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A "Schrijdinger Cat9' 
Superposition State of an Atom 

C. Monroe," D. M. Meekhof, B. E. King, D. J. Wineland 

A "Schrodinger catH-like state of matter was generated at the single atom level. A trapped 
'Bef ion was laser-cooled to the zero-point energy and then prepared in a superposition 
of spatially separated coherent harmonic oscillator states. This state was created by 
application of a sequence of laser pulses, which entangles internal (electronic) and 
external (motional) states of the ion. The Schrodinger cat superposition was verified by 
detection of the quantum mechanical interference between the localized wave packets. 
This mesoscopic system may provide insight into the fuzzy boundary between the clas- 
sical and quantum worlds by allowing controlled studies of quantum measurement and 
quantum decoherence. 

Q u a n t u m  nleclhanics allows the prepara- 
tion of physical systems in superpos~ t~on  
states, or states that are "smeared" between 
two or Inore distinct values. This curious 
pr inc~ple  of yuantuin mechanics ( I )  has 
been extremely successf~~l a t  describing 
physical behalior In the microscop~c 
m.orld-from interactions of atoms with 
photons to interactions a t  the subnuclear 
lel~el. But m.hat happens when we extend 
the  quantum superposition principle to 
lnacroscopic systems conventionally de- 
scribed by classical physics? Here, superpo- 
sitlolls introduce a great amount of concep- 
tual difficulty, as pointed out in 1915 by the  
celebrated Einste~n-Podolsky-Rosen (2 )  
and Schriidnlger cat (3)  paradoxes. For ex- 
ample, in Sclhrodinger's thought experi- 
ment ( 3 ) ,  a n  unfortunate cat is placeil in a 
y u a n t ~ ~ m  superposition of being dead and 
alive (correlated with a single radioactive 
atom that has and has not decayeil). T h e  
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847. Nat~onal lnst~tute of Standards and Technology. 
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state of the  system can be represented by 
the entangled quantum ~nechanical  wave 
f ~ ~ n c t i o n ,  

where IG,) ancl IS.) refer to the states of a 
live and dead cat, and J ) and 1 7' ) refer to 
the  internal states of a n  atom that has and 
has not radioactively decayed. This situa- 
tion defies our sense of reality because we 
only obser1.e l ~ v e  or dead cats, and we ex- 
pect that cats are e ~ t h e r  a11r.e or dead inde- 
pendent of our obse r l~a t~on  (4) .  Schriid- 
inger's cat paradox 1s a classic illustration of 
the  conflict between the  existence of quan- 
tum superpositions and our real-m.orld ex- 
perlence of observation and measurement. 

Although superposit~on states such as 
Schrticlinger's cat do not  appear in the mac- 
roscopic world, there is great interest in the  
realization of "Schrbdinger catuplike states 
in rnesoscopic systems, or systems that have 
both macroscopic and microscopic features. 
In  this context, the "cat" is generalized to 
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represent a physical system whose attributes 
are normally associated with classical con- 
cepts, such as the distinguishable position of 
a particle (instead of the state of livelihood of 
a real cat). In this article, we report the 
creation of a mesoscopic "Schrodinger cat" 
state at the single atom level: An atom was 
prepared in a quantum superposition of two 
spatially separated but localized positions. In 
analogy to Schrodinger's original proposition 
given by Eq. 1, we created the following state: 

where I x,) and I x2) denote classical-like 
wave packet states corresponding to sepa- 
rated spatial positions of the atom, and I J ) 
and I t ) refer to distinct internal electronic 
quantum states of the atom (5). The wave 
packets are separated by a mesoscopic dis- 
tance of more than 80 nm, which is large 
com~ared with the size of the individual 
wave packets (-7 nm) or the atomic di- 
mension (-0.1 nm). 

~ e s o s d o ~ i c  ~ c h r b d i n ~ e r  cats may provide 
an interesting testing ground for the contro- 
versial theory of quantum measurement (6). 
At the core of this historical issue is the 
question of the universality of quantum me- 
chanics. The "Copenhagen interpretation" 
of Bohr (7) and Heisenberg (8) holds that 
the measuring apparatus always involves 
classical concepts, thus forcing a seemingly 
arbitrary division between the quantum and 
classical worlds. Einstein (2) on the other 
hand argued that for quantum mechanics to 
be complete, it should describe physical be- 
havior at all scales. One practical approach 
toward resolving this controversy is the in- 
troduction of quantum decoherence, or the 

environmentally induced reduction of quan- 
tum superpositions into statistical mixtures 
and classical behavior (9). Decoherence is 
commonly interpreted as a way of quantify- 
ing the elusive boundary between classical 
and quantum worlds and almost always pre- 
cludes the existence of macroscopic Schrd-  
inger cat states, except at extremely short 
time scales (9, 10). The creation of meso- 
scopic Schrodinger cat states may allow con- 
trolled studies of quantum decoherence and 
the quantum-classical boundary. We note 
that quantum decoherence has received 
much interest lately because of its impor- 
tance in proposals for quantum computation 
( I  I )  and quantum cryptography (12). 

Macroscopic superposition states of mat- 
ter have been realized for electron (13), 
neutron (14), and atom (15) beam splitters, 
where these particles are split into superpo- 
sitions of separated paths. The matter wave 
packets in these experiments spread in time 
because the particles are unbound. Spatially 
separated superpositions of electrons within 
atoms have been demonstrated by exciting 
electrons to Rvdbere states with ~ulsed la- , - 
sers (1 6). Here, the electron wave packet is 
also dispersive because of its anharmonic 
binding potential. There have been related 
proposals for the creation of macroscopic 
superposition states of vibration in mole- 
cules or crystals (1 7) and of electrical cur- 
rents flowing in superconducting rings (18). 

The appeal of creating a Schrodinger cat 
state in a harmonic oscillator is that wave 
packet dispersion can be negligible. The sim- 
ple time evolution of a coherent harmonic 
oscillator wave packet preserves the separa- 
tion of the superposition and aids in the 
visualization and interpretation of experi- 

Fig. 1. (A) Electronic (inter- A 
nal) and motional (external) 
energy levels (not to scale) of 
the trapped 9Be+ ion, cou- 
pled by the indicated laser B 

beams a through d. The dif- 
ference frequency of the T W W  7 
"carrier" Raman beams a iO: + x  
and b is set near wHJ2r = 
1.250 GHz, providing a two- 
photon Raman coupling be- 
tween the 2Sl,2(F = 2, m, = 
-2) and 2Sl,2(F = 1, m, = 

z1 a 

-1) hyperfine ground states 
(denoted by I J )i and I .T )i, *SIR 1" v[ ~ H F  
respectively). The difference 2 

1 
frequency of the "displace- 0- I@x 
ment" Raman beams b and IJ.) I a (I) 
c is set to wJ2r = 1 1.2 MHz. 
This excites the motion of the ion to a coherent state I de), from an initial zero-point state of motion 1 O), 
in the harmonic potential. Because of the polarization of beams b and c, they do not affect motion correlated 
with the I J )i intemal state. The three Raman beams (a, b, and c) are detuned A - -12 GHz from the 
2Pl,2(F = 2, mF = -2) excited state (radiative linewidth $27~ = 19.4 MHz). Detection of the intemal state is 
accomplished by first illuminating the ion with U--polarized "detection" beam d, which drives the cycling 
2S,,(F = 2, m, = -2) + 2P,2(F = 3, m, = -3) transition, and then observing the scattered fluorescence. 
(B) Geometry of the three Raman laser beams a, b, and c, with polarizations indicated. The quantization axis 
defined by the applied magnetic field 6 is 45" from the x axis of the harmonic trap potential. 

ments. There have been several proposals to 
create mesoscopic Schrodinger cat states in a 
single mode of the electromagnetic field, 
which is formally equivalent to a harmonic 
oscillator. For instance, these states are ex- 
pected to evolve from the amplitude disper- 
sion of a laser beam propagating in an an- 
harmonic Kerr medium (19). In cavity- 
quantum-electrodynamics, these states are 
predicted to emerge by driving a coherent 
state with a Jaynes-Cummings interaction to 
the point of collapse (20), by continuously 
pumping a single cavity mode with polarized 
two-level atoms (21), or by realizing a dis- 
persive interaction between a single atom 
and a single cavity mode (22, 23). It has 
been proposed that Schrodinger cat states of 
a single harmonically bound atom can be 
created by driving the atom with a strong 
laser field and relying on a measurement to 
project the desired superposition state (24) 
or by optically pumping the atom to a "dark" 
state with multiple laser beams (25). 

Experimental approach. In the present 
work, we create a Schrodinger cat state of the 
harmonic oscillator by forming a superposi- 
tion of two coherent-state wave packets of a 
single trapped atom with a sequence of laser 
pulses. Each wave packet is correlated with a 
particular internal state of the atom. To ana- 
lyze this state we apply an additional laser 
pulse to couple the internal states and then 
measure the resulting interference of the dis- 
tinct wave packets (26, 27). The key features 
of our approach are that (i) we control the 
harmonic motion of the trapped atom to a 
high degree by exciting the motion from ini- 
tial zero-point wave packets to coherent-state 
wave packets of well-defined amplitude and 
phase; (ii) we do not rely on a conditional 
measurement to project out the desired 
Schrodinger cat state; and (iii) wave packet 
dispersion of the atomic motion is negligible. 

The experimental apparatus is described 
elsewhere (28, 29). A single 9Be+ ion is con- 
fined in a coaxial-resonator radio frequency 
(RF)-ion trap (28) that provides harmonic 
oscillation frequencies of (ox, o,, w,)/ 2.rr -- 
(11.2, 18.2, 29.8) MHz along the principal 
axes of the trap. We laser-cool the ion to the 
auantum mound state of motion (29) and " . , 

then coherently manipulate its internal (elec- 
tronic) and external (motional) state by ap- 
plying pairs of off-resonant laser beams, which 
drive two-photon-stimulated Raman transi- 
tions (29, 30). As shown in Fig. lA, the two 
internal states of interest are the stable 'SlI2(F 
= 2, mF = -2) and 'S ( F =  1, mF= -1) 
hwetfine ground states ($noted by I J )i and 
I )i, respectively), separated in frequency by 
wHd2.rr -- 1.250 GHz. Here, F and mF are 
quantum numbers representing the total in- 
ternal angular momentum of the atom and its 
projection along a quantization axis. The Ra- 
man beams are detuned by A -- -12 GHz 
from the 'P,,,(F = 2, mF = -2) excited state, 
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which acts as the virtual level, providing the 
Raman coupling. The external motional 
states are characterized bv the auantized vi- 
brational harmonic osciliator states In)= in 
the x dimension, separated in frequency by 
w J ~ I T  - 11.2 MHz. 

When we tune the Raman beam differ- 
ence frequency near OHF and apply the "car- 
rier beams" a and b of Fig. 1, the ion expe- 
riences a coherent Rabi oscillation between 
the internal states I J )i and I t )i. By adjust- 
ing the exDosure time of the carrrier beams. - 
we can, for example, "flip" the internal state 
(a T-pulse, or one-half of a Rabi cycle) or 
"split-recombine" the internal state (a 4 2 -  
pulse, or one-fourth of a Rabi cycle). Tran- 
sitions on the carrier do not significantly 
affect the state of motion, because beams a 
and b are copropagating. When we tune the 
Raman beam difference frequency near w, 
and apply the "displacement" beams b and c 
of Fig. 1, the effect is formally equivalent to 
applying the displacement operator to the 
state of motion (30). Alternatively, the dis- 
placement beams can be thought of as pro- 
ducing a "walking wave" pattern whose 
time-dependent dipole force resonantly ex- 
cites the harmonic motion (31 ). This force 
promotes an initial zero-point state of mo- 
tion 1 o), to a coherent state (32) 

where p = aeie is a dimensionless complex 
number that represents the amplitude and 
phase of the motion in the harmonic po- 
tential (33). The probability distribution of 
vibrational levels in a coherent state is Pois- 
sonian with mean number of vibrational 
quanta (n) = a2. The coherent state of 
motion is much like classical motion in a 
harmonic potential with amplitude 2axo, 
where x, = (h/2mw,)112 = 7.1(1) nm is the 
root mean' square Gaussian size of the oscil- 
lating wave packet, m is the mass of the ion, 
and h is Planck's constant divided by ZIT 
(the number in parentheses is the standard 
error in the last digit). 

The polarizations of the three Raman 
beams a, b, and c produce IT, a+/a-, and a- 
couplings, respectively, with respect to a 
quantization axis defined by an applied 0.20- 
mT magnetic field, as indicated in Fig. 1B. 
As a result, the dis~lacement beams (b and c) 
affect only the motional state correlated with 
the I )i internal state, because the a--PO- 
larized beam c cannot couple the internal 
state 1 3. )i to any virtual 2P,,2 states (34). 
This selectivity of the displacement force 
provides quantum entanglement of the inter- 
nal state with'the external motional state. 
Although the motional state can be thought 
of as nearly classical, its entanglement with 
the internal atomic quantum levels precludes 
any type of semiclassical analysis. 

Table 1. Raman beam pulse sequence for the generation of a Schrodinger cat state. The magnitude 
(phase) of the coherent state is controlled by the duration (phase) of the applied displacement beams in 
steps 2 and 4. The phases of internal state carrier operations in steps 1, 3, and 5 are relative to step 5. 
The states created after each step do not include overall phase factors, and the phase appearing in the 
final state is 6 p - 2v + P. 

Step Function ~ ~ ~ ~ ~ ~ " ; $  Phase State created (see Fig. 2) 
(initial state: I J. )i 1 O)J 

1 Carrier 0.5 JL l I J . ) i l ~ )e - i e - 'w l f ) i lO )$ / f i  
~/2-pulse 

2 Displacement T - 10.0 -4/2 [I J. ), 1 O), - ie- j~ l  T ), 1 ae-i+/2)$/fi 

Carrier 1 .O 
P-pulse 

Displacement T .- 10.0 

5 Carrier 0.5 0 1 /2 1 J. )i[l ae-j+I2) - gs 1 a&+I2 
P/2-pulse 

)el 
-i/2 I f ),[I ae-'+'~e), + i?' 1 ae'd"2)$ 

Each Raman beam contains -1 mW of 
power at -313 nm. This results in a two- 
photon Rabi frequency of f l /21~ - 250 kHz 
for the copropagating Raman carrier beams a 
and b. or a IT-~ulse exDosure time of about 1 
~ s .  We appiy the hisplacement Raman 
beams (b and c) to the ion in directions such 
that their wave vector difference 6k points 
nearly along the x axis of the trap. Motion in 
the y or z dimensions is therefore highly 
insensitive to the displacement beams. 
When we apply the displacement beams to a 
zero-point wave packet (correlated with the 

I T )i state) for time T, we expect to create a 
coherent state of amplitude a = q f l d ~ .  Here, 
q = 0.205(5) is the Lamb-Dicke parameter 
(30) and fld/2a - 300 kHz is the coupling 
strength of the displacement beams. After 
each preparation cycle (described below), we 
detect which internal state ( I J )i or I T )i) 
the atom occu~ies inde~endent of its state of 
motion. This is accomplished by applying a 
few microwatts of a--polarized light ("de- 
tection" beam d of Fig. 1A) resonant with 
the cycling I J )i + 'P3,,(F = 3, mF = 

-3) transition [radiative linewidth Y / ~ I T  - 19.4 MHz at wavelength (A) - 313 nm] 
and observing the resulting ion fluores- 
cence. Because this radiation does not ap- 
preciably couple to the I )i state, the 
fluorescence reading is proportional to the 
probability P the ion is in state I J )i. 
We collect on average about one photon 
per measurement cycle when the ion is in 
the I J )i state (29). 

Creation and detection of the Schrod- 
inger cat state. The ion is first laser-cooled 
so that the I J )i 1 n, = 0), state is occupied 
~ 9 5 %  of the time as described in (29). We . , 

then apply five sequential pulses of the 
Raman beams (the evolving state of the 
system is summarized in Table 1 and Fig. 2). 
In step 1, a 42-pulse on the carrier splits 
the wave function into an equal su erposi- 
tion of states I J ),I O), and I T )i P O),. In 
step 2, the displacement beams excite the 
motion correlated with the I T )i compo- 
nent to a coherent state I ae-'+I2),. In step 
3, a IT-pulse on the carrier swaps the in- 
ternal states of the superposition. In step 

Fig. 2. Evolution of the position-space atomic wave packet entangled with the internal states I )i and 
I f )i during creation of a Schrodinger cat state with a = 3 and 4 = P (see Table 1). The wave packets are 
snapshots in time, taken when the atom is at the extremum of motion in the harmonic trap (represented 
by the parabolas). The area of the wave packets corresponds to the probability of finding the atom in the 
given internal state. (A) The initial wave packet corresponds to the quantum ground state of motion after 
laser-cooling. (9) The wave packet is split after a ~/2-pulse on the carrier. (C) The I f )i wave packet is 
excited to a coherent state by the force F of the displacement beams. Note the force F acts only on the 
I f ), wave packet, thereby entangling the internal and motional systems. (D) The I )i and I f )i wave 
packets are exchanged following a P-pulse on the carrier. (E) The I f )i wave packet is excited to a 
coherent state by the displacement beam force -F, which is out of phase with respect to the force in (C). 
The state shown in (E) corresponds most closely to Schrodinger's cat (Eqs. 1 and 2). (F) The I J. )i and 
I f ), wave packets are finally combined after a ~/2-pulse on the carrier. 
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4, the displacement beams excite the mo- 
tion correlated with the I T ), component 
to a second coherent state I aei+I2),. In 
step 5, a final 1~12-pulse on the carrier 
combines the two coherent states. The 
relative phases of the above steps are de- 
termined by the phases of the RF differ- 
ence frequencies of the Raman beams (29, 
30), which are easily controlled by phase- 
locking the RF sources. 

The state created after step 4 is a super- 
position of two independent coherent states 
each correlated with an internal state of the 
ion, in the spirit of Schrodinger's original 
thought experiment (Eqs. 1 and 2). We 
verify this superposition by recombining the 
coherent wave packets in the final step 5. 
This creates the following entangled state: 

I V) = I 3. )i 1 S-), - i 1 t ), 1 S+), 

with 

I ae-'"2)c -I e'S 1 ae'e12 >, 
I S,), = 

2 (4) 

For + = IT and 6 = 0, the states IS,), 
(when ~ r o p e r l ~  normalized) are known as 
"even" and "odd" Schrodinger cats (35). 

The relative populations of I $ ), and 
I T )i depend on the motional phase differ- 
ence + between the two coherent wave 
packets because of the quantum interference 
between the two coherent states contained 
in I S,),. We directly measure this interfer- 
ence by detecting the probability P (4) that 
the ion is in the I $ )i internal state for a 
given value of +. We continuously repeat 
the experiment-cooling, state preparation, 
detection-while slowly sweeping the rela- 
tive coherent state motional phase +. Figure 
3 depicts the expected position basis wave 
packet I (x 1 S- ), I correlated with the I & )i 
internal state as a function of + for S = 0 and 
a = 3. The calculated wave packets in the 
figure are snapshots in time, as each part of 
the superposition oscillates in the harmonic 
trap. The measured signal P (+) is just the 

Fig. 3. Evolution of the position-space wave 
packet superposition correlated with the I J. )i in- 
ternal state as the phase separation + of the two 
coherent states is varied, for a = 3 and 6 = 0. The 
expected signal P (+) is the integrated area under 
these wave packets. Each trace is a snapshot in 
time, taken when one of the wave packets is at the 
rightmost turning point in the harmonic trap. The 
wave packets are maximally separated at + = 7~ 

[P (+I) - 1/21, but they begin to overlap as +I gets 
smaller [P (+) oscillates]. Finally, the wave pack- 
ets destructively interfere at + = 0 [Pi (+I) = 01. 
This vanishing interference signal is a signature of 
an odd Schrodinger cat state associated with the 
I )i state, because 6 = 0. Probability conserva- 
tion is ensured by a similar but constructive inter- 
ference in the I f ), state. 

a = 6 (theory) 

& 
Coherent state phase separation 4 

Fig. 4. Measured and fit interference signal P (+) 
versus the phase difference + of two coherent 
states for 6 = 0. Curves in (A) to (D) represent 
measurements for various values of T (2,3,5, and 
15 ILS, respectively). As T grows, the feature near 
+I = 0 narrows. The lines are fits of the measure- 
ments to the parameter a (Eq. 4), yielding a = 
0.84, 1.20, 1.92, and 2.97, respectively. The fit in 
curve (D) includes a loss of contrast and repre- 
sents a superposition of two x,, - 7-nm wave 
packets with a maximum separation of 4% = 80 
nm. Curve (E) is a theoretical plot for a pair of 
coherent states with a = 6. Each data point in (A) 
to (D) represents an average of -4000 measure- 
ments, or 1 s of integration. 

integral of the complete I $ )i wave ~acket  
over space and is time-independent. 

The wave packets of the superposition 
are maximally separated in phase space for 
+ = ?IT, where the signal is about 112 (for 
large a) .  However, as + approaches 0, the 
wave packets of the superposition begin to 
overlap, finally interfering completely at + 
= 0. For large a, the signal P (+) acquires 
oscillations near + = 0, with the width of 
the central interference fringe (in + space) 
proportional to l/a2. If the two pieces of the 
wave packet are not phase-coherent or if 
the state is a statistical mixture (S random 
between preparations) instead of a coherent 
superposition of wave packets, the signal 
would remain constant, P (4) = 112. We 
experimentally set the phase S associated 
with the internal state superposition by 
blocking the displacement beams ( a  = 0) 
and measuring P = sin2(S/2). 

Superpositions versus mixtures. In Fig. 4, 
we display the measured P (+) for 6 = 0 and 
a few different values of the coherent state 
amplitude a ,  which is set by changing the 
duration T of application of the displacement 

Even cat ::: 

Odd cat 

0.0 

Coherent state phase separation 9 

Fig. 5. Measured interference signal P (+) for 
three values of 6 (a - 1.5). The top curve corre- 
sponds to 6 = 1 . 0 3 ~  (approximate even cat state 
correlated with I J. )i exhibiting constructive inter- 
ference), the middle curve to 6 = 0.487~ [approx- 
imate "Yurke-Stoler" cat state (79)], and the bot- 
tom curve to 6 = 0 . 0 6 ~  (approximate odd cat 
state exhibiting destructive interference). Each 
data point represents an average of -4000 mea- 
surements, or l s of integration. 
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lleams (steps 2 and 4 of Table 1). The  pres- 
ence of the inte~ference feature near cb = 0 
verifies that we are producing supe1positic311 
states instead of statistical mixtures, and the 
feature clearly narrows as oc is increased. We  
have verified that the i~lterference feature 
vanishes [P (4) = 1/21 when 5, is randomized 
between preparations. In Fig. 5, Lve present 
P I (+) for three different values of the phase 
6 ;.bile fixing T. The  shape of the ilnterference 
at 4 == 0 indicates the parity of the cat state at + = i ~ .  Here, Lve see the transition from an 
even cat (6 = T )  to the Yurke-Stoler (19) cat 
(6  == a / ? )  to an odd cat state (6 = 0)  corre- 
lated with the 1 J j, state. 

W e  extract the amplitude of the Schrod- 
inger cat atate hv fitti112 the interference 

4 

data to the parameter a: appearing in Ecl. 4. 
T h e  extracted .i,aliies of oc agree with the 
independently measured value TO~,T for 
short displace~nent heain durations (7 18 
ILS) (36) .  LVe measure coherent-state am- 
plit~~cles as hlgh as a -- 2.97(6),  correspond- 
ing to an average of (n) == 9 .i,lhrational 
quanta in the state of motion. This itidl- 
cates a masirnum spatial separation of 4axG 
= 83(1) nm, which is significantly larger 
than the single wave packet size of x, = 
7.1(1) nin. T h e  individual nrave packets are 
thus clearly separateci in phase space. 

For longer ~ l i s ~ l a c e ~ n e i ~ t  heam durat~ons 
(7 2 10 ps) ,  the interference signal loses 
contrast, as evident In Fig. 4D. W e  believe 
this is partly due to fluctuat~ons of the ion 
oscillation frequency o~,, which causes the  
motional phase difference + to fluctuate 
f r ~ i n  measurement to meas~ireinent and 
wash out narronr interference features. T h e  
measured interference slgnal is se~lsitive to 
fluctuations of o, at a tline scale [hat is 
loqger than the time to create the cat ( ' T ~  == 

T = 10 FS) b ~ i t  shorter than the integrated 
rneasureinent tiine (-1 s per data point in 
Figs. 4 and 3). T h e  olxerved loss of contrast- 
indicates a phase tluctuat-ion of 6 6  ;= 0.1 
rad, which would be consistent w ~ t h  a frac- 
t iol~al ion oscillation frequency fluctuation 
o f 6 w  lo. = lop4 111 a ==1@0-kHz banclwidth. 

\, \ 

Anharmoniciries of the trap (26) are expect- 
ed to contrihute to a phase dispersion of only 
=10-"ad ciuring the creatlon of the cat. 

Decoherence. LVhen a Schrijdinger cat 
consist in^ of tnro senarated coherent states 

u 

is coupled to a thermal reservoir, the super- 
position decays expcinentially tc3 a statistical 
mlxture with a rate initially proportional to 
a', or the square of the  separation of the  
wa.i7e packets (9 ,  10, 27).  As the separation 
is ~nade  larger (more classical), the lifeti~ne 
of the superposition shortens. This decoher- 
ence process underlies the  reason qtiantuin 
s~iperpositions are not generally seen in the 
macroscopic world and also illustrates the 
experi~nental difficulty in preparing and 
inaintaini~lg eT7en inesoscopic superpositions. 

In the esperirnenr, the  quantum inter- 

ference signal 1s only sensitive to decoher- 
ence during the  p e r ~ o d  of t m e  T' between 
the generation of' the tbvo coherent stat-es 
(steps 2 and 4 of Table 1).  This IS because 
only the internal atomic state is ~letected, 
and once the seconcl coherent state is pro- 
duced (step 4) ,  the lnternal and motional 
states do not interact, even if the lnotion 
equilibrates with an  external reservoir. W e  
therefore expect the interference signal (Eq. 
4)  to  e sh i l~ i t  a contrast of exp( -c r 'X~~) ,  
rvhere A is the  ternnerature-deve11ile11t re- 
laxation rate to the  the r~na l  reservoir ( 12). 
T h e  loss of contrast we observe may in~rol.i,e 
the onset of decoherence. althouoh it is 
difficult to inake a quant1tati.i.e comparison 
l~ecause we do not know the s o e c t r ~ ~ m  and 
effective temperature of the supposed reser- 
volr. \Ye note that- we 1ia.i.e previously mea- 
sured a hearing rate of ii(n)/dt -- lo3 sK' ( 2 9 ) ,  
but because the source of this heating is not 
understood at the  present time, it is difficult 
to characterize its effect o n  decoherence. 

T h e  next step is to deliberately induce 
decohere~lce of the Schriidincer cat hv cou- 
pling the system to "engineered" reservoirs 
during the inter.i,al T ~ .  For instance, a uni- 
fi>rn stochastic electric field can be annlieil. 

L L  , 

whose coupling to the ion could simulate a 
ther~nal reservoir at a col~trollable tempera- 
ture. Alternatively, one can pulse the Kaman 
healns and controllably allow spontaneous 
emission to occur during the interval T~ [si~n- 
ilar to stimulated Rainan cooling (29)l. With  
this coupling, one can simulate thermal, zero- 
temperature, squeezeci, and other reservoirs 
(37) .  R\- lnonitorlng the  contrast of the  
~n te r fe re~ lce  s~gna l ,  it should then lie pos- 
sllile to study the  clecoherence of the  
Schriidlnger cat to  these known reservoirs. 
T h e  effects of decoherence mlght also be 
measured hy inapping the coinplete density 
matrix of the Schrddinger cat state, as pro- 
posed In recent tomographic schemes (38). 

\Ye flnallv note that our technicrue for 
preparing Schrodinger cat superpcisitions 
of' two coherent states in  one  diine~lsion 
can  easily be extended to  create superpo- 
s i t io i~s  of more than  tnro coherent states 
and superpositions in two and three di- 
inenslons. This technique may also be useful 
for the creation of s~iperposition states of the 
collective motion of many trapped atoms. 
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The Whole Structure of the two copper sites (Fe,, Fea3, Cu,, and CUB) 
in addition to zinc and magnesium sites (1 ). 

1 3-Su buni t Oxidized The protein moiety is composed of 13 dif- 
ferent polypeptide subunits (2),  three en- 
coded by mitochondrial genes and ten by 

Cytochrome c Oxidase at 2 . 8 ~  n u c ~ e a r g e n e s ( ~ ) . ~ e c a u s e o f i t s p h y s i o ~ o g -  
ical importance and the intriguing reaction 
catalyzed, this enzyme has been studied as 

Tomitake Tsukihara, Hiroshi Aoyama, Eiki Yamashita, one of the most important subjects in 
Takashi Tomizaki, Hiroshi Yamaguchi, Kyoko Shinzawa-Itoh, bioenergetics since its discovery ( 4 ) .  HOW- 

Ryosuke Nakashima, Rieko ~aono ,  ~h inya  Yoshikawa* ever, the difficulty in Purification and crys- 
tallization of the large multicomponent 

The crystal structure of bovine heart cytochrome c oxidase at 2.8 A resolution with an R membrane protein (5) has prevented deter- 
value of 19.9 percent reveals 13 subunits, each different from the other, five phosphatidyl mination of the crystal structure at a n  
ethanolamines, three phosphatidyl glycerols and two cholates, two hemes A, and three 
copper, one magnesium, and one zinc. Of 3606 amino acid residues in the dimer, 3560 have 
been converged to a reasonable structure by refinement. A hydrogen-bonded system, 
including a propionate of a heme A (heme a), part of peptide backbone, and an imidazole 
ligand of Cu,, could provide an electron transfer pathway between Cu, and heme a. Two 
possible proton pathways for pumping, each spanning from the matrix to the cytosolic 
surfaces, were identified, including hydrogen bonds, internal cavities likely to contain water 
molecules, and structures that could form hydrogen bonds with small possible confor- 
mational change of amino acid side chains. Possible channels for chemical protons to 

atomic resolution that could lead to the 
elucidation of the reaction mechanism. 

Crystals of cytochrome c oxidase isolat- 
ed from beef heart muscle have been ob- 
tained and the thre~-dimensional structure 
was solved at 2.8 A resolution ( 6 ) .  These . . 
structures of metal sites confirmed earlier 
proposals that were based on mutagenesis 
and spectrophotometric data on, for exam- 

produce H,O, for removing the produced water, and for O,, respectively, were identified. ple, ligand binding residues for hemes a and 
a, and CUB, the binuclear structure of Cu,, 
and the relative locations of Fe,, Fe,,, and 
CUB. Unexpectedly, no direct bridging li- 

cy tochrome c oxidase is the terminal ox- pumping protons from the matrix side of gand from amino acids was observed be- 
idase of cell respiration, a process that re- the mitochondrial membrane toward the tween Fe,, and CUB. We now describe the 
duces molecular oxygen to water with the cytosolic side (intermembrane space) (1). structure of the protein moiety and nonpro- 
electrons from cytochrome c, coupled to This enzyme contains two iron sites and tein constituents other than metals, which 

Fig. 1. The Ca-backbone trace of dimer of bovine heart cytochrome c bond length and angles for the refined structure were 0.01 2 A and 1.73", 
oxidase. Crystallization, intensity data collection, phase determination and respectively. Each monomer consists of 13 different subunits. (A) A view to 
a procedure of density modification (20) have been described (6). Positional the transmembrane surface and (B) a view from the cytosolic side. Both 
refinement followed by temperature factor refinement with program X- figures contain hemes a and a, and two Cu atoms of the Cu, site (red). Each 
PLOR (27) reduced the R factor to 0.1 99 and the R,,,, to 0.252 at 2.8 subunit has adifferent color with the subunit name in the color of the subunit 
resolution. The root mean square (rms) deviations from standard values of (Brookhaven Protein Data Bank number, 1 OCC). 
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