical cavities 1 and 2. The
atoms are illuminated by the synchronized pumping laser pulses
and the forward-scattering Stokes pulses can leak out the cavities
and are collected in the beam splitter after the filters. The dashed
line represents the pumping laser pulses with the frequenand
the solid line represents the Stokes pulses.

detected by single-photon detectors. The overall success

probability of this scheme becomes=1/2. Before intro- o ) . .
ducing the applications of the EPR state. we offer a feV\;:ommunlcatlon between two users. In each station, there is a device
9 PP ! called “space optical switch” which causes the photons to be sent to

[re]n:atl;]ks al;)]out thls. tvr\]/o-callllty st;:hetnt]e. !{:Irsf[, Itis Gi\”dentthe proper mode via fiber. The dashed line represents the repumping
atthe scheme Is inherently robust to atomic spontaneoyg., pulses with the frequeney, and the solid line represents the

emission, output coupling inefficiency, and detector i”ef'forward-scattering Stokes pulses
ficiency, all of which contribute to loss of photon. Since a '

click from each of the detector®,; and D, is never re- . . . .
corded if one photon is lost, these processes simply de- SteP 1 Initially, they prepareN pairs of atoms in the dif-

crease the success probabiliiyby a factor of72 (where ferent cavities in the maximally entangled stpkg),, follow-

1-7 denotes the loss for each of the photprimit have no N9 the way proposed above. . .
influence on the fidelity of the final state. Second, our St€P 2 The atoms of each pair belonging to Alice are

scheme does not require localization of the atom in theonsidered as hom.e gubits, while the other ones belonging to
cavity to the Lamb-Dick limit. For the standing-wave cav- Bob are travel qubits. . .
ity and with the collinear pumping configuration proposed . Step 3 There are ,tWO different repumping pul§ed lasers
in Ref. [23], Q(r,t) and g(r,t) depend on the atom’s po- with tlhe same transition freq.uen.@g(epump:co0 and dlffer'e.nt
sition through approximately the same cavity mode funcPOIar'Zat'ons(U’f and o), Wh'c_h induce Raman transitions
tion. The pulse shapeg,(t) and f,(t), which are deter- In)|g) and Ju) — |g), respectively. We are particularly in-
mined by ratio Qut)/go(t) thLlJ)S ’become basically terested in the forward-scattering Stokes light from the two
independent of the Orandgm' variation in the same cavityRaman transitions. The two users apply both laser pulses
synchronously to measure their atoms. It can be achieved by

made funct_|on. For a travelmg:wave_gawty or for a free- a Hadamard transformation using a beam splitB%). The
space configuration, the atom’s position only affects the

common phase of the coupling rasé ,t) and in the case excitations in the modefh) and |v) can be transferred to
P . piing ag ' . -~ optical excitationdi.e., the forward-scattering Stokes light
a transverse pumping configuration also suffices since th

. ; fuhich can be used in the secure direct communication. In
randomness n the common phasegéf,t) has no influ- fact, we use the polarization degree of freedom of the pho-
ence on the final entangled state. tons from optical excitations. The effective state of the pho-
tons after the QWPs which turn the Stokes light to linearly

IV. THE EXPERIMENTAL REALIZATION OF SECURE polarized photon is
DIRECT COMMUNICATION

FIG. 3. Schematic setup for the realization of the secure direct

W= (JHV) + [VHY) /v 2. (16)

After the maximally entangled state has been established
between two distant sites, we would like to use it in one ofWhen two photons are maximally entangled in their polar-
the communication protocols, for example secure direcization degree of freedom, each single photon is not polar-
communication, which is achieved with the setup shown inized at all. One bit of information can be encoded in the state
Fig. 3. There are two users, Alice and Bob, who are con{¥*)., which is completely unavailable to anyone who has
nected by a quantum channel and a classical public channeinly access to one of the photons. For each user, there are
The quantum channel consists usually of an optical fiber. Thewo modes, the detection mode to detect any eavesdropper,
public channel, however, can be any communication linkand the transmission mode to transmit the message from Bob
Suppose that Bob wants to communichkdit messagen™ to Alice.
=(my, ...,my) to Alice. Each of them has a set of atoms  Step 4 With a probabilityhy, Bob switches to the detec-
trapping in optical cavities. Let us give an explicit algorithm tion mode and proceeds with stégl); else, he starts with
for the protocol. step(tl) (the transmission mogie
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TABLE |. Overview of possible manipulations and detection events of the transmission mode in secure
direct communication with the correlated photons.

m, Bob’s operator HWP QWP State sent Alice’s registration events
| 0° 0° [P coinc. betweerby andDy, or Dy, and Dy
1 o 0° 90° [P coinc. betweerD,, andDy, or Dy and Dy,
A. The detection mode obtains the result statd*).. And then she achieves the op-
The detection modes are the following erator which Bob performed on the travel qubit. If there are

(d1): For each photon from the optical excitation, Bob hasOther invalid coincidences registered, they will go to stp
two types of measuremen&. One measurement is along for the same round again; else, they will go to the next step

rectilinear basigi.e., By={|H).|V)¢}), and the other is along (see Table)l _ .
diagonal basis [i.e., Bl={(1/\v’§)(|H)+|V>)c,(1/v"2)(|H> (t3): If n<N, they go to Step 3; else, the transmission of

-|V))o]. He chooses between the two types at randomt,he N-bit information is completed.

which can be achieved by a HWP and PBS. If he detects his )
photon in the statéH), or (1/12)(|H)+|V)), (i.e., the detec- C. Security proof
tor D is fired), he obtains the valug=0; else, the measure- Now we provide an analysis proposed by Bostrétral.

ment yields the resuft=1, and potentially reveals one bit of [25] that guarantees the security of our scheme against arbi-
information. He writes down his measurement bases and thgary eavesdropping strategy. Assume that Eve is an eaves-

results of the measurements. _ ~ dropper whose aim is to find out which operation Bob per-
(d2): He sends the two bits and j through the public  forms. Since she cannot access Alice’s home qubit, the state
channel to Alice. of the travel qubit is indistinguishable from the complete

(d3): When Alice receives the two bits, she switches to themixture

detection mode and measures her photon from the optical

excitation in the same basi; resulting in the valud [26]. pA= TrB{|‘1’+>c<‘I’+|} = %(|H>c<H| +V)(V]), (17)
(d4): For the perfect anticorrelation of the stdfe").., if |

equalsk, Eve is detected, and they abort the protocol; elsewhich corresponds to the situation where Alice sends the

they go to Step 3. travel qubit in either of the statésl). or [V)., with the same
probability % In order to gain the information about Bob’s
B. The transmission mode operation, Eve prepares .photons in an ancil.la stabe
o . e Hg, whereHg is an ancilla space of dimension dirg
The transmission modes are the following. <(dim Hp)2. Then, Eve performs a unitary attack opera-

(t1): For one bit of messag®,, Bob encodes the message tjion E on the composed systemae=pa® | (| € He
on his photon from the optical excitation. ii,=0, Bob ap- ®H,

plies the coding operation—single-bit rotationon his pho-

ton, else, ifm,=1, he does nothing, i.e., performs the opera-g

tor I. And then he sends it back to Alice’s Bell-state analyzer,

For polarization encoding, the necessary transformations

Bob’s photon from the optical excitation are performed by

rotating the optic axis of the first QWP to turn the Stokes ) = E[H). ® |d)e = a|H, do)e + BV, b1)es (18)

light to linearly polarized photon, and using a HWP for

changing the polarization and the second QWP to generaighere| o). and|¢,). are pure states determined by the op-

the polarization-dependent phase shift. The component polagratorE, and|a|2+|82=1. Hence, the detection probability

ized along the axis of the second QWP is advancedrty  for Eve’s attack isi=|g8|. After the attack operation of Eve,

relative to the other. Reorienting the optical axis from verti-the state of the composed system is shown as

cal to horizontal causes a net phase changer dfetween

|[H). and|V).. The photon manipulated in this way in Bob’s pae = (i

encoding station is then combined with the other photon at

Alice’s Bell-state analyzer. which is wusually written in the orthogonal basis
(t2): After Alice receives the photon from Bob, she per- {|H, ¢o)c, |V, ¢1)c} as

forms a (partial) Bell measurement on both photons. The

Bell-state analyzer consists of a BS followed by two channel <|a|2 aff’ )

PBSs in each of its outputs and proper coincidence analysis PAE= B |BP

between four single-photon detectors. If she obtains a coin-

cidence between detectopy, and D, or betweerD,;, and Bob encodes the information by performing the operation
Dy, the result state isV").. If a coincidence between detec- | or o, on his photon, with the probabilitg, or p;, respec-
tors Dy and Dy or betweenDy, and Dy, is achieved, she tively. Then, the state of the composed system is

We choose the case where Bob sefids. by way of
xample. Eve adds an ancilla stdt®). and performs the
unitary operatiorE on the composed system, resulting in the

tate

: (19

(20)
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" |af? af (P P1) which means any effective eavesdropping attack can be
PaAE— * 2 (21) detected.
a B(Po = P1) 18|

Since a probable detection measurement by Bob takes place

before Eve’s final measurement, the operation performed by Finally, we have a brief conclusion. In this paper, we have
Bob has no influence on the detection probability for studied the possibilities of preparing general entangled states
Eve’s attack. Now we give the maximal amougof classi- between two different cavities. Then we show one of the

cal information gain, which can be represented by the vor@pplications—secure direct communication allowing asymp-

V. SUMMARY

Neumann entropy, totically secure key distribution and quasisecure direct com-
munication. From the application, it is easier to find the fol-
lo=S(ppg) = — THPAdOg0net = = A 1l0goh 1 — AologoA,, lowing favorable features: First, it is robust to realistic noise

22 and imperfections which only decrease the success probabil-
ity but have no influence on the fidelity of the EPR state
generation. As a result, the physical requirements of this
scheme are moderate and well fit the experimental technique.

A= i1 +41 - 21 = (pn— D1)2 Seconq, one can store the chal qubit in the.a'Fom[c internal

127 211 £ 1 = 411 = (po—p)°]} states instead of the photonic states since it is different to
1

=5 %\/1 —(ANg—MI[1-(po—-py)?]. (23  store photons for a reasonably long time.

where), , are the two eigenvalues of,,
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