
and 1. When extended to many quantum bits, the par­
allelism of quantum superpositions allows speed to 
increase exponentially over classical computers in cer­
tain algorithms.1 Cirac and Zoller2 showed that a col­
lection of trapped ions is well-suited for quantum com­
putation. In their scheme, the quantum bits are 
represented by internal electronic levels that are 
"wired" together by virtue of their collective motion in 
the trap, and externally applied laser light entangles 
quantum bits and allows the construction of quantum 
logic gates. 

We demonstrate a two-bit quantum controlled-NOT 
gate with a single 9 B e + ion confined in a rf (Paul) trap.3 

The two quantum bits are represented by a vibration bit 
|n) , spanned by the lowest two quantum harmonic 
oscillator states |0> and |1>, and a spin bit |S>, spanned by 
the F=2, mF=2(| >) and F=1, mF=1 (| >) electronic 
hyperfine ground states. Following laser cooling to the 
|S>|n> = | >|0> vibrational ground state, pairs of laser 
beams are applied to the ion which drive two-photon 
stimulated Raman transitions between spin states and 
can entangle the spin and vibration bits. The controlled-
NOT gate is realized by applying three appropriately 
tuned pulses of the Raman beams. These pulses flip the 
spin state (| > | >) if and only if the vibration bit is 
high (|n) = |1> ), as depicted in the figure. We verify the 
controlled-NOT truth table by studying the evolution of 
several coherently prepared states as they propagate 
through the gate. The gate speed of 20 kHz is several 
times the observed decoherence rate, implying a loss of 
coherence after approximately 10 gates. Extended com­
putations will require suppression of this decoherence, 
which will likely be dominated by relaxation of the 
motional degree of freedom. 

To further our understanding of decoherence of 
motional superpositions, we have created an atomic 
"Schrödinger cat" state by preparing the 9 B e + ion in a 
superposition of two widely separated locations.4 Fol­
lowing cooling to the n=0 ground state, we create a 
superposition of spin states | > and | >. The internal 
superposition is then transformed into a larger super­
position of motional states by applying a resonant dri­
ving force with laser beams which effectively displaces 
the | > component one direction and the | > component 
in another direction. By interfering these two coherent 
state wavepackets, we are able to ascertain the maximum 
spatial separation ( 84 nm, as opposed to the 7 nm 
rms size of each wavepacket) and the degree of coher­
ence of the motional superposition. 

Acknowledgments 
This work is supported by the U.S. National Security 
Agency, the U.S. Office for Naval Research, and the U.S. 
Army Research Office. 

References 
1. S. Lloyd, "Quantum-mechanical computers," Sci. Amer. 273, 140 (1995); 

D. DiVincenzo, "Quantum computation," Science 270, 255 (1995); A . 
Ekert and R. Jozsa, "Quantum computation and Shor's factoring algo­
rithm," Rev. Mod. Phys. 68, 733 (1996). 

2. J. I. Cirac and P. Zoller, "Quantum computations with cold trapped ions," 
Phys. Rev. Lett. 74, 4091 (1995). 

3. C. Monroe et al., "Demonstration of a fundamental quantum logic gate," 
Phys. Rev. Lett. 75, 4714 (1995). 

4. C. Monroe et al., "A Schrödinger cat superposition state of an atom," Sci­
ence 272, 1131 (1996). 

Polarization-entangled Photons and Quantum Dense 
Coding 
Paul G. Kwiat, Klaus Mattle, Harald Weinfurter, and Anton 

Zeilinger, Institute of Experimental Physics University of Inns­

bruck, Innsbruck, Austria. P. Kwiat is presently at Los Alamos 

National Laboratory, Los Alamos, N.M. 

E ntangled states of particles form the cornerstone of 
the newly emerging field of quantum information: 

they are central to tests of nonlocality, have been pro­
posed for use in quantum cryptography schemes, and 
would arise automatically in the operation of quantum 
computers. Polarization-entangled photons are prefer­
able because they are easier to handle. Unfortunately, 
until recently, no adequate source of polarization-
entangled photons has been available. In Innsbruck, we 
have developed a down-conversion source of truly 

Figure 1. (a) Spontaneous down-conversion cones present with 
type-ll phase-matching. Correlated photons lie on opposite sides of 
the pump beam. (b) Down-converted photons (from a BBO source), 
showing the overlap directions in which the polarization-entangled 
photons are emitted. 
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po la r i za t i on -en tang led p h o t o n s , w h i c h is m u c h b r igh te r 
a n d m o r e s tab le t h a n a l l p r e v i o u s o n e s . 1 I n t y p e - I I 
p h a s e - m a t c h i n g , t he c o r r e l a t e d p h o t o n s are e m i t t e d 
w i t h o r t h o g o n a l po la r i za t i ons . I n cont ras t to the m o r e 
fami l i a r case o f type- I phase m a t c h i n g , the cones o f the 
em i t t ed l i gh t are n o t c o n c e n t r i c w i t h the p u m p b e a m 
d i rec t i on . Instead, the cone o f p h o t o n s that are ex t raor ­
d i n a r y - p o l a r i z e d ins ide the b i re f r i ngen t n o n l i n e a r c rys ­
t a l ( B B O , i n o u r e x p e r i m e n t s ) l i e s p r e d o m i n a t e l y 
be tween the p u m p a n d the crys ta l op t i c ax is , w h i l e the 
c o n e o f the o r d i n a r y - p o l a r i z e d p h o t o n s l ies o p p o s i t e 
(F ig . l a ) . A s a resul t , i f the crys ta l is t i l ted s l igh t ly away 
f r o m the co l l i nea r c o n d i t i o n (where the two cones are 
tangent exact ly a l o n g the p u m p b e a m d i r e c t i o n ) , there 
ar ise t w o d i r e c t i o n s i n w h i c h the p h o t o n s b e l o n g to 
b o t h the o r d i n a r y a n d the ex t rao rd ina ry cones (F ig . 1b ) . 

T h e resu l t ing q u a n t u m m e c h a n i c a l state is p o l a r i z a ­
t i on -en tang led . B y ad jus t i ng app rop r i a te waveplates i n 
just one o f the paths, we c a n prepare any o f the f ou r B e l l 
states: 

To character ize the source , p o l a r i z a t i o n analyzers i n 
each o f the beams were used to measure the p o l a r i z a ­
t i o n c o r r e l a t i o n s o f the p h o t o n s , a l l o w i n g us to test 
Be l l ' s i nequa l i t i es . A s s u m i n g , as is c u s t o m a r y , that the 
measu red pa i rs were a fair samp le o f a l l pa i rs em i t t ed , 
a l l o f the states v i o l a t e d the B e l l i nequa l i t i es , i n s o m e 
cases b y m o r e t h a n 100 s tanda rd dev ia t i ons , a n d w i t h 
t h e n e c e s s a r y s t a t i s t i c s a c q u i r e d i n l ess t h a n f i v e 
m inu tes ! 

Remarkab l y , m a n i p u l a t i o n o f o n l y one p h o t o n is suf­
f ic ient to change any o f the f ou r B e l l states in to any o t h ­
er one . T h e q u a n t u m dense c o d i n g scheme p r o p o s e d b y 
Benne t t a n d W i e s n e r 2 is based o n th is q u a n t u m p h e ­
n o m e n o n . T h u s , we c o u l d t r a n s m i t m o r e t han 1 b i t o f 
i n f o r m a t i o n i n a s ing le two-s ta te p a r t i c l e . A " s e n d e r " 
( B o b ) , w i t h access to o n l y one p h o t o n , t r ans fo rms the 
t w o - p h o t o n state i n to o n e o f the f o u r Bel l -s ta tes, t hen 
sends h is p h o t o n to the " rece ive r " (A l i ce ) , w h o also has 
access to the cor re la ted t w i n p h o t o n . B y m a k i n g a su i t ­
able j o in t measu remen t o n the pai r , A l i c e can de te rm ine 
w h i c h o f the states B o b p repared . 

T o be able to d i s c r i m i n a t e a l l f ou r o f the B e l l states, 
one needs a n o n l i n e a r i n te rac t i on w h i c h is s t rong at the 
s i n g l e - p h o t o n l eve l . H o w e v e r , we have d e m o n s t r a t e d 
that o n e c a n d i s t i n g u i s h fa i r l y eas i ly th ree o f the B e l l 
states us i ng a n in te r fe romet r i c ana lyzer setup cons is t i ng 
so le ly o f b e a m spl i t ters a n d p o l a r i z e r s . 3 T h e inc reased 
c h a n n e l c a p a c i t y ( l n 2 3 = 1.58 b i t s p e r p h o t o n ) was 
d e m o n s t r a t e d b y s e n d i n g A S C I I cha rac te rs i n 5 t r i t s , 
ins tead o f the usua l 8 bi ts. 
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Excitation of a Schrodinger Cat State Within an Atom 
Michael W. Noel, University of Virginia, Charlottesville, Va. and 
C. R. Stroud, Jr., Institute of Optics, University of Rochester, 
Rochester, N.Y. 

E x p e r i m e n t s i n a n u m b e r o f l a b o r a t o r i e s o v e r the 
past few years have e x p l o r e d the c lass ica l l i m i t o f a 

s ing le a t o m . 1 In th is l i m i t , the e l ec t ron wave f u n c t i o n 
takes o n the f o r m o f a spa t ia l l y l o c a l i z e d wave packe t 
m o v i n g w i t h the c lass ica l o r b i t a l p e r i o d a r o u n d a c las­
s ica l K e p l e r i a n o r b i t o f nea r m a c r o s c o p i c d i m e n s i o n s . 
I n v a r i o u s e x p e r i m e n t s t h e d i a m e t e r o f t h i s o r b i t 
r a n g e s f r o m a p p r o x i m a t e l y 100 to 100 ,000 n m . T h e 
b e h a v i o r o f the a t o m , even i n t h i s l i m i t , is qu i te r i c h , 
d i s p l a y i n g a range o f c lass ica l as w e l l as d i s t i nc t l y q u a n ­
t u m features. 

A p a r t i c u l a r l y i n t r i g u i n g area to be invest igated c o n ­
c e r n i n g the c lass ica l l i m i t o f a q u a n t u m sys tem is the 
b e h a v i o r o f Schröd inger cat states, i.e., states i n w h i c h 
the q u a n t u m sys tem is i n a coheren t s u p e r p o s i t i o n o f 
t w o m a c r o s c o p i c a l l y d i s t i n c t q u a n t u m s ta tes . I n a 
recent p a p e r 2 we desc r i bed an e x p e r i m e n t i n w h i c h the 
a t o m i c e l ec t ron is p l a c e d i n a state that is a cohe ren t 
s u p e r p o s i t i o n o f b e i n g l oca ted o n oppos i t e sides o f a n 
e l l i p t i ca l o rb i t , a d is tance o f sepa ra t i on o f a p p r o x i m a t e ­
l y 500 n m . 

W h i l e th is d i s tance is m o r e accu ra te l y d e s c r i b e d as 
m e s o s c o p i c ra ther t h a n m a c r o s c o p i c , i t is w e l l ou ts ide 
the u s u a l q u a n t u m m e c h a n i c a l d o m a i n , a n d the l o c a -

Figure 1. Energy level population distribution measured by state-
select ive ionization. The measured distributions are shown for c a s e s 
in which: (a) only one wave packet is excited, (b) two wave packets 
have a π relative phase shift, (c) two wave packets have zero relative 
phase. 
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