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Deterministic Entanglement of Two Trapped lons
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We have prepared the internal states of two trapped ions in both the Bell-like singlet and triplet
entangled states. In contrast to all other experiments with entangled states of either massive patrticles
or photons, we do this in a deterministic fashion, producing entangled statefemandwithout
selection. The deterministic production of entangled states is a crucial prerequisite for large-scale
quantum computation. [S0031-9007(98)07411-0]

PACS numbers: 42.50.Ct, 03.65.Bz, 03.67.Lx, 32.80.Pj

Since the seminal discussions of Einstein, Podolskyis switched on, then with a high degree of certainty
and Rosen, two-particle quantum entanglement has bedthe desired quantum state of all of a given set of
used to magnify and confirm the peculiarities of quantunparticles is generated] at a known, user-specified time.
mechanics [1]. More recently, quantum entanglement haBeterministic entanglement coupled with the ability to
been shown to be not purely of pedagogical interest, bustore entangled states for future use is crucial for the
also relevant to computation [2], information transfer [3], realization of large-scale quantum computation. lon-trap
cryptography [4], and spectroscopy [5,6]. Quantum com-QC has no fundamental scaling limits; moreover, even
putation (QC) exploits the inherent parallelism of quan-the simple two-ion manipulations described here can, in
tum superposition and entanglement to perform certaiprinciple, be incorporated into large-scale computing by
tasks more efficiently than can be achieved classically [7]coupling two-ion subsystems via cavities [17], or by using

Relatively few physical systems are able to approactaccumulators [6].
the severe requirements of QC: Controllable coherent in- In this Letter, we describe the deterministic generation
teraction between the quantum information carriers (quanef a state which under ideal conditions is given by
tum bits or qubits), isolation from the environment, and 3 ib 4
high-eﬁiciengy intzzrrogation of individual qubits. Cirac lhe(¢)) = 51D = e s s 110 (1)
and Zoller have proposed scalable scheme utilizing where [|) and |f) refer to internal electronic states of
trapped ions for QC [8]. In it, the qubits are two inter- each ion (in the usual spinf2 analogy) and¢ is a
nal states of an ion; entanglement and computation areontrollable phase factor. Fa@§ = 0 or 7, |¢f.(¢)) is a
achieved by quantum logic operations on pairs of ions ingood approximation to the usual Bell sing(et) or triplet
volving shared quantized motion. Previously, trapped-ior(+) state|¢3> = [IIN = 11)1/v/2 since (s | (O)* =
quantum logic operations were demonstrated between l&vs . (7))]* = 0.98 and E[.(¢)] = 0.94 whereE is
single ion’s motion and its spin [9]. In this Letter, we use theentanglementefined in [18]. We also describe a novel
conditional quantum logic transformations to entangle andneans of differentially addressing each ion to generate
manipulate the qubits of two trapped ions. the entanglement and a state-sensitive detection process

Previous experiments have studied entangled states td characterize it, leading to a measured fidelity of our
photons [10,11] and of massive particles [12—14]. Thesexperimentally generated state described by density matrix
experiments rely omandom processe®ither in creation p* of (. (,0)|p = |w.(7,0)) = (Y5 |p*|yg) = 0.70.
of the entanglement in photon cascades [10], photon The apparatus is described in Ref. [19]. We con-
down-conversion [11], and proton scattering [12], or infine °Be™ ions in an elliptical rf Paul trap (major
the selection of appropriate atom pairs from a largemxis = 525 um, aspect ratio 3:2) with a potential applied
sample of trials in cavity QED [13]. Recent results between ring and end caps &,cosQrt + Uy with
in NMR of bulk samples have shown entanglement ofQ 7 /27 =~ 238 MHz, V, = 520 V. The trap is typically
particle spins [14,15], but because pseudopure states apperated over the rangé2 < Uy, < 17 V leading to
selected through averaging over a thermal distributionsecular frequencies diw,, w,, .)/27 = (7.3,16, 12.6)
the signal is exponentially degraded as the number afo (8.2,17.2,10.1) MHz. The ion-ion spacing (along)
qubits is increased. In the preceding experiments thes/ = 2 pum.
efficiency of state generation will exponentially decrease The relevant level structure otBe' is shown in
with the system size (both particles and operations). Thifig. 1a. The qubit states are tBe %S/, |F = 2,mp =
is because the preceding processes setectablebut 2) =) and 25 %S, |F = 1,mr = 1) =|]) states.
not deterministicgenerators of entanglement. We meanLaser beams D1 and D2 provide Doppler precool-
deterministic as defined in Ref. [16] which in the presening and beam D3 prevents optical pumping to the
context is “the property that if the [entanglement] sourcelF = 2,mr = 1) state. The cycling|l) — 2p %P3,

”
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2p2Py, than the c.m. and heats at a significantly reduced rate [19].
2%y |11 57_;\,1_1 Fi_gure lp shows t_he rglevant states. couplgd on the rsb
a a with Rabi frequencies (in the Lamb-Dicke limit)
1+ 2+
n L = 0 .. L= / + 0y .
ﬁ %lTD QHr \/Z’fl Qz» Ql n 1 n Ql s (2)
2} / ! wheren’ = 7/4/2+/3 is the stretch-mode two-ion Lamb-
L0 n+1 Dicke parameter (with single-ion = 0.23 for w, /27 =
(b) 8 MHz) and (); is the carrier Rabi frequency of ioh
FIG. 1. (a) RelevantBe" energy levels. All optical transi- ,[9]' On the carrer th? tlme eVQIUt'On IS simply that of
tions are nean = 313 nm, A/27 = 40 GHz, andwy/27 = independent Rabi oscillations with Rabi frequenciés

1.25 GHz. R1-R3: Raman beams. D1-D3: Doppler cooling,On the copropagating carrief); = Q, = Q..
optical pumping, and detection beams. (b) The internal basis |n the Cirac-Zoller scheme, each of an array of tightly

qubit states of two spins shown with the vibrational levels CON-focused laser beams illuminates one and only one ion for
nected on the red motional sideband. The labeled atomic states

are as in (a)n is the motional-state quantum number (note that!nd'v!dual state preparation. Here, eac_h lon 1S (_equally
the motional mode frequency,, < w,). Q,. are the Rabi illuminated, and we pursue an alternative technique to
frequencies connecting the states indicated. attain (), # ,. Differential Rabi frequencies can be
N ) ] used conveniently for individual addressing on the
|F = 3,mp = 3) transition driven by thes"-polarized  carrier: for example, ifQ; = 2Q,, then ion 1 can be
D2 laser beam allows us to differentiaf from [l) in & griven for a timeQ,+ = 7 (2 pulse, no spin flip) while
single ion with=90% detection efficiency by observing jon 2 is driven for ar pulse resulting in a spin flip.
the fluorescence. For differential addressing, we control the ion micro-

Transitions|]) |n) < [1) |n') (wheren, n’ are vibrational  motion. To a good approximation, we can write [21]
quantum numbers) are driven by stimulated Raman pro-

cesses from pairs of laser beams in one of two geome- Q: = Q.Jo(18kI€), (3)
tries. Additionally, two types of transitions are driven:

the “carrier” withn' = n, and the red motional sideband Wherejo is the zero-order Bessel function agd is the
(rsb) with n' = n — 1 [20]. With reference to Fig. 1a, amplitude of micromotion af); (along &) associated
the pair_of Raman beamsIRR2 has difference wave wjth jon i, proportional to the ion’s meat displacement
vector 6k || £ and is used for sideband cooling (to pre-from trap center. The Bessel function arises because
pare|ll) |0)), driving thex rsb, and to drive thei' carrier.”  the micromotion effectively smears out the position of
Beam pair R || R3 with 6k = 0 drives the “copropagat- an ion, thereby suppressing the laser-atom interaction
ing carrier” and is insensitive to motion. [21]. The micromotion is controlled by applying a static
Two trapped ions aligned along have two modes electric field to push the ions [22] alorfg moving ion 2
of motion alongzk: the center-of-mass (c.m.) mode (at (ion 1) away from (toward) the rf null position, inducing
w,) and the stretch mode (aby, = +/3 w,) in which a smaller (larger) Rabi frequency. The range of Rabi
the two ions move in opposite directions. We sidebandrequencies explored experimentally is shown in Fig. 2a.
cool both of these modes to near the ground state, but We determine(}; , by observing the Rabi oscillations
use the stretch mode on transitions which involve theof the ions (betweeil) and|[f)) driven on thex carrier.
motion since it is colder (99% probability dfz = 0))  An example withQ); = 2Q, is shown in Fig. 2b. We

d [um] t[us]

FIG. 2. (a) Normalized:-carrier Rabi frequencie®, /). of each of two ions as a function of center-of-mass displacemémm

the rf-null position. The solid curves are Eq. (3) where the distance between the maxima of the two curves sets the scale of the
ordinate, based on the known ion-ion spacing ef 2.2 um atw, /27 = 8.8 MHz. (b) Example of Rabi oscillations starting from

the initial statelll) |[n = 0) with Q; = 2Q,. A fit to Eq. (4) determines thd®,/27 = 2Q,/27 = 225 kHz, v/27 = 6 kHz, and

a = —0.05. The arrow in (a) indicates the conditions of (b).
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detect a fluorescence sigréllr) = 2P + (1 + a)Py + L oosE @ T T T T ]
(1 — a)Py wherePy = [(y(0) kD) k.1 € {11}, ¢() is 0% @ I o
the state at time and|«| < 1 describes a small differ- 05 | oo6r I
ential detection efficiency due to the induced differential O': : 004k i
micromotion. Driving on thet carrier for timer starting 0:2 |

from ||])|0), S(z) can be described by 04 ﬂ | 002f .

S(t) =1+ (1/2)(1 + a)cod2Q1)e " g o0 —
+(1/2) (1 — a)cog2Qyr)e @/ (4) 0.08- O I 0
where v allows for decay of the signal [20]. The ooe 003
local maximum atr = 2.4 us on Fig. 2b is the 2:7 0041 7 002
point at which ion 1 has undergone2ar pulse while 0.02 1 o001
ion 2 has undergone a pulse resulting in||l)|0) — 0.00 . 0.00 led
[I1)10). Driving a #:7 pulse on the copropagating 0 20 40 60
carrier transformgl1) |0) to |1)|0) and [{])]|0) to [|11)]0), m m
completing the generation of all four internal basis state$|G. 3. Photon-number distributions for the four basis qubit
of Fig. 1b. states. Plotted in each graph is the probability of occurrence
Now consider the levels coupled by the first rsb [20]P(m) of m photons detected if00 us vsm, taken over~10*
shown in Fig. 1b. If we start in the statey(0)) = trials. Note the different scales for each graph.
[I1)10) and drive on the (stretch mode) rsb for timethe
Schrédinger equation can be integrated to yield D2 off-resonantly drives an ion out dff), ultimately
. trapping it in the cycling transition. We approximately
I (1)) = _ iy sin(Gr) |11y 1) double the depumping time by applying two additional
G Raman “shelving” pulses [1{ — 2Sis|F = 2,mp =
02 0) — 281 5|F =1,mp = —1) b gnaffected) after every
+ [F(cosGt —-1) + 1}|1T)|O> state preparation. This results in an average difference

of 10—15 detected photons between an initjaland |1)
i 0,_Q,_ state, as shown in Fig. 3. The distributions associated
te [T (cosGr — 1)} 1110y, (5)  with |11), I11), and||l) are non-Poissonian due to detection
laser intensity and frequency fluctuations, the depump-
where G = (Q3- + Q7)"/2 and O, is from Eq. (2) ing described previously anfl) — |f) transitions from
with n = 0. The phase factoyp = 6k - (x; — x») de- imperfect polarization of D2.
pends on the spatial separation of ions and the arises be-One may ask: What is our overall two-ion state-
cause each ion sees different laser phases. The ion-iaetection efficiency on goer experimentbasis? To
spacing varies bys/ = 100 nm over the range of/,  address this issue, we distinguish three cases:|1(L)
cited previously ¢ =0 for Uy =163V and ¢ = 7=  (2) |1l) or ||1), and (3)|ll). Now define case 1 to be true
for Uy = 12.6 V, with d¢ /dU, in good agreement with whenm = 3, case 2 whe < m < 17, and case 3 when
theory). ForGt = 7 and Q; = 2(),, the final state is m = 17. This gives an optimal 80% probability that the
Y.(¢) from Eq. (1). Note thaf); = (+/2 + 1)Q, would  correct case is diagnosed.
generate the Bell states (but we would not have access We have generated states described by density op-
to the initial state||), since(); are fixed throughout an eratorsp® in which the populations (diagonals @f*)
experiment). are measured to b&; = Py =~ 04, P =~ 0.15, and
We now describe our two-ion state-detection procedurePy = 0.05. To establish coherence, consider first the
We first prepare a two-ion basis stall), apply the Bell singlet statayz which hasP;; = Py = 1/2. Since
detection beam D2 for a time; =~ 500 us, and record ¢ has total spinJ = 0, any J-preserving transfor-
the number of photona detected in timer,. We repeat mation, such as an equal rotation on both spins, must
this sequence folN =~ 10* trials and build a histogram leave this state unchanged, whereas such a rotation
of the photons collected (Fig. 3). To determine theon a mixed state with population®y = Py = 1/2
population of an unknown state, we fit its histogram toand no coherences will evolve quite differently. We
a weighted sum of the four basis histograms with a simplgerform a rotation on both spins through an angle
linear least-squares procedure. by driving on the copropagating carrier for a time
We observe that thf1) count distribution (Fig. 3a) is such that® = Q.r. Figure 4a shows the time evo-
not the expected single peakmat= 0, but includes con- lution of an experimental state which approximates
tributions atm = 1 andm = 2 due to background counts. the singlet Bell state. Contrast this with the approxi-
The signal in binsm > 2 (which accounts for~10%  mate “triplet” state shown in Fig. 4b. The data show that
of the area) is due to a depumping process in whictp® is decomposed ap* = Clyz )| + (1 — C)ppm
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10F T T T the diagonal elements of the density matgx of our

I 1
P+ Py () "singlet" states, and have performed transformations which directly
. 08, N measure the relevant off-diagonal coherences-af
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