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Classically, sending more than one bit of information requires manipulation of more than one
two-state particle. We demonstrate experimentally that one can transmit one of three messages,
i.e.,, 1 “trit"” = 1.58 bit, by manipulating only one of two entangled particles. The increased
channel capacity is proven by transmitting ASCIlI characters in five trits instead of the usual
8 bits. [S0031-9007(96)00478-4]

PACS numbers: 03.65.—w, 89.70.+c

While the strikingly nonclassical properties of entan-shift (differing by 7 for |[H) and|V) and transforming to
gled states lead to more and more novel demonstratio® ~)); and (iv) rotation and phase shift together (giving
of fundamental properties of quantum mechanical systhe two-photon statgb ~)). Since the four manipulations
tems [1], the young field of quantum information exploits result in the four orthogonal Bell states, four distinguish-
such entangled quantum states for new types of informaable messages, i.e., 2 bits of information, can be sent via
tion transmission and information processing [2]. In theBob’s two-state particle to Alice, who finally reads the
present paper, we report the first experimental realizatioencoded information by determining the Bell state of the
of quantum communication, verifying the increased catwo-particle system.
pacity of a quantum information channel by “quantum This scheme enhances the information capacity of the
dense coding.” The scheme, theoretically proposed btransmission channel to 2 bits compared to the classical
Bennett and Wiesner [3], utilizes two entangled two-statanaximum of 1 bit [4]. The problem clearly is how
systems. Suppose that, as was the case in our expete identify the four Bell states. Unique determination
ment, the two states are horizont@l) and vertical(V)  of the state would be possible by coupling the two
polarizations of a photon. Then, classically, the four posyparticles in a similar way as in certain quantum logic
sible polarization combinations for a pair of photons areoperations. However, reversing the process of down-
HH,HV,VH, andVV. Identifying each with different conversion and combining two photons conditionally in
information implies that we can encode two bits of infor- a nonlinear crystal [3] has to fail due to low efficiency
mation by manipulating both photons. (=107%). Also, cavity-QED techniques [5] still lack the

Quantum mechanics allows one to encode the informanecessary strong coupling, and the recently developed
tion also in superpositions of the classical combinationsion-trap quantum logic gates [6] impose other severe
an appropriate basis is formed by the maximally entangledestrictions for the present application. On the other hand,

Bell states two-particle interferometry can provide a solution to this
Uy = (VY + [VIHY/V2, problem [7]. Different interference effects allow one to
identify two of the four Bell states, with the other two

w7y = (IH)IV) — IV)IH)/V2, 1) giving the same, third, measurement signal. Such an

") = (HHY + [VHIVY/V2, interferrometric state analyzer therefore allows Alice to
read three different messages sent via Bob's particle.
&™) = (IH)H) — [V)IV)/V2. In this Letter we report the realization of quantum dense
coding transmission with entangled photon pairs as pro-
The Hilbert space spanned by these orthogonal states dticed by parametric down-conversion. We choose po-
still four dimensional, implying that using the two par- larization entanglement [8] because of the higher stability
ticles we again can encode 2 bits of information, yet,and the more reliable methods for manipulating polarized
now by manipulating onlyne of the two particles. This beams, as opposed to experimental Bell-state analysis of
is achieved in the following quantum communication momentum-entangled photons [9]. The reduction of phase
scheme for transmitting 2 bits of information per two drifts, and especially the simpler configuration of the Bell-
state: Initially, Alice and Bob each obtain one particle state analyzer, results in better interference visibility.
of an entangled pair, say, in the stgt&*). Bob then The experiment consists of three distinct parts (Fig. 1):
performs one out of four possible unitary transformationghe EPR source generating entangled photons in a well-
on his particle alone. For polarized photons, four suchdefined state; Bob's station for encoding the messages
transformations are (i) identity operation; (ii) polariza- by a unitary transformation of his particle; and, finally,
tion flip (JH) — |V) and |V) — |H), changing the two- Alice’s Bell-state analyzer to read the signal sent by Bob.
photon state tdd *)); (iii) polarization-dependent phase The polarization-entangled photons were produced by
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the photon statistics behind the (polarization insensitive)
B, beam splitter. This results either in both photons leaving
ALICE % the beam splitter via the same output beam for a symmet-
ric spatial part or in one photon exiting into each output
for an antisymmetric spatial component of the state [12].
Since only the stat¢¥ ~) has an antisymmetric spatial
part, only this state will be registered by coincidence de-
tection between the different outputs of the beam splitter
(i.e., coincidence between detectddg; and Dy or be-
tweenDy andDy). For the remaining three states, both
photons exit into the same output port of the beam splitter.
The statgd W ") can easily be distinguished from the other
two due to the different polarizations of the two photons,
FIG. 1. Experimental setup for quantum dense coding. Begiving, behind the two-channel polarizer, a coincidence
cause r?f the.”at%’re. of tthe fsl':'.avila.mhe phOtOd"]Zde$a th?_ exteRptween detector®y and Dy or betweenDy and Dy
tsle?orlpsﬁoct)l/)vr?sltnateseirl]nsﬁe %f tﬁg.ougsu?sta.cessary or iden Ify'ngThe two.state:td)*} and|® ™) _both result in a two-photon
state being absorbed by a single detector and thus cannot
degenerate noncollinear type-ll down-conversion in &e distinguished. Table | gives an overview of the dif-
nonlinear BBO crystal. A UV beam(A = 351 nm)  ferent manipulations and detection probabilities of Bob's
from an argon-ion laser is down-converted into pairs ofencoder and Alice’s receiver.
photons(A = 702 nm) with orthogonal polarization. We The experiments were performed by first setting the
obtained the entangled statd’ ") after compensation output state of the source such that the state) left
of birefringence in the BBP crystal along two distinct Bob’s encoder when both retardation plates were set
emission directions (carefully selected Bymm irises, to vertical orientation, the other Bell states could then
1.5 m away from the crystal [10]). One beam was firstbe generated with the respective settings (Table I). To
directed to Bob’s encoding station, the other directly tocharacterize the interference observable at Alice’s Bell-
Alice’'s Bell-state analyzer; in the alignment procedurestate analyzer, we varied the path length differeacef
optical trombones were employed to equalize the patlthe two beams with the optical trombone. Pors> €. no
lengths to well within the coherence length of the down-interference occurs, and one obtains classical statistics for
converted photong¢. = 100 wm), in order to observe the coincidence count rates at the detectors. For optimal
the two-photon interference. path-length tuning A = 0), interference enables one to
For polarization encoding, the necessary transformatioread the encoded information. Figures 2 and 3 show the
of Bob’s particle was performed using a half-wave retar-dependence of the coincidence ratgg, (®) and Cyy
dation plate for changing the polarization and a quarter¢O) on the path length difference fd®*) and |V ™),
wave plate to generate the polarization-dependent phasespectively (the rate€y:y and Cyry display analogous
shift [11]. The beam manipulated in this way in Bob’s en-behavior; we use the notatiofiyg for the coincidence
coding station was then combined with the other beam atate between detector®, and Dg). At A =0, Cpy
Alice’s Bell-state analyzer. It consisted of a single beanreaches its maximum fot¥ ") (Fig. 2) and vanishes
splitter followed by two-channel polarizers in each of its (aside from noise) fot¥ ~) (Fig. 3). Cgy: displays the
outputs and proper coincidence analysis between four siropposite dependence and clearly signifids™). The
gle photon detectors. results of these measurements imply that, if both photons
Such a configuration allows one to distinguish betweerare detected, we can identify the stgt#*) with a
the Bell states due to the different outcomes of the inteliability of 95% and the statEl ~ ) with 93%.
terference at the beam splitter and the subsequent polar- The performance of the dense coding transmission is
ization analysis. The spatial part of the state determinesmfluenced not only by the quality of the interference

BOB

>

"Fﬁ-
coincidence logic - »

LA A 4

TABLE I. Overview of possible manipulations and detection events of the quantum dense coding experiment with correlated pho-
tons (we uséh to denote the state of a photon in the mode towards deté&gioetc.).

Bob’s setting

A2 A4 State sent State at output of Bell-state analyzer Alice’s registration events
0° 0° [P {hv + W'v' + vh + v'1'}/2 Coincidence betweePy and Dy or Dy and Dy
0° 90° |v—) {hv' — W'v' + v'h — vh'}/2 Coincidence betweePy and Dy or Dy and Dy
45° 0° [DF) {hh + vv + W'A + v'V'}/2 2 photons in eitheDy, Dy, Dy, or Dy,
45° 90° [®~) {hh — vv + W'A' + v'v'}/2 2 photons in eitheDy, Dy, Dy, or Dy,
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10000 with the beam splitter in place, which means that the
10000 quality of this experiment is limited more by the quality
w+_f’_’ ..". S000 of the entanglement of the two beams than by that of the
LR achieved interference.
7500 LA When using Si-avalanche diodes in the Geiger mode
’ e VT e ® for single-photon detection, a modification of the Bell-
o . 0 (9'=-45°) state analyzer is necessary, since then one also has to
50004 M. Sonuonts register the two photons leaving the Bell-state analyzer
Q P for the stated® ™) or |® ) via a coincidence detection
<l @ [13]. One possibility is to avoid interference for these
2500 @ o states by introducing polarization-dependent delays
é €. before Alice’s beam splitter, e.g., using thick quartz
® s plates, retardingH ) in one beam an{V) in the other (the
‘ . ; ; analog technique for momentum-entangled photon pairs
300 -150 0 150 300 is described in [9]). Another approach is to split the
Path Length Detuning A (um) incoming two-photon state at an additional beam splitter
. . and to detect it (with50% likelihood) by a coincidence
1 2 g ncidence sy (@) s (9025 WS197  count between detectors in each output (nset of Fig. 4,
mitted. For perfect tuningA = 0), constructive interference FOr the purpose of this proof-of-principle demonstration
occurs forCyy, allowing identification of the state sent. The we put such a configuration only in place of detector
inset shows a correlation measurement with the beam splitteb,. Figure 4 shows the increase of the coincidence rate
e ko Sl () at path lngth difefenca ~ 0, wih he rates
not shown in Fig. 1, in front of the polarizers POL or P’SL ' Cpy and CHK’ at the background level, when Bob sends
the state|®~). Note, however, that for both methods
half of the time both photons still are absorbed by one
alignment, but also by the quality of the states sent bydetector; therefore, and since we inserted only one such
Bob. In order to evaluate the latter the beam splitteiconfiguration, the maximum rate fofyz is about a
was translated out of the beams. Then an Einsteinquarter of that ofCxy or Cyy: in Figs. 2 and 3.
Podolsky-Rosen-Bell-type  correlation  measurement Since we now can distinguish the three different
(using additional half-wave plates with orientatigh messages, the stage is set for the quantum dense coding
and ¢’, not shown in Fig. 1, in front of the polarizers) transmission. Figure 5 shows the various coincidence
analyzed the degree of entanglement of the source as wétes (normalized to the respective maximum rate of
as the quality of Bob’s transformations (typical scansthe transmitted state) when sending the ASCII codes of
of the half-wave plate orientatiod relative toV are "KM °” (i.e., codes 75, 77, 179) in only 15 trits instead of
shown in the insets of Figs. 2 and 3 fét = 45°). The
correlations were onlyl1-2)% higher than the visibilities

Coincidences (in 10 sec)
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@) % Path Length Detuning A (um)
-300 -150 0 150 300 FIG. 4. Caoincidence rate§,z (), Cyy (@), and Cyys (O)
Path Length Detuning A (um) as functions of the path-length detunidg The maximum in

the rate C,7 signifies the transmission of a third stdi® ™)
FIG. 3. Coincidence rate€yy (@) and Cyy (O) depending encoded in a two-state particle. The addition to the Bell-state
on the path length differenca, for transmission of the state analyzer is shown in the insetCyz is smaller by a factor of
|[¥~). The constructive interference for the raig, enables 4 compared to the rates of Figs. 2 and 3 due to a still reduced
one to read the information associated with that state. registration probability of® ~), see text.
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Letter K M |
ASCII-code ‘ 75 : 77 _ :179‘
trit [012/2/1,0{02 21220122 (5]
£ 10 @ g e oo
g e @ E® ® ®. @‘6@ L ey
= : . : P :
g 05 T T , [6]
=] H : :
o
: 7]

FIG. 5. “1.58 bit per photon" quantum dense coding: The
ASCII codes for the letters “KNI' (i.e., 75, 77, 179) are en- (8]
coded in 15 trits (with “0’= |®~) =, “1" = [¥F) = @,

and “2" = |¥~) = Q) instead of the 24 bits usually neces-
sary. The data for each type of encoded state are normalized9]
to the maximum coincidence rate for that state.

24 classical bits. From this measurement, one alsl)lol
obtains a signal-to-noise ratio by comparing the rates
signifying the actual state with the sum of the two other
registered rates. The ratios for the transmission of the
three states varied due to the different visibilities of[11]
the respective interferences and wefgN|y+, = 14.8,
S/Nyw-y = 13.0, andS/Np-y = 8.5.

In this Letter we have reported the realization of a
quantum dense coding transmission using polarization-
entangled photons. The transmission of three messag
per two-state photon becomes possible by utilizing inter-
ferrometric Bell-state analysis and enables an increase of
the channel capacity by a factor of 1.58 [14]. The high
quality of the observed interference encourages us to pro-
ceed to other quantum communication methods, such as
the teleportation of quantum states, or the transfer and
manipulation of entanglement in many-particle systems.
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The interference effects at the Bell-state analyzer showed
a high sensitivity on the size and position of the irises. The
reason might be that the irises still are within the Rayleigh
length of the source. Fresnel diffraction has therefore to
be considered [R. Chiao (private communication)].

The component polarized along the axis of the quarter-
wave plate is advanced only by/2 relative to the
other. Reorienting the optical axis from vertical to hor-
izontal causes a net phase change mofbetween|H)
and|V).

] A photon state has to be bosonic, i.e., symmetric upon

exchange of the particles. Thus the symmetry of the spatial
part of the wave function will be changed together with
the spin part. This is the case when switching to and from
|¥~). For changing between the other three Bell states
the spatial part of the wave function remains unchanged,
giving the characteristic interference effects [C. K. Hong,
Z.Y. Ou, and L. Mandel, Phys. Rev. LeR9, 2044 (1987);

A. Zeilinger, H.J. Bernstein, and M.A. Horne, J. Mod.
Opt. 41, 2375 (1994)].

Because of our limited detection efficiendy=30%), a
special identification of the two-photon state is necessary.
However, Si-avalanche photodiodes give the same output
pulse for one or more photons, thus only a coincidence
detection allows the registration of the two-photon state.
Special photomultipliers can distinguish between one- and
two-photon absorption, but are too inefficient at present.
The achieved signal-to-noise ratio results in an actual
channel capacity of 1.13 bit. This value is, of course,
further reduced when using Si-avalanche single photon
detectors due to their mentioned deficiencies and the
limited efficiency.
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