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Excitation spectra of an individual trappééfBa’ ion show sidebands of radial and axial ion
vibration in the trap. The second-order sidebands involving raathal axial vibrations would allow
swapping these vibrational states; they represent an inverse Raman effect with the role of electronic
and vibrational excitation interchanged. Deexcitation sidebands differ from excitation sidebands as
the vibrational distribution in théds,, level is modified by the ion being reduced to this level in null
observations of resonance light. Delayed deexcitation goes along with stochastic cooling that makes the
ion collapse into the Fock stafe = 1). Sideband modulation is identified as stroboscopic detection of
the light-induced nutation on a vibrational transition with = 1. [S0031-9007(98)05673-7]

PACS numbers: 32.80.Pj, 42.50.Vk

Individual atomic particles—ions—have been pre-ting. Moreover, we show, for the first time, that the very
pared in an rf trap and observed by their laser-exciteghrocedure of driving and probing the ion by light pulses
resonance light for quite a while [1,2]. Trajectories of the(i) modifiesthe ion’svibrational distributionand (i) will
evolution of an electronic degree of freedom have beerventually amount todynamic preparationof the ion
recorded in this way and have revealed Bohr’'s “quan-either in a vibrational Fock state or in a stationary or time-
tum jumps” [3,4]. The ion's center-of-mass motion hasvarying superposition of such states. The former modi-
been almost eliminated [5,6]. Complete command of thdication is detected in the strength of the sidebands and
ion’s center-of-mass motion is prerequisite when one inevidences stochastically cooling the ion, a filtering process
tends to use one of the narrow, unshifted ion resonances momentum space that has been recently predicted [18].
as a frequency mark for the long-term control of an rf orThe process is shown to make the i@symptoticallyap-
laser oscillator thus turning the combination into a high-proach a Fock state. It goes on, since the driving light's
accuracy frequency standard [7]. Recently, individuallyeffect on the ion vibration remains coherent as long as the
light-controlled ions have been suggested to serve as logion is not actually deexcited and the probe light gets reso-
gates for quantum computation [8], and the steps of manantly scattered.
nipulation required for implementation of a “controlled In the experiment, a Baion is loaded into a 1-mm-
not gate” have been demonstrated, making use of both the&zed radio frequency trap, and irradiated by laser light at
ground-state hyperfine transition, and the vibrational exci493 and 650 nm, for excitation of resonance scattering on
tation of a’°Be* ion [9]. the S /,-Py /2 line and prevention of optical pumping into

The center-of-mass motion of an ion in an rf traptheDs/, level, respectively. The ionis laser cooled by the
consists of free harmonic secular vibrations superimposegreen light down tuned from resonance. The fluorescence
on the oscillatory “micromotion” driven by the rf field. signal @ X 10* s™! maximum rate) is recorded by photon
Since this field displays a node at trap center, thecounting. So far, the setup has been described elsewhere
micromotion is minimized by suitably positioning the [11]. Light of a tunable color-center laséNaCl.OH")
ion [10,11]. The vibration is reduced by laser coolingat 1.762-um output of 15 kHz bandwidth excites the ion
on a resonance line (“Doppler” cooling) [12,13]; evenon its E2 line S;,,-Ds;, [6]. In fact, irradiation by this
somewhat more by Raman cooling [14,15]. Reduction tdight alternates with that by the green probe light, and
the vacuum state has required more complicated schemabsence (presence) of resonance scattering is the signature
[5], and preparation and manipulation of particular state®f the ion having been excited to tiig, (leftin the S, ,,)
of the vibrational motion have been demonstrated [16]level [19] (Fig. 1). The number of pairs of measurements
Application of these techniques to implementing morewith resonance scattering “on-off,” normalized by the total
complex logic gates requires, however, extra memorywumber of measurements, represents the probability of
qubits not available so far. excitation on thek2 line. A set of such measurements

We report on the simultaneous controlled laser excitarecorded upon stepwise scanning the frequencyf the
tion of a dipole-forbidden optical transition and a secularir laser yields a spectrum of absorption [Fig. 2(a)]. Such
vibration of a single!*®Ba’ ion. We demonstratéwo  spectra show sidebands from Doppler phase modulation by
orthogonal vibrational motions [17] that must become anthe ion’s secular motion in the trap. The mean vibrational
ticorrelated upon excitation of a second-order vibrationafjuantum numbeKn) may be derived provided that the
sideband close to the carrier line, such that the settindistribution of the ion over the vibrational states is known.
of the states of vibration might be interchanged with nowith thermal distribution, the strengths of upper and lower
a priori knowledge of the information coded in the set- unsaturated first-order sidebands vary(@s + 1)1n2Q?
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off FIG. 2. (a) Excitation spectrum of th&2 line S,/,-Ds/,
(mg = +1/2 > mp = +3/2) whose (first-order) side-
FIG. 1. Laser excitation of the Ba ion on the E2 bands are compatble with{n,) + (n,) =3.2. Laser
(quadrupole) line to itss, level, and on the resonance line bandwidth 50 kHz; sidebands unsaturated. (b) Excitation
Si/2-P1/> line (top) alternate and form 4-ms-long cycles of spectrum withr and z vibrational sidebands resolved, and
measurement (bottom) whose result is either photocount rate sideband and central line strongly saturated. The lat-
“on” (ion is mostly inS;,,) or “off” (ion in Ds,). ter is accompanied by second-order sidebands that mark
light-induced interchange ofr and z vibrational quanta

22 . . . (“inverse  Raman effect”). Bandwidth 15 kHz. (c) De-
and (n)n°Q)", respectively, wherey is the Lamb-Dicke  eycitation spectrum showing equal first-order sidebands

parameter, and) is the E2 Rabi frequency [20]. The twice as large as in (a). Bandwidth 50 kHz; sidebands
ratio S;/S, of these strengths does not depend on theinsaturated.
light intensity at the ion location, whereas dbes for

other distributiqns [21]._With a Fock state, e.g., this ratiofgy the operation of a quantum-logic gate, the second

approaches unity upon increasifi)g However, after each yiprational degree of freedom would provide the ion

probing of resonance scattering of the green light, the iojyith an extra memory qubit. Excitation of those second-

is supposed thermalized with) = $,/(S, — S1) as, .., order sidebands would allow one to shift the ion from a

in Fig. 2(a), wherdn) = 3.2. S particular state of the vibration to the corresponding one
In fact, under better resolution the ion displays twogf the ; vibration or vice versa [22].

vibrational modes(w,, w.), and its excitation spectrum  After the ion has been excited, on a sideband, to the
shows two sets of sidebands, since the potential of thg); , |evel, its vibrational distribution is nonthermally
trap is spheroidal, and,, . are nondegenerate. Fig- pynched around a value ¢f) that is higher than before,
ure 2(b) shows such a spectrum, where pairs of first-ordep the §,,, ground state [17]. Triples of measurements
sidebands are resolved. The carrier line (“zero-phononyjith the result of probing—i.e., the resonance light—
line in Mdssbauer terminology) and the radial sideband$g,nd “on-off-on” represent events of prompt stimulated
are strongly saturated, the axial ones weakly. Close to thgeexcitation The spectra derived from these events show
carrier line, unsaturated second-order sidebands show yth upper and lower first-order sidebands varying as
that result fror_n th_e ior_l simultaneousl_y exchanging a ra((,) + 1)n2Q2 [Fig. 2(c)]. Moreover, there are events
dial and an axial vibrational quantum, i.e., with more than one “off” result sandwiched between ini-
w = wo+ Ay = w * (0; — w,), tial and final “on” observations. These data correspond
where wy is the E2 resonance frequency. The energyto delayed deexcitation. Sequences of such null detec-
defect of these vibrational quanta is made up by thdions have been shown to prepare the ion in a state of
offset of the light from resonance. This situation islower {(n), i.e., to stochastically cool the ion [18]. In
opposite to the one encountered in stimulated Ramafact, (n) is supposed to decrease monotonously upon in-
excitation, where the energy difference efectronic creasing numbeg of intermediate off results in consecu-
pump and Stokes quanta is made up by titgational tive measurements. This number represents the length of
excitation. Consequently, this type of fundamental atomiime the metastable ion undergoes intermittent interaction
light interaction qualifies as amverse Ramarprocess. with the driving light but fails to get actually deexcited to
With the combined excitation of an internal resonance andits ground state. Figure 3(a) shows deexcitation spectra,
a vibrational degree of freedom both serving as qubitplotted vsg, that represent the probability of deexcitation

493nm 1762nm

time —»
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immediately afte futile attempts. This probability @

W(q) = —dU(q)/dq
decreases since uninterrupted sequenceg milll detec-

tions turn rarer upog growing. Here
q

U@ = [1 pulr.p)
p=1

is the probability for findingg sequential off results,
where p11(7, p) = >, pli(r, p) is the ion’s occupation
density of theDs/, level, andr is the duration of the
interaction with the driving light [17,18]. In Figs. 3(b)
and 3(c), this probability has been both calculated for the
initial thermal vibrational distribution determined by the
absorption spectrum and derived from the sidebands of ra-
dial vibration of Fig. 3(a): Deexcitation events on the car-
rier line (w; = wy, left plot) do not change the vibrational b 1 .
state of the ion; such events on the (upper) sideband do ® "R 3 © Rr T T
(w; = wo + w,, right plot). Moreover, in sideband de- f ] F oy
excitation the probability much exceeds a correspond- i 1 rooN
ing result of computation that neglects renormalization of 0.1} 3 01 E
p11 after measurements that fail detecting resonance light ~ f ] : ]
[dashed line, Fig. 3(c)]. The relative excess of probabil- g [ ] [ )
ity growing with ¢ and time reflects the matrix element 0.01 0.01 L i
for light interaction on the vibrational sideband diminish- A
ing upon decreasin@:), and thus it provides indirect evi- [ A, q i
dence for stochastic cooling of the ion. I

The sidebands daxial vibration in Fig. 3(a), beingju_st_ 0.001 fm———p————7 0.001 it b
weakly saturated, are more susceptible to any variation q q
of the transition rate. When plotting the ir deexcitation FIG. 3. Number of emission events that form deexcitation

probability (~dU/dq)/U = Pacex VS g, We notice this spectraW (A;,) vs numberg of “off” results (a). Probability

probability decreasing, i.e., direct evidence of stochasti¢;(y) for 4 sequential null detections of resonance light: At the
cooling, and also modulation with temporally increasingcentral line [vibration unaffected, (b)], at the upper sideband

contrast [Fig. 4(a)]. This modulation of the deexcitation«, (c) where vibration and probability of deexcitation decrease
probability during sequences of measurements that lackUCh thatU(q) exceeds corresponding value calculated with
actual deexcition characterizes the vibrational evolutior{nOd'flcatlon of vibrational distribution neglected (dashed line).

of the ion as coherent dynamics. The corresponding

# of emission events

U@

probability of deexcitation is [16] its phase of nutation acquired by the previous action
1 | = of the driving light remains unaffected by the probe

Pgeex = — — — Z 0, o942ty n+1) light [Fig. 4(b)]. This nutational phase varies stepwise

2 2.5 and periodically over such a sequence of cycles as

where 0, = pyy + pli is the population of vibrational long as neither stimulated nor spontaneous deexcitation
level n, andQ,,,+1 = nQ+/n + 1 are the Rabi nutation terminates the sequence. Eventually, probing for the ion’s
frequencies related to the upper-sideband vibrational trarground state may turn successful, and resonance light
sition|n) = |n + 1), andQ) is the optical Rabi frequency will be detected. The probability of this event happening
determined by thé&?2 matrix element and the light ampli- depends on the achieved nutational phase and, therefore,
tude at the ion location. If the ion’s vibrational distribu- periodically ong: The light-driven nutation, alternating
tion peaks atn), a good approximation is with intervals of free vibration during “null” probing,
_ - i is stroboscopicallyrecorded. The stroboscopic period is

_ P($1'/2,<n>) Pdee"(q_), sire qTQ<">’<">f1' ~infinite if the duration7 of the driving-light irradiation
Since driving theE2'tranS|t|on altgrnates W|th probing s an integer multiplem of the nutation periodry =
on the resonance line, the nutation dynamics betwee@W/QW(nm; in general, it varies agr — m - 75|71,

\{ibrational states|n) and [» + 1) goes on during the gng the stroboscopic frequency is
first half of each cycle of measurement, but stops for
the second half. When no resonance light is detected vy = (Q/2m) (r = m7y)/7.

within this probing half cycle, the ion is found to reside The data in Fig. 4(a) are compatible wilrv; = Q /50

in the Ds;, level, and its vibrational state including and m = 5. Note that the contrast of modulation
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