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How to Teleport Superpositions of Chiral Amplitudes
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Chiral molecules may exist in superpositions of left- and right-handed states. We show how the
amplitudes of such superpositions may be teleported to the polarization degrees of freedom of a
photon and thus measured. Two experimental schemes are proposed, one leading to perfect, the
other to state-dependent teleportation. Both methods yield complete information about the amplitudes.
[S0031-9007(98)08006-5]
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“Quantum teleportation,” proposed in 1993 by Bennett Iy = — al _ —all) — blr) )
et al. [1], has become a reality [2,3]. However, to date all 2 2/
of the teleportation work deals with intraspecies telepor-
tation (e.g., atom-atom or photon-photon). In this Letter [2) = _gz<
we propose an interspecies teleportation scheme. Specifi-
a
b

cally, we outline experiments in which the information (
O-X

) = —ally) + blry), )

contained in a superposition of chiral amplitudiesy,) = 3) =
a|lL) + b|R), may be teleported to a photon. Hetg)
and |R) are the left- and right-handed states of a chiral
molecule. In special cases, the teleportation scheme pre-
sented here can also be used to teleport the state of more . . | 0
general molecular superpositions such as superpositions &€ o’'s are the Pauli matrices and) = (,), lr) = (;).
cis- andtransisomers. While methods for creating and AS €mphasized in [1], the above form implies that the
detecting a molecular state of the fotehy,) have already ‘téleportee” photon (2) can be transformed into the state
been discussed [4,5], the corresponding experiments hate) by one of four simple unitary operations. Which of
not been performed. Indeed, no chiral superposition hae four operations needs to be applied depestdg on
ever been measured. By teleporting the information conthe measurement outcome of the projection onto the Bell
tained in the amplitudes andb to the polarization vector States. The scheme thus requires two bits of classical
of a photon, the superposition becomes easy to detect vgoMmmunication to transfer the information regarding the
standard photon polarization measurements. Then by pefontinuumof quantum states, ), at the price of establish-
forming another teleportation to a spifi2lnucleus or a NG prior entanglement. However, this is not to say that
trapped ion (as envisioned in [2]) one can imprint the chi-& unitary transformation of the original teleported pho-
rality information onto a much stabler state, suitable forlon state is the only way to obtain complete information.
further manipulations: the nucleus or ion acts aguan-  Below we give an example of “state-dependent” telepor-
tum memornyevice. tation which nonetheless does yield complete information.
To teleport the chiral superposition state) we N_ote further that the C|rcu_lar po!arlzed basis plays no spe-
take our entangled pair to be two photons in the stat§i@l role in the above discussion. We now show how
1W5) = (1/v2) (1) 1) — Ir)16)). Here, |1y and |y  to extend the previous work by proposing an apparatus
denote left and right circularly polarized photons. PhotonVhich can be used to teleport the superposition of chiral
1 will become entangled with the molecule, and photon 2Mplitudes. o _
will be the one whose polarization state will receive the Teleportation of Chirality—Consider the apparatus
amplitudesa and b. Initially, the total molecule-photon Shown in Fig. 1. Before photon 1 reaches the interfer-
state is unentangletiy) = |$)|¥). Asin[1], this state Ometer, the system is in the direct product state|V,).

a
b
) = bl) + alr), (4)

4y = —my<z> = by +alm). ()

can be rewritten as At some later time., photon 1 will havc_e reached the beqm
splitter and thus will have some amplitude to be found in
1 - n - the top arm and some amplitude to be found in the bottom
! + + L .
l) = 3 (l\Pﬁil> 1) + Wy 12) + 12y 13) arm where it will interact with the molecule.
+ Py 14). (1) Now it is well known that left and right circularly

polarized photons acquire different phase shifts when
Here the four maximally entangled “Bell states” scattering through a chiral molecule [6]. Ordinarily the
are |Wy) = (1/V2)(ILY|r) = |RY|L)), |®y) = (1/  phase shifts due to a single molecule are undetectably
V2)(LY|1}) = |R)|r)), and the four states involving small. However, it has been shown that by utilizing a
photon 2 are high-finesse optical resonator (cavity), phase shifts due
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EPR Faraday effect, the two different molecular states give

rise to different rotations and spin-independent indices
other of refraction (related to the quantities and kz in the

above equations). For the special case where the two

orted states give equal and opposite rotations of the polarization

State vector and also give rise to the same spin-independent

4 phase shift, the Faraday effect gives rise to a set of
‘O det1 equations identical to the ones above but whéreand

[R) are replaced by kets representing the two molecular

FIG. 1. A source produces an entangled pair of photonsstates which are superposed. For this special situation,

1 and 2. Photon 1 enters an interferometer and interactg, o Faraday effect can be used in place of optical activity

with the molecule, labeled M. Ar pulse, produced by the d th | . h b d |
box labeled laser, excites the molecule to a state of definitdnd the teleportation scheme can be used to teleport more

parity and the resulting fluorescence is detected by detector general types of molecular superpositions. As an added
Detector 2 is set to detect photons of a definite polarizationbonus, the Faraday effect does not vanish upon reflecting
A coincidence measurement then teleports the state of thghe beam back through the medium and can therefore be
molecular superposition to the polarization state of photon 2. enhanced in a standing wave cavity.

o th i ; inale photon t inal . In any case, using the above equations, it is easy to
o the coupiing of a sing'e photon 10 a Single CeslUMg, ., 1hat after the interaction with the chiral superposi-

atom may be as large d$ .[7].' The Interaction Wh'c.h tion the amplitude on the bottom arm of the interferometer
gives rise to this phase shift is an electric dipole-dipole

scattering process, whereas optical activity is mediate&':'g' Dis proporit;onal o
by an electric dipole-magnetic dipole interaction. Since I ¢ (W, 01 + W) 12)]
molecular magnetic dipole moments are abdat > 2 _
smaller than electric dipole moments, we expect that with e '? _ n
current technology the phase shift due to optical activity + 2 [Py 13) + 1Py 1401 (8)
in a high-finesse cavity would be on the order of a tentiThe amplitude for going through the upper arm is still
of a degree, perhaps too small to be useful in our schemeéescribed by Eg. (1), and the full state is a superposition
On the other hand, the last decade has seen tremendoofsthe amplitude on the top and bottom arms. Now,
progress in the fabrication of high-finesse optical cavitiedy adjusting the path length and thus the phase of
[8], and we expect that our proposed experiment will behe amplitude in the top arm of the interferometer,
feasible in the future. we can arrange it so that only one pair of the states
Furthermore, natural optical activity cannot be en-|¥;;,) and |®,;,) has nonzero amplitude to reach the
hanced by a standing wave cavity because it is erasedetector 2. Suppose we adjust the top arm so that
upon reflection back through the optically active mediumonly the |¥,;,) reach detector 2. Then after the photon
[9]. Thus, natural optical activity is enhanced only by thehas left the interferometer the state can be written (up
use of aring cavity. Another possibility is to utilize the to an overall phase)y) = [sin(¢)/v21[|Wy1)p,I1) +
effect of E-field optical activity [5]. This type of opti- |W};,)p,[2)] + [¢'). Here the subscrigb, indicates that
cal activity does not vanish upon reflection through thethe photon in that state is heading for detector 2. The
medium so a standing wave cavity may be used. Thatate|’) is the amplitude which in Fig. 1 is now traveling
formalism which we present here is applicable to naturalertically away from this detector (denoted “other”). We
optical activity. For the case df-field optical activity, are not concerned with the precise form|g¢f); for our
the superposition of chiral states should be written in theurposes it suffices to know that this state involves photon
“false chirality” basis made from the stat¢g) = i|R) amplitude which will never intersed,. Using the basis
[10]. These states are converted into one another by iref parity eigenstateg+) and linear polarizationk), |y),

det 2

version, and they are tf-field optical activity what the 1
states|L) and|R) are to natural optical activity [5]. |=) = 7 (IL) = R)), ©)
The photon-molecule scattering implementsandi- 1 ;
tional phase-shiftnechanism. Specifically, lx) = — (1) + |r)), lyy = — (1) — |r)),
itkz— ) i(kz—¢) \/E \/5
IDIL) = S IIDIL), I IR) = 4O R), (10)
(6) we can rewrite the postinterferometer state as
YRy — S9N IR, |r)ILy — &9y |L). sin 1 i
. I R Y [T
(7) V2 \V2 V2
Here e=¢ is the phase shift due to optical activity and | )
z is the free-space optical path length. For arbitrary + <_|_>|x> _ L|+>| ) >|2> + gy,
molecular superpositions, the Faraday effect [6] gives rise V2 P V2 YD ¥
to a table similar to the one above. However, with the (12)
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The laser in Fig. 1 is used to producemapulse, tuned electric dipole approximation the parity must change upon
to a transition between the ground state of the moleculelectronic excitation, so only the stdte) will be excited.
and an excited state of definite parity which fluorescesTherefore, after excitation and fluorescence, we arrive at
Suppose that the excited state is of odd parity; in ﬁhehe state

) = Sie) [(i ) o) [, — l|—>|vo>|y>nz)|1>

V2 [\V2 V2
1 i
+ | —=1- - — |+ 2) |+ ly'y. 12
<\/§ |=) lvo) Ix)p, NG | >|V1>|y>D2)| >:| ly") (12)
The |+) molecular state has become coupled to a sporhtanto [1") throughl|4’) are not unitary. For example,
neously emitted photorl«,)), whereas thé—) state has / 1 emi® _pie a
not (the vacuum statévy)). Teleportation can now be 11"y = 23 < oi¢ _e—i<p><b>

performed by projecting onto amnentangledstate [11]: The resulting states are, howeveure Appropriately

one places a Polaroid oriented in thelirection in front lized. th b db larizati
of the detector 2 and looks for coincidences with detectofermalized, they may be represented by polarization
vectors on the unit Bloch sphere. Hence there is a uni-

1 (which detects the spontaneous emisdier}). A co- . hich : h tel d ; h
incidence measurement then constitutes a projection onfgY rotation which carries each teleported vector into the

is impli iginal state(7). However, as seen from Egs. (17) and
the statel»,) [x)p,. This implies that the teleportee pho- °M'9'Na b )
ton is in the statd1) = —all,) — b|r,). Teleportation (18), the transformation depends upon the values, f

has been achieved. By altering the length of the top arn"i‘nd the phase-shift angle. In this sense the present

of the interferometer and/or exciting the molecule to anscheme constitutes a state-dependent, imperfect teleporta-

even parity state, we can teleport to any of the four phoyon, since it cannot be used to teleport an unknown quan-

ton states in Eq. (1). tum state [12]. Nevertheless, it is possible to obfaih

State-Dependent Teleportatier.The latter scheme ac- information abouta and by standard optical_ methods.
complishes perfect teleportation: anknownamplitude of One can measure the relative phase and relative magnitude

the chiral superposition appears in the polarization vectoP! the polarization components of photon 2. The relative

of photon 2. We will next consider a simplified experi- phases and separately, the relative magnitudes, are equal

ment which avoids the use of interferometry, and accom!" pairs. Thus by transmission of a single bit of classi-

plishesstate-dependenimperfect teleportation cal information, it is possible to tell casés§ 3’ from 2/, 4/

Suppose we remove the upper arm of the interferome"fmd to obtain complete information on the chiral superpo-

ter. Then the entire apparatus is representedhy,) sition. Of course, each measurement which contributes to

as in Eq. (8). We again rewrite the amplitude in thethis process destroys the superposition of polarizations of
1+, [-) '|x> "and ly) representation, yieldingi..) = photon 2. This loss cannot be prevented in the perfect tele-
[|—,>|y>|,1’> + I3 127y + |_>|x>|3’,> 4 |+>|xb>°i4,>] portation scheme either if the actual valuesiaindb are

where the four unnormalized teleportee photon states ard€€ded. From this perspective there is no real advantage
to the perfect scheme. Indeed, the perfect scheme is better

N g\ _ ig only if photon 2 is put to use in a later quantum information
1) = (e7'?12) — e'?l|4)), (13) . .
242 processing stage, such as an input to a quantum computer.
; ‘ ’ Discussion—This work has, for the first time, con-
|2y = (e7'?[1) — €'%|3)), (14) sidered in detail the possibility of interspecies teleporta-
2v2 tion. This led us to propose a concrete scheme by which
N1 i i the quantum chiral state of a single molecule could be
3% = 2.2 (e7411) + €'913)), (15) measured, by means of transferring the chiral informa-
tion to an easily measurable photon polarization state. We
14"y = 1_ (e 1#12) + ei¢|4)). (16) haye outlined two experiments, one leading to_perfect, or
2./2 unitary, teleportation of the amplitudes of a chiral super-

position, the other to state-dependent teleportation. How-
, , 5 . , s ever, we have shown that the latter is able to transmit,
Prol(1") = [fpe | = )7 = Prol3’) = Kifpo | = 3)1°  in general, full amplitude information as well. The key
= 411[1 — 2aBcodl, — 0,)cok2¢)], (17) to the sphemes proposed .here is 'the use of the parity-
conservingsymmetrygoverning the interaction between
Prob2) = [l | +.y)|> = Prold’) = [(yl,, | +.x)|*>  light and a chiral molecule, Egs. (6) and (7). This sym-
1 metry leads to the possibility of implementing a condi-
= 31 + 2aBcodd, — 6,)cos2e)]. (18) tional phase shift, without which teleportation cannot take
We notice that the transformation matrices that s€f)d place. We conjecture that it is possible to exploit other
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symmetries in order to affect interspecies teleportation ircleaved. Let us imagine that the dimer is cooled down to
other cases. Indeed, we have discussed how, using tleeJ = 0 state of total angular momentum. When cleaved
Faraday effect, the state of a more general molecular suhe dimer state breaks up into monomer states of equal
perposition can be teleported. In the same vein, any othéotal angular momentum and equal and oppositeom-
spin1/2 particle can be used to replace the photons in ouponent of angular momenturd/. The fragments also
scheme, but with a different interaction, such as spin-orbitnove in opposite directions. Clearly then there is a sum
coupling [13]. of entangled states i. Using the same scheme as de-

A virtue of the method of chiral teleportation is that scribed above for a simultaneous measurement on a chiral
it provides a genuinely new way of measuring chiralmolecule and a photon, we can now teleport a superpo-
superpositions of chiral amplitudes. Indeed, even if thesition of photon polarization states to create a superpo-
original molecular state ifL), successful teleportation is sition of handed states in one of the molecules. Thus
a manifestation of at least one pair of superpositi¢fs, we can create arbitrary superpositions of chiral amplitudes
and|-). through interspecies teleportation.
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