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Generation of Nonclassical Motional States of a Trapped Atom
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We report the creation of thermal, Fock, coherent, and squeezed states of motion of a harmonically
bound®Be" ion. The last three states are coherently prepared from an ion which has been initially
laser cooled to the zero point of motion. The ion is trapped in the regime where the coupling between
its motional and internal states, due to applied (classical) radiation, can be described by a Jaynes-
Cummings-type interaction. With this coupling, the evolution of the internal atomic state provides a
signature of the number state distribution of the motion.

PACS numbers: 42.50.Vk, 32.80.Pj, 32.80.Qk

Nonclassical states of the harmonic oscillator associateithg a pair of traveling-wave laser beams detuned from
with a single mode of the radiation field (for example, an excited electronic state [18]. The resulting interaction
squeezed states) have been a subject of consideraldetween these internal stat¢$) (denoted|]) and |1))
interest. One method for analyzing these states has beamd motional harmonic oscillator stateg and|»’) in the
through the dynamics of a single, two-level atom whichx direction is given by matrix elements
radiatively couples.to the single mode radia_tion field. (S n'| 3,18, n) = ﬁQ<S/’n/|O-+ei77(a+aT)

This system, described by the Jaynes-Cummings model —in(a+a)
(JCM) interaction [1,2], is important to the field of cavity to-e 1S, m) (1)
QED [3]. in a frame which rotates at the difference frequency of the

Nonclassical states of motion occur naturally on anlaser beams. In this expressian, (o-) is the raising
atomic scale, for example, for electrons in atoms and atom@owering) operator for the internal atomic staid, (a) is
in molecules. On a macroscopic scale, the benefits dhe harmonic oscillator raising (lowering) operator, &hd
nonclassical mechanical states, such as squeezed states,ifothe Raman coupling parameter [5,13,18]. The Lamb-
detection of gravitational waves have been appreciated fdpicke parameter is defined by = 6k xo, where ok is
some time [4], but so far these states have not been realizeithe wave-vector difference of the two Raman beams along
More recently, there has been interest in the generation, andxy = +//i/2mw is the spread of théx = 0) wave
and detection of nonclassical states of motion for an atorfunction in the harmonic well of frequency.
confined in a macroscopic, harmonic trap; for trapped ions, The ordem’ — n of the vibrational coupling is selected
see Refs. [6—16]. These states are of interest from thly tuning the Raman beam difference frequency. For ex-
standpoint of quantum measurement concepts and mample, by tuning to the first red sideband in the Raman
facilitate other measurements such as sensitive detecti@pectrum, we resonantly enhance the term which drives
[5,7,13] or quantum computation [17]. transitions between statd$,n) and |1,n — 1). In the

In this Letter we report the generation and detection ol.amb-Dicke limit [6k+/(x?) < 1, x = xo(a + a1)], the
thermal, Fock, coherent, and squeezed states of motia@xponentials in Eq. (1) can be expanded to lowest order,
of a single’Be" ion confined in an rf (Paul) trap. We resulting in the operaton(acy + ato_), which corre-
detect the state of atomic motion by observing the evosponds to the usual JCM operator. We can easily control
lution of the atom’s internal levels [6,11] (e.g., collapsethe strength and duration of the interaction by varying the
and revival) under the influence of a JCM-type interactionintensity and time the lasers are applied. By choosing other
realized with the application of external (classical) fields.laser tunings, we can select other operators such as the anti-
Under certain conditions, the interaction Hamiltonian isJCM operatom(ato, + ao_) at the first blue sideband
formally equivalent to the JCM Hamiltonian of cavity (which is not present in cavity QED) or the “two-phonon”
QED. Here, the harmonic motion of the atom replaces thdCM operatorn?/2) (a*>c+ + at?c_) at the second red
single mode of the radiation field. The coupling can besideband. In this experiment, the higher-order terms in
realized by applying quasistatic fields [7], traveling-wavethe expansion of the exponential in Eqg. (1) must also be
fields [6,10,13,15], or standing-wave laser fields [8,9,12]taken into account [19]. Reference [20] has explicitly dis-
In each case the coupling{; = —u - E(r) between in- cussed the consequences of these higher-order terms on the
ternal and motional states is induced by the atom’s motiotrapped ion internal and motional state dynamics.
through the spatially inhomogeneous electromagnetic field Additional differences from cavity-QED experiments
E(r), whereu is the atomic dipole operator. include the methods of state generation available (de-

In the present experiment, we drive stimulated Ramarscribed below) and the relatively small decoherence. In
transitions between two hyperfine ground states by applyall but the case of thermal states, we coherently prepare
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the states starting with an ion which has been laser cooled Fock state
to the|n = 0) ground state of motion [18]; this cooling is

(a)
crucial to preserve the consistency of the generated states. 10
Decoherence in these experiments is small enough that the 5 03
atomic population coherence survives for many Rabi cy- 0 _
cles of the JCM interaction—the “strong coupling” regime 0 20 40 60 80 100
of cavity QED [3]. time (k<)

A single°Be™ ion is stored in a strong rf Paul trap [21] (D)
with a pseudopotential oscillation frequency alangpf
w/27 = 11.2 MHz. The ion is cooled using sideband
cooling with stimulated Raman transitions [18] between
the2S1, (F =2, mp = 2) and?Syp (F = 1, mp = 1)
hyperfine ground states, which are denoted]|fy and

N
o
1

Qn n+1/Q0,1
N
o
|

| 1), respectively, and are separated4y.25 GHz. This 10ie ——
prepares the ion in thiS =|, n = 0) state more than 95% 0 2 4 6 8 10 12 14 16
of the time. The Raman beam wave vectors point at Fock state number

45° to the x axis with their wave-vector difference nearly FIG. 1. (a) P,(r) for an initial ||,0) Fock state driven by

along thex axis of the trap [the Lamb-Dicke parameter a JCM-type interaction provided by tuning the stimulated
is m = 0.202(5)], so the Raman transitions are highly Raman beams to the first blue sideband. The solid line
insensitive to motion in the or z directions. The beams 'S 2 fit by an exponentially decaying sinusoid. (b) The

. relative Rabi frequencie$, ,+1/Qo; vs the prepared Fock
are detuned=12 GHz to the red of théP, excited state  sate numbem. The lines represent the predictions of the

with approximately 0.5 mW of power in each beam, so thahonlinear JCM for certain Lamb-Dicke parameters, showing
the Raman transition coupling 8 /27 = 500 kHz, and  very good agreement with the known Lamb-Dicke parameter
the vibrational structure is clearly resolved. n =0202(5). The n <1 line corresponds to the Lamb-

Once the ion is prepared in tHd,0) state, we cre- Dicke limit: Q,,.1/Qo, = vn + 1.
ate the desired motional state as described below. We
then acquire the signature of the motional state as followsyo(n + 1)°7] is qualitatively consistent with this view.
The Raman beams are tuned to the first blue sidebarid the Lamb-Dicke limit the Rabi frequency between lev-
and applied for a time. The population of thel) level  els ||,n) and [1,n + 1) is Q,,4+1 = +vn + 19Q. If
is then measured by applying*-polarized radiation on the Lamb-Dicke limit is not satisfied, nonlinear effects in
the ||y — 2P/, cycling transition and detecting the fluo- the interaction modify these rates [19,20]. The measured
rescence [18]. This experiment is repeated at a rate of Rabi frequency ratio®,, ,,+1/Q, are plotted in Fig. 1(b),
few kilohertz, whiler is slowly stepped, accumulating the showing very good agreement with the JCM for the trap’s
probability Py(r) of occupation in| |). Lamb-Dicke parameten = 0.202.

Fock states of motion can in principle be produced by When the ion’s motion is not in a Fock statg(r)
quantum jumps [9,16], adiabatic passage [12], or trappinghows a more complicated structure. The motional state
states [14]; here we use an alternate technique. Since tlie characterized by a density operator whose diagonal
ion is initially cooled to the||,0) Fock state, we create elements have a number distributifp leading to
highern Fock states by simply applying a sequence of
Rabi 77 pulses of laser radiation on the blue sideband, Pi(t) = Z P, coS(Qpni1t)e 7. 2
red sideband, or carrier. For example, {He2) state is n=0
prepared by using blue sideband, red sideband, and carrierFor a thermal distributio®®,, = N[n/(1 + 7)]*, where
7 pulses in succession, so that the ion steps through th¥ is a normalization constant andis the average vibra-
stated [,0), |1,1), 11,2), and|1, 2). tional quantum number. By performing Doppler cooling

We create a series of Fock statsy), and record’|(z). on the|]) — P3/, cycling transition [18], we generate a
The expected signal iB|(r) = coS(Q, ,+1t) exp(—y,t), thermal state of motion [22]. The value @fcan be con-
where(, ,+1 is the Rabi frequency ang, is the deco- trolled by the Doppler detuning. An example®f(r) data
herence rate between levdls) and |n + 1). The mea- for athermal state of motion is given in Fig. 2. To demon-
suredP|(¢) for an initial | |,n = 0) Fock state is shown strate consistency with a thermal state of motion, the time-
in Fig. 1(a) and fitted by this equation, yieldif@,; = domain data are fitted by Eq. (2) with a thermal population
94(1) kHz andy, = 11.9(4) kHz. Note that()y; is much distribution forP,. The signal scale and are allowed to
greater thany,, satisfying the strong coupling condition. vary in the fit. Values for the base Rabi frequelty; and
We believe the decoherence is due to technical problems-base decay ratg, (from which the other rates are scaled
primarily intensity fluctuations of the laser beams andusing the Fock state data) are obtained from a separate trace
instabilities of the trap drive frequency and voltage ampli-of P|(¢) for an initial| |, 0) state, as in Fig. 1(a). For Fig. 2,
tude. The observed increasewuf with n [we find vy, = thefityieldsn = 1.3 = 0.1. The inset shows the results of
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FIG. 2. P\(r) for a thermal state. The data (points) are fittedFIG. 3. P,(+) for a coherent state, showing collapse and
(line) by a superposition of Fock states with, given by a revival. The data are fitted by a coherent state distribution,
thermal state distribution. The fit allows to vary, finding vyieldingn = 3.1 = 0.1. The inset shows the decomposition of
1.3 = 0.1. The inset shows the decomposition of the datathe data onto the expected Fock state components, fitted by a
onto the Fock state components (bars) with a fit (line) by thePoissonian distribution, yielding = 2.9 = 0.1.

expected exponential distribution, yielding =+ 0.1.

coherent states is attenuated due to the progressively faster

an independent analysis (the frequency-domain analysisjlecay rates of the higherfock states, and for states with
In this case, we directly extract the populations of the vari#z = 6 we are unable to see the revival.
ous |n) levels. Since the Fock state parametés, A coherent state has a definite phase relationship
and vy, are well characterized, the time-domain data carbetween the Fock state components. The sighél),
be decomposed into Fock-state components. Equation (Bpwever, does not contain this phase information. To
is linear in theP,, so we use singular-value decomposi-demonstrate the phase coherence of the created states, we
tion [23] to extract the probabilities, shown in the insetapply a second pulse of classical driving force, which co-
to Fig. 2. The probabilities are fitted by an exponential,herently returns the ion to tHe = 0) state, provided the
yieldingz = 1.5 = 0.1. Finally, we independently mea- pulse is of the same amplitude as the first and°X8@ of
suren by comparing the size of the red and blue sidebandphase with the coherent state. As expected, the return of
[18], yieldingm = 1.5 = 0.2. the ion to theln = 0) state is very sensitive to the phase

A coherent state of motion of the ion correspondsof the second pulse. However, we are able to reverse
to a displaced zero-point wave packet oscillating in thehe coherent state and return the ion|to= 0) more
potential well. The distribution among Fock states isthan 85% of the time, as indicated by a single frequency
PoissonianP, = (n"e~")/n!. As predicted by the JCM, component in a subsequent measureme @f.
the internal-state evolutio®|(#) will undergo quantum A “vacuum squeezed state” of motion can be created by
collapses and revivals [24]. These revivals are a purela parametric drive [5], by a combination of standing- and
quantum effect due to the discrete energy levels and thiaveling-wave laser fields [8], or by a nonadiabatic drop in
narrow distribution of states [2,24]. the trap spring constant [5]. Here we irradiate fhe= 0)

Coherent states of ion motion can be produced fronion with two Raman beams which differ in frequency
the |[n = 0) state by a spatially uniform classical driving by 2w, driving Raman transitions between the even-
field [25], by a “moving standing wave” [26], by pairs of levels within the same hyperfine state. The interaction can
standing waves [8], or by a sudden shift of the trap centealso be thought of as a parametric drive induced by an
[5]. We have used the first two methods; for the dataoptical dipole force modulated @w [26]. The squeeze
shown here we use the first. For the classical drive, w@arametep (defined as the factor by which the variance of
apply a sinusoidally varying potential at the trap oscillationthe squeezed quadrature is decreased) grows exponentially
frequency on one of the trap compensation electrodes [21§ith the driving time. Figure 4 show®(r) for a squeezed
for a fixed time (typicallyl0 us). In Fig. 3 we present state prepared in this way. The data are fitted by a vacuum
an example ofP|(z) after creation of a coherent state of squeezed state distribution, allowing omiyto vary. The
motion, exhibiting collapse and revival. The time-domainfit of the data in Fig. 4 demonstrates consistency with a
data are fitted by Eq. (2) using a Poissonian distributiorsqueezed state and finds= 40 = 10, which corresponds
and allowing onlyn to vary. All other parameters are ton = 7.1.
measured from a separate trace similar to Fig. 1(a). The The population distribution for a vacuum squeezed
inset shows the probabilities of the Fock componentsstate is relatively flat and is restricted to the even states,
extracted using the frequency-domain analysis describeB,, = N(2n)! (tanhr)?>"/(2"n!)?, with 8 = exp2r). A
above. These amplitudes display the expected Poissoniaqueezed state with = 40 has 16% of the population in
dependence om. The observed revival for higher- states above = 20. The Rabi frequency differences of
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