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Spectroscopy of the electric-quadrupole transition?S,,,(F =0)—2Dg,(F=2) in trapped "Yb*
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We experimentally demonstrate laser spectroscopy of the electric-quadrupole transiti®p,65d 2D,
of a single trapped’*Yb ion. The probed transition has a natural linewidth of 3.1 Hz, and is at a wavelength
of 435.5 nm. A7YYb ion is laser cooled to the range of the Doppler limit in a radio-frequency Paul trap. The
F=0-F'=2, mz, =0 hyperfine component of th&S,,,—2D5, transition is excited by a laser source whose
frequency is controlled by an optical reference cavity of high intrinsic stability. The recoilless carrier compo-
nent of the vibrational sideband spectrum is resolved with a minimum linewidth of approximately 80 Hz,
corresponding to a fractional frequency resolution ofXl1®~ 3 This resolution limit is attributed to laser
frequency instability. The effective decoherence rates of the residual ion motion are inferred from the obser-
vation that the axial and two radial low-frequency first-order secular-vibration sidebands show minimum
linewidths in the range of 0.2—1 kHz. Prospects for an optical frequency standard based on the investigated
atomic system are discussed.

PACS numbes): 32.80.Pj, 42.50.Lc

I. INTRODUCTION 3.1 Hz[18]. Our experiments extend earlier work on laser
cooling schemes for trapped Y{419], on the excitation of
lon traps are a unique basis for precision spectroscopthe transitions from the ground state to the levéls;, and
and quantum state control experiments, because individu&F,, in Yb™ isotopes without hyperfine structuf0], and
atomic systems can be confined over long times with onlyon the detection of quantum jumps to thB4,(F =2) level
small and well-defined perturbatiorfd]. A single laser- in *yb* [21]. One distinguishing feature of the spectro-
cooled ion stored in a suitably dimensioned radio-frequencygcopic scheme investigated here is that the rate of transitions
quadrupole trap typically satisfies the Lamb-Dicke criterionto the long-lived metastable staté&,, is negligibly small.
in the optical wavelength range, so that the phase coherené¢¢ence the laser cooling and probe excitation cycle is not
between externally applied radiation fields and atomic interslowed down by dwell times in théF ,, state.
nal state evolution is not significantly reduced by linear In our experiments a singlé’*Yb ion is prepared and
Doppler-effect frequency shiff]. laser cooled in a radio-frequency trap, so that the Lamb-
The alkalilike 2S,,,—2P,;, resonance transitions of the Dicke condition is satisfied for optical excitation. During in-
singly ionized group-ll elements, and of ionic mercury tervals when the cooling radiation is blocked, a tunable
(Hg™) and ytterbium (YB) permit high fluorescence scat- narrow-bandwidth laser source excites the transition to the
tering rates. This is of advantage in particular in experiment$ =2, m-=0 sublevel of the’D g, state. The probability of
which rely on efficient laser cooling of a trapped ion to the quantum jumps to this state is registered as a function of the
Doppler limit, and on the detection of individual quantum optical excitation frequency. The applied probe radiation
jumps through the electron shelving techniq@¢ The ions  pulses are short compared to the natural lifetime of4bg,
1%%4g* and '"Yb" have a nuclear spin of=3%, so that state; the effective pulse area is typically in the ranger/af
mg=0-mg, =0 reference transitions with a vanishing low- to 7. Under these conditions one expects that observed reso-
field linear Zeeman effect frequency shift are available innance line shapes are essentially free of saturation features,
level systems with relatively simple hyperfine and magnetic-and that the lower linewidth limit is inversely proportional to
sublevel structure. Thereforé&®®Hg* and’*Yb™ are an at- the pulse lengtt22]. In the present experiment, the recoil-
tractive choice for high-resolution spectroscopy investigaless carrier resonance of the vibrational spectrum of the
tions and for frequency standards in the microwave angrobed transition is resolved with a minimum linewidth of
optical frequency rangpt—12). approximately 80 Hz(full width at half maximum. This
Optical spectroscopy with linewidths in the sub-kHz resolution limit appears to be determined by laser frequency
range has been demonstrated for a few alkalilike ions includinstability. The resulting ratio of linewidth to transition fre-
ing 1%Hg*, and for In" [12—16. In this paper, we report quency is 1.X10 3, which is comparable to the most fa-
experiments that demonstrate high-resolution optical specrorable frequency resolution values reported so far in micro-
troscopy on trapped’Yb*. The probed transition is the wave and optical atomic spectroscofy,17.
electric-quadrupole transition from thé=0 ground-state Heating and motional decoherence effects in radiofre-
hyperfine level to the metastable leved 8D, ,(F=2). The quency ion traps have received increasing attention in the
transition is at a wavelength of 435.5 fdi/]. Lifetime mea- context of experiments related to the preparation and ma-
surements of théD ), state indicate a natural linewidth of nipulation of nonclassical motional stagz3—25. The mo-
tional relaxation of trapped ions is also of interest in high-
resolution spectroscopy investigations because a significant
*Electronic address: christian.tamm@ptb.de heating during probe intervals would give rise to increased
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—_— Il. OPTICAL-EXCITATION
" 5d6s [3/2]
iy 5d6s 132 AND MEASUREMENT SCHEME

The employed optical-excitation scheme and the relevant
section of the energy-level system BfYb™ is illustrated in
Fig. 1. A number of related atomic and experimental param-
eters are listed in Table I. For optical detection and laser
cooling, the 2S,,,—2P,, resonance transition of’*Yb* is
excited by a linearly polarized traveling-wave laser field
tuned to the low-frequency wing of the quasicyclifg

- =1-F=0 hyperfine component. Under the conditions of the
6s°S,, : exDeri .

E-0 periment, the fluorescence photon scattering rate of a
cooled, resonantly excited ion is in the rangeRo£ 10" s 2
which is well below the saturation limit given byp/2~7
x 10" s L. In order to reduce optical pumping to nonabsorb-

6p *Pp 935.2 nm

F =0

F=2
rey Od D,
369.5 nm

T T Y P LY

FIG. 1. Partial energy-level system bftyb*, showing the ap-
plied optical excitation(full arrows) and experimentally relevant

spontaneou_s decay pattizroken arrows The hyperfine splittings &ng superpositions of magnetic sublevels in Bre 1 ground
of the atomic energy levels are not drawn to scale. The correspond-

ing splitting frequencies arésee Refs[9,21]) A;=12.6 GHz,Ap State, a Larmor precession fr(_aqu_ency O.f o2 ) is in-
=2.1GHz, Ap=0.86 GHz, and\(5;=2.5 GHz. troduced by a static magnetic field oriented at an oblique

angle with the polarization of the cooling laser field.
confinement-related transition frequency shifts. In our ex- Nonresonant excitation to thé&P;,(F=1) level leads to
periments, an upper limit of the single-ion heating rate ishyperfine pumping to th& =0 ground state. Neglecting nu-
inferred from observations on the relative strength of themerical factors due to relative hyperfine transition probabili-
secular-vibration sidebands of th&S;(F=0)-?Dy(F ties, the hyperfine pumping rate is approximately given by
—2) transition for different time delays between cooling andr#=~R(yp/4mAp)*~3X10Ps . As indicated in Fig. 1,
probing. Since the Lamb-Dicke condition is satisfied and theground-state hyperfine pumping is compensated for during
probed residual ion motion is thermal, the effective decoherlaser cooling by additional resonant excitatioiS,(F
ence rates of axial and radial secular vibration can be in=0)—"Py(F=1). The rate of spontaneous transitions to
ferred from the broadening of the secular-vibration sidebandthe metastable levelD;,(F=1) is in the range okR~7
relative to the carrier resonanfg]. We find that one of the X 10*s *wherea=7x10"2is the branching probability for
radial sidebands produced by a single trapp&b ion can  spontaneous transitiord;,—2D s, [26]. The 2Dy(F=1)
be resolved with a minimum linewidth of 0.2 kHz, which is level is coupled to the &6s [ 3/2],,,(F =0) level using ex-
in the range of the frequency resolution of the performeccitation at\ =935.2 nm. From this level,’*Yb ions rapidly
measurement. The other radial and axial sidebands shodecay to theF=1 ground stat¢19,21]. Spontaneous dipole
minimum linewidths in the range of 1 kHz. The observationand electric-quadrupole transitions from the energy levels
that the two radial sidebands, which are nearly frequencghown in Fig. 1 to the metastable levéBs, and 2F,, are
degenerate independent of the trap potential, show signifforbidden by parity and angular-momentum selection rules.
cantly different linewidths suggests some conclusions on the The present experiment is based on the excitation of the
relevant sources of motional decoherence in the employeelectric-quadrupole transitioRS, ,(F=0)—2Dg(F=2) of
trap system. 17yp*. Quantum jumps to theDgy(F=2) state lead to

TABLE |. Spectroscopic and trap parameters. Indicated wavelength values are vacuum wavelengths;
natural linewidth values¢full width at half maximum are derived from measured spontaneous decay rates as
given in the literaturgsee Ref[21]); % is the Planck constankg the Boltzmann constanin the atomic
mass, and) the angle between the trap axis and propagation direction of probe laser field.

Wavelength and natural linewidth, A=369.527 nm;
7yh™* resonance transitioRS;,(F=1)—2P(F=0) vpl(27)=23 MHz
Wavelength and natural linewidth, A=435.519 nm;

probed!"Yb* quadrupole transitiofS;(F=0)—2Dy(F=2) yp/(27)=3.1Hz
One-dimensional kinetic temperature

at Doppler cooling limit To=#hvp/(2kg)=0.55mK
Axial (z) and radial(r) secular-oscillation frequencies w,/(27)=0.86 MHz;
(typical trap operating conditions w1 /(27m)=w,»/(27)=0.73 MHz
Mean vibrational quantum number

of axial secular oscillation afp (nyp=(yplw,~1)/2=13
Axial Lamb-Dicke parameter at=435.5 nm 7,=(27I\)[ %! (2mw,)]¥?=0.084
Relative intensity of first-order axial

secular-oscillation sideband a, (1,/15)p=(n,)p 7% co 6=0.092 cod ¢
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detectable intervals of vanishing resonance fluorescence ontletection is negligible. If the2S,(F=0)-2Dg(F=2)

if this level is not rapidly depleted by the laser cooling exci- transition is excited by a resonant pulse,p assumes its
tation. The dwell times in théD,(F=2) state can be re- maximum value. Taking into account stimulated and sponta-
duced in particular by nonresonant excitation at Neous transition probabilities from thi®,(F=2) level to
=935.2 nm to the levef[3/2],(F=1). The corresponding the ground state, one expects that the maximum valyeof
transition rate is, however, smaller than the natural decap/ways smaller than 1 and lies in the rangepef1—a.

rate yp=19s ! when the intensity of th& =935.2 nm ra-

diation does not largely exceed the resonant saturation inten- Ill. EXPERIMENTAL SETUP

sity of the 2D 4,—3[3/2],, transition[21]. The rate at which A. Trap

the ?Dg(F=2) state is populated during laser cooling is ] ' o )
also of interest since it determines the sensitivity with which ~ The experiment employs a cylindrically symmetric rf
small excitation rates on thS, (F = 0)—2D(F = 2) tran- quadrupolt_a trap Wh_ose ring eIectrode diameter is 1.4 mm. In
sition can be detected. During cooling, population of theorder to minimize higher-order multipole components of the

2 _ ; ; rap field, a conical trap electrode design is ug2®l. Typi-
D.(F=2) level is caused predominantly by nonresonant X
excsi/t2a(1tion t()) the?P, (F - 1) Igvel and sut?;eguent sponta- cally a 16-MHz rf voltage of several hundred V amplitude,

. ; and a constant voltage in the range of 15 V, are applied to
neous decaile_I. Under Fhe cond|t|9n§ of the experiment, the trap ring electrode in order to obtain a nearly spherically
the corresponding transition rate is in the range aofy

> symmetric pseudopotential with axial and radial secular-

~2S57 ) ) oscillation frequencies in the range of 0.8 Mk&ee Table)l

The absorption spectrum of the=435.5nm “S;(F  Trap voltage amplitude fluctuations have a relative magni-
=0)~?Dgp(F =2) transition is probed using a measurementy,de of less than 10 for time intervals of less than 10 s.
cycle as follows (i) For fluorescence detection and cooling, |ons are loaded by activating an oven filled with isotopically
resonance and hyperfine repumping light fields Xt enriched'’*Yb and an electron-emitting filament. The trap is
=369.5nm and light ah =935.2nm are admitted to the mounted in a quartz glass cell evacuated to a pressure of less
trap. (i) The hyperfine repumping field is switched off in than 10°° mbar. Typical storage times for single ions are in
order to prepare the ion in tfé=0 ground stateiii) Light  the range of ten days. Extended periods without fluorescence
at\=369.5 and 935.2 nm is blocked, and a single rectanguscattering which can be attributed to population of e/,
lar pulse ofA =435.5 nm radiation is appliediv) Next fluo-  state or to molecular-ion formatidi80] occurred at a rate in
rescence detection and cooling interval. In cycles where athe range of 0.1 Rt during the experiments described here.
abrupt stop of the fluorescence emission during intef¥al  Over a period of two years, the rate varied between virtually
indicates that preparation in the=0 ground state is likely, zero and peak values in the range of 1! without correla-
the fluorescence signal is registered again at the start of thfon to the indicated background gas pressure. The observed
following cooling interval. The ion is assumed to be in the pehavior might be due to temporally changing gas adsorption
’Dy(F=2) state if the photon number detected in a timeand emission properties of parts of the trap setup which give
interval small compared to %4 is below a threshold value; rise to gas density variations in the confinement volume
occupation of the ground state is assumed if the threshold i&ithout significantly changing the average background gas
exceeded. In the latter case, the most probable number @kessure.
detected fluorescence photons is several times larger than the As indicated in Fig. 2, laser fields at=369.5, 935.2, and
threshold value under the realized experimental conditiong35.5 nm are directed collinearly through the trap at an angle
[27,28. of #=55° with the trap axis. Beam diameters at trap center

The numbeN of quantum jumps to th@Ds(F=2) state  are in the range of 20—5am. The fluorescence emission is
which are observed in a given number of measuremidnits  collected in a direction perpendicular to the laser beam
recorded and displayed as a function of the optical excitatiopropagation direction. An estimated fraction of 0.1% of the
frequency at =435.5 nm. If the fluctuation of the observed scattered fluorescence photons is detected by a phomultiplier
values ofN is determined by the quantum projection noise oftube operated in the counting mode.
the energy state measurement, the variandd isf given by After ion loading, constant voltages are applied to oven
(AN)?=Mp(1—p) [27]. Herep=(N)/M is the probability ~and electron source in order to compensate for the radial
that the ion is found in théDg(F=2) state, with(N) de-  components of the static electric stray field at trap center.
noting the statistical average bf Imaging photodetection with a spatial resolution of a few

The probability p that the trapped ion is found in the micrometers is used to detect and minimize the stray-field-
’Dg4(F=2) state during state detection does not exactljinduced changes in the equilibrium ion position which occur
reflect the absorption probability associated with the probéf the radial pseudopotential depth is strongly reduggd.
excitation ath =435.5 nm. According to the estimate of non- In this way, the radial compensation voltages are adjusted
resonant excitation rates given above, there is a probabilitwith an estimated uncertainty of a few percent. The axial
of order « that the ion is prepared in théD,,(F =2) state stray field and axial asymmetries of the rf trap field are com-
rather than in thé=0 ground state during intervél). One  pensated for by a constant voltage difference between the
thus expects a background quantum jump probability of orirap endcap electrodes. The axial compensation field is ad-
der p~ « if no resonant excitation is applied during interval justed such that the relative strength of sidebands at the fre-
(iii), and the probability of spontaneous decay before statquency of the trap field is reduced to less than 10% in the
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, quency range of thé==2-F=1 hyperfine component is
Radiofrequen&y"‘" blocked by transmission through a Fabry-Perot etalon. At an
quadrupole trap o g =5 applied power in the range of 10@W, the A=935.2nm
‘ / 4 PMT excitation depletes théD,,(F=1) level nearly completely
g without significantly reducing dwell times in théDy(F
=2) state.
740 v R-SHG Probe radiation ah =435.5nm is produced by second-
harmonic generation using the=871nm emission of an
4.5 GHz CH Timing extended-cavity diode laser. The emission linewidth of the
— free-running laser is in the range of 20 kHz; line center fre-
. , Quantu quency fluctuations in a 1-s measurement interval have a
s{;:]j typical magnitude of 0.3 MHz. The TEM transverse-mode
resonance of a Fabry-Perot cavity made of low thermal ex-
AOM1 pansion glas$34] serves as the frequency reference for ac-
tive stabilization and controlled detuning of the laser fre-
% SHe quency. The employed reference cavity has a free spectral
[ PBS range of 2 GHz, a TEly, reflectivity contrast of 20%, and a
Servo A % > @ z finesse of approximately>210* at =871 nm. For thermal
PD

isolation, the cavity is placed in an aluminum enclosure kept
at a constant temperature of approximately 25°C. For me-
AOMZEED—@DENNHQ chanical isolation, the enclosure and an attached fiber cou-

M4 ULE pling and mode matching optic are suspended by two springs
Vacuum tank of 1-m length in a vacuum of less than 10mbar. The light
FIG. 2. Experimental scheme. ECDL, extended-cavity diode lafi€ld incident on the reference cavity is phase modulated at a
ser;(R-)SHG, (resonantsecond-harmonic generation; CH, chopper frequency of 1.1 MHz by an injection current modulation of
wheel; AOM, acousto-optic modulator; PBS, polarizing beamsplit-the diode laser. The correlated intensity modulation of the
ter; SMF, single-mode optical fiber; PD, photodetector; PMT, pho-light returning from the cavity is detected as an optical fre-

tomultiplier tube; I-CCD, intensified camera system. For furtherquency discriminator signdl35]. The amplified and time-

details, see the text. integrated discriminator signal controls the frequency of the
A=871nm diode laser. This frequency control circuit has a
. 7 .
excitation spectrum of théS,(F=1)—2P,(F=0) cool- loop gain of more than 10in the frequency range below 1
ing transition. kHz, and a unity-gain frequency of approximately 0.3 MHz.

As indicated in Fig. 2, a fraction of approximately LOV
of the A =871 nm laser output is passed through an acousto-
optical modulatoAOM 2) which introduces a variable fre-

A frequency-doubled extended-cavity semiconductor diquency offset for tuning. The frequency-shifted light is
ode laser excites the*Yb* 2S,,,—2P;, resonance transition coupled into a polarization-preserving optical fiber. In order
at A=369.5nm. The generated harmonic light has a maxito reduce the effective reflectivity of the fiber endface, it is
mum power of 1QuW and a bandwidth of less than 0.5 MHz cut at an oblique angle with the fiber axis. The other endface
[32]. During measurements, the optical power applied to thef the fiber is glued to a lens which provides transverse mode
trap is reduced to approximately /AW, and the laser fre- matching to the reference cavity. W4 plate is placed in
quency is actively stabilized in order to maintain a constanfront of the cavity, so that the light reflected by the cavity
detuning from the line center of tle=1-F=0 transition.  propagates through the fiber mainly in a polarization direc-
A light field resonant with theF=0-F=1 hyperfine re- tion orthogonal to that of the forward-propagating light. The
pumping transition is generated by modulating the injectiorrealized fiber coupling scheme offers the advantage that en-
current of the diode lasdB3] at a frequency neakg+Ap vironmentally induced pendulum motion of the reference
=14.7 GHz. By a suitable choice of the free spectral rangesavity suspension does not lead to significant variations in
of the extended laser diode cavity and of the frequencyeptical coupling efficiency or to Doppler-effect frequency
doubling cavity, the induced weak intensity modulation isshifts of the light incident on the cavifyi2,36.
resonantly enhanced and imparted on the second-harmonic The long-term stability of the effective resonance fre-
output. A relative sideband power of a few percent is ob-quency of the reference cavity was determined using the ab-
tained at\ =369.5 nm, which is sufficient to reduce the av- sorption spectrum of théS,;;,(F=0)—-2Dg(F=2m:=0)
erage dwell time of ions in thE=0 ground state to less than transition of a trapped’Yb ion as the frequency reference.
10 %s. Measurements conducted under unchanged experimental

Another extended-cavity diode laser excites &, (F conditions during a 90 day period indicate an average linear
=1)-93/2],,(F=0) transition at\=935.2nm. The laser drift of +0.06 Hz/s of the light field that is frequency locked
frequency is kept in resonance with the transition to withinto a reference cavity resonance. Additional frequency drifts
+20 MHz by locking to a temperature-stabilized referencewhich are correlated with ambient temperature changes have
cavity. Spurious incoherent diode laser emission in the frea maximum magnitude of 0.2 Hz/s and lead to maximum

B. Lasers
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frequency excursions of-25 kHz relative to the average (a)
drift. The observed average frequency drift rate is in agree- .
ment with other observations on the dimensional aging of the ‘ 1 il K el
reference cavity materigB6,37. In the present experiment, ‘ ‘
additional drifts seem to be caused mainly by a spurious
reflection off the coupling fiber endface adjacent to the ref-
erence cavity. Independent measurements indicate an unex-
pected large power reflectivity of the endface of approxi-
mately 2% which is presumably due to degradation of the
optical contact between fiber and attached lens. The effective
reflection resonance frequency of the reference cavity is
shifted by the interference of the light fields reflected by
reference cavity and fiber endface. As a result of the low
resonance reflection contrast of the reference cavity, the
maximum shift is comparable to the cavity linewidth. The
actual size of the shift is determined by the interference
phase, which is susceptible to ambient temperature changes
and minute mechanical vibrations. One thus expects that
fluctuations of the spurious interference phase contribute
strongly to both the observed temperature-dependent fre- 1.57
guency drift, and to the short-time laser frequency instabili-
ties which seem to determine the resolution limit in the spec-

-
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1

o
—

Fluorescence signal (linear scale)

(c)

w
1

troscopy of the 2S,(F=0)-2Dg,(F=2) transition (see 0 05 1
Sec. IVB. Time (s)
IV. EXPERIMENTAL RESULTS FIG. 3. Time-resolved resonance fluorescence emission of a

trapped!’Yb ion. The displayed signal is the discriminated photo-
multiplier output pulse signal after passage through a low-pass filter

Figure 3 illustrates the temporal variation of the resonanc&ith a 1-ms time constanta) Continuous cooling and hyperfine
flurescence emission of a single trapplga\(b ion for the  repumping excitation(b) Cooling excitation periodically blocked;
case of continuous laser cooling, and for the case of repeatdyyPerfine repumping is applied only during the first part of each
state preparation and probe excitation as described in Sec. A°°ling phase(c) A=435.5nm probe radiation is applied alternat-
In the measurements shown in Fig. 3, the cooling laser freld With the cooling excitation; other conditions as(h). The re-
quency is chosen such that the fluorescence scattering rate‘i%’d'”g of signalsb) and (c) is synchronized with the unblocking
approximately one-half of the resonant scattering rate. Th8 the cooling light. For further detalls, see the text.
detected photon flux is approximately<a0°s~* when the
resonance fluorescence level is high; during dark times, th
signal level is determined by stray light and by the dark
signal of the photodetection.

The measurement of Fig(& is typical of the quantum-
jump fluorescence signal that is observed if the1-F

A. Quantum-jump fluorescence signal

state, the hyperfine repumping sideband is switched off 10
s after the cooling light is unblocked. The resulting fluo-
rescence signal is shown in Figlb3. A closer inspection of
Fig. 3(b) indicates that in most excitation cycles the fluores-
cence emission ceases by hyperfine pumping before the cool-
... _ing light is shut off. The incidental dark interval of approxi-
=0 andF=20—F :E components oithe resonance transition a1y two cycle lengths is likely caused by a spontaneous
and the "Dy (F=1)—"[3/2],(F=0) wansition at X . nqiion 1o the?D4(F=2) level. Figure &) shows the

N 9.35'2 nm are excited contmuously.l AS dlsgussed In Sec. Ilfluorescence signal for the case that 435.5 nm probe light
periods without fluorescence scattering are induced by spon

o i s applied alternating with the cooling excitation. Probe
taneous transitions to théDyZ(F_.z) level. _Th_e observed pulses of approximately 100-nW power and 1-ms duration
average length of bright and dark intervals is in good agree

; ; . . “~are produced by an acousto-optical modulata©OM1 in
ment with rate equation calculations, and confirms an earlleﬁig 2). The pulses are resonant with the recoilless compo-
measurement of the natural lifetime of th&D,, state L

. ) o h nent of the 2S;(F=0)—2Dy,(F=2, m=0) transition,
.[18'2]1' The signal level fluctuations within bright and dar_k and are applied immediately before the start of each cooling

. : hase. Figur indi ntial transition pr il-
Figures 3b) and 3c) show resonance fluorescence S|gnaI§j ase. Figure 8) indicates a substantial transition probab

X . ity to the ?Dg(F=2) level because the fluorescence emis-
for the cases when phases of cooling, state preparation, a@%n is delayed or entirely suppressed in a large fraction of
probe excitation are alternated. The same excitation sequenge, registered excitation cycles
is used in the spectroscopic measurements discussed below. '
The cooling light fields are periodically blocked and released
by a rotating-wheel chopper. The total cycle time is 65 ms;
the cooling light fields are blocked during half the cycle Absorption spectra of the transition®S;,(F=0)

time. In order to prepare the trapped ion in fie0 ground —2?D,(F=2) of a single trapped’Yb ion were recorded

B. Spectroscopy 0f?Sy,(F =0)—2Dgy,(F =2) transition
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tion of the probe laser frequency. The relative strength of the
vibrational sideband structure was enhanced by a partial
saturation of the carrier resonance. The radial vibration side-
bands appear at a separation of approximateR80 kHz
from the carrier. The frequency difference between the two
nearly degenerate radial sidebands is not resolved under the
conditions of the measurement. The axial sidebands whose
frequency separation from the carrier is approximate870
kHz are barely visible in Fig. @), since their strength is
comparable to the background noise level. The weak reso-
—_ nance signals which appear at approximated$00 kHz
(b) from the carrier are artifacts produced by the active stabili-
zation of the probe laser frequency. The observed frequency-
0 independent background of quantum jumps is caused by spu-
rious broadband emission of the probe laser and by
spontaneous transitions to th,(F=2) state, as dis-
cussed in Sec. Il.
Figure 4a) demonstrates confinement in the Lamb-Dicke
20 1 kHz regime since the vibrational sideband spectrum is dominated
by the central carrier resonance. If the probe pulse power is
(C) reduced, the relative sideband strength decreases further and
approaches the value expected at the Doppler cooling limit
0 (see Table)l Measurements as shown in Figagwere also
: performed for the case that the probe pulse was applied im-
mediately after blocking of the cooling light, which reduces
the average time between the stop of laser cooling and probe
10 excitation by approximately 30 ms. Within the achieved
500 Hz signal-to-noise ratio, no significant change in relative vibra-
(d) —— tional sideband strength is observed. This allows to estimate
an upper limit of the heating rate of the trapped ion in the
absence of laser cooling. The inferred heating rate limit is
a(n*)/9t<300s 1, wheren* denotes the effective quantum
0 number of the observed projection of axial and radial vibra-
Detuning at 4355 nm — tion modes. Other experiments on single ions in rf traps have
observed secular-vibration heating rates ranging from
FIG. 4. Quantum-ump absorption spectra of th&(F  N)/dt=1s*to (n)/ot~10°s"*[38,39.
=0)—2D(F=2, me=0) transition of a trapped’’Yb ion. The High-resolution spectra of the carrier resonance of the vi-
optical probe frequency at=435.5 nm increases from left to right brational spectrum are shown in Figgb$-4(d). The data
according to the indicated scales. The vertical axes show the nungollection time for each measurement was in the range of
ber of quantum jumps to th&D,,(F=2) level, which are counted 90-150 s, which is sufficiently short to avoid significant
for a given numbeM of energy state measuremefge the tejt  line-shape distortions due to probe laser frequency drift. Fig-
(&) The probe frequency is incremented after=50 measurements; ures 4b) and 4c) show the resonance signal under condi-
the probe pulse length=1 msec, the probe power is AW. (b)  tions where the Rabi sideband structure associated with satu-
M =50, 7=1ms, and the power is 50 nWc) M=50, 7=1ms,  rated square-wave pulse excitation could be reso[\ai
and the power is 25 nWd) M =20, 7=20ms, and the power is 0.5 The comparison with calculated transition probability line
nw. shapes indicates that the effective probe pulse area is ap-
proximately 37/2 in Fig. 4b), and is close tar in Fig. 4(c).
using the excitation and detection scheme described in Sethe linewidth of the resonance peak of Figlcdis Av
Il. A fluorescence signal integration time of 3 ms is used to=0.95kHz, in good agreement with the valder=0.8/r
determine the atomic energy state after probe excitations=0.8 kHz expected for excitation by & pulse of lengthr
Unless noted otherwise, the time between the end of the-1 ms[22]. The observed maximum quantum jump prob-
probe pulse and the start of the cooling and detection phasability, P=0.65 in Fig. 4c), appears to be limited mainly by
is 1 ms. fluctuations of the probe pulse area. Under the conditions of
The spectrum of Fig. @) covers the frequency range of the experiment, substantial variations of the effective pulse
the recoilless carrier resonance and of the first-order seculaarea are introduced by probe laser frequency fluctuations and
vibration sidebands of the transition to tRBz(F=2, mg by the quantum-statistical fluctuation of the secular-vibration
=0) level. In order to reduce the number of data pointsamplitude[12].
required for the scan, the linewidth of the probe radiation The Rabi sideband structure is not clearly resolved for
was broadened to approximately 50 kHz by noise modulaprobe pulse lengths of more than a few milliseconds. In the

Number of jumps ——
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limit of low power, linewidths ofAv=1/r are obtained for

1 mss7=<10ms. Forr>10ms the linewidth approaches a
minimum value of typicallyA»=80Hz. A corresponding
measurement is shown in Fig.d¥; smaller linewidths in the
range of Av=50Hz were observed on a few occasions. It
seems likely that the experimental linewidth minimum is de-
termined mainly by probe laser frequency instabilities anc
not by fluctuations of the atomic resonance frequency. Unde
the conditions of the experiment, the estimated maximun
short-time variation of confinement-related transition fre-
quency shifts is negligible relative to the natural transition
linewidth of 3.1 Hz[40,41. The quadratic Zeeman fre-
quency shift coefficient of théS,(F=0)—?Dg(F=2, mg
=0) transition is calculated a8v/B?=52 kHzAmT)? where

B is the applied static magnetic field. In our cad®,
=0.25mT, so thatév=3.2kHz. The expected temporal 0 -
variation of sv due to the measured ambient alternating -868 -730 0
magnetic field is _ apprpximatelyiS Hz. _The resulting Detuning at 435.5 nm (kHz)
frequency-modulation sideband structure is too weak to b

resolved in the present experiment. The sensitivity of the

yp* transition frequency to magnetic-field variations FIG. 5. High-resolution secular-vibration sideband spectrum of
could be further reduced by switching off the applied staticthe ?Sua(F =0)~?Dg(F =2, mg=0) transition of a trapped/*Yb
magnetic field during probe intervals. Alternatively, optical ion, showing first-order low-frequency sidebands associated with
pumping during laser cooling could be avoided by rapid po_axnal (2) and radial vibration modes {,r,). The origin of the de-

larization modulation of the laser-cooling light rather than byning scale 'S at the carrier resonancr? which is also Sh‘aw” for
application of a static magnetic fie[d1,42. comparison. Using a measurement scheme as in Figs-—4d)
axial and radial sidebands and the carrier were recorded in separate

frequency scans. The probe frequency is incremented lsffte50
measurements, the probe pulse lengthris5 ms, and the probe
Imperfect temporal coherence of the ion vibration in thepulse powers are 200 n\¢idebandsand 10 nW(carrie.
trap potential leads to a broadening of the secular-vibration
sidebands relative to the carrier resonance. In the limit of lowdifference between axial and radial modes is determined by
saturation, and for classical motion which satisfies the Lambthe choice of the trap operating parameters.
Dicke condition, the broadening is proportional 10, In the measurements shown in Fig. 5, saturation broaden-
=1/7., wherer, is the effective first-order coherence time ing was avoided by suitable choice of the employed probe
of the probed velocity oscillatiof5]. The decoherence rate pulse power. The linewidths of the sidebands did not change
I'. denotes the rate at which the coherence of the seculaignificantly when the probe pulse length was increased. The
vibration decays due to fluctuations of the motional phaselinewidths ofA»=0.2 kHz obtained for the carrier resonance
For first-order vibration sidebands, the corresponding lineand for the sideband of the radial mode are not much
broadening contribution is given byp] Av=I"./m. Typi- larger than expected far-pulse excitation with an employed
cally considered sources of motional decoherence includpulse length =5 ms. Linewidths of approximateiA v
thermal heating by collisions or fluctuating electric fields, =1 kHz are obtained for the sidebands of the axial mode and
and fluctuations of the trap potential strend@#,25. For  of the radial mode,. Assuming that the observed sideband
decoherence caused by thermal heating, the order of magrinewidths are essentially determined by the decoherence of
tude of I'; is given by the rate of the relative change in the secular vibration, the inferred effective motional decoher-
kinetic energy. Thus, if thermal heating were the dominanience rates arE.~0.6x 10> s~ for the radial vibration mode
source of motional decoherence in the present experiment;, andI',~3x10°s ™! for the axial mode and the radial
the estimated heating rate limigee Sec. IV Bwould imply ~ moder,.

40 -

carrier—

<« N
«—
«

Number of jumps

C. High-resolution vibration sideband spectrum

a decoherence rate limit df ;~(n*) " 19(n*)/gt<20s?, The experimentally determined motional decoherence
corresponding to a broadening contribution ®/<60Hz  rates are considerably larger than the estimated maximum
for the first-order vibrational sidebands. decoherence rate due to thermal heating. It thus appears that

A high-resolution secular-vibration spectrum obtained unthermal heating is not a main source of motional decoher-
der experimental conditions similar to those of Fig)4  ence in the present experiment. It is also unlikely that fluc-
4(d) is shown in Fig. 5. The frequency differences betweertuations of the trap potential depth are the only relevant de-
the three vibration modes are well resolved. The small freeoherence source, since such fluctuations would give rise to
guency separation between the two radial modes indicatesssentially equal decoherence rates in the nearly degenerate
the degree to which the generated trap potential deviatemdial modes. It appears difficult to gain a conclusive inter-
from cylindrical symmetry as a result of incidental asymme-pretation of the observed decoherence rate difference be-
tries of the trap electrode arrangement. The larger frequencyause the angular orientation of the radial vibration modes is
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not known for the employed trap system. A vibration modemine and minimize second-order Doppler and Stark-effect
whose projection on the propagation direction of the coolingrequency shifts caused by trap field imperfections, it is usu-
laser field nearly vanishes is not efficiently cooled so that thally necessary to measure the amplitude of the ion motion at
vibration amplitude can be significantly above the Dopplerthe frequency of the trap field in three dimensi¢8&]. Due
limit. Since in our case cooling and probe beams are collinto the nonvanishing electric quadrupole moment of the
ear, the enhanced vibration amplitude would not be detectedD ,,(F =2) state of'’yb™, the magnetic sublevels of this
through a corresponding increase in the vibrational sidebanstate experience quadrupole shifts which are to first order
strength. A significant vibration amplitude difference be-proportional to the local electric field gradient. As discussed
tween the radial modes could, however, lead to different effor 1*Hg*, the size of the linear quadrupole shift can be
fective motional decoherence rates. The small frequencgetermined by variation of the orientation of the quantizing
separation between the radial vibration modes can lead tmagnetic field 44]. One expects that the first-order quadru-
additional experimental complications because nonlineapole shift due to the trap field gradient vanishes if the trap
mode coupling by trap potential anharmonicities would re-field has no constant component. The second-order quadru-

ceive a strong resonance enhancement. pole shift by the trap field can be reduced to an estimated
magnitude of less than 1 mHz by a suitable choice of the
V. OUTLOOK experimental geometrjd 3]. A quadrupole shift of order 0.1

) ) Hz can result from uncompensated surface potential inhomo-
We have introduced and demonstrated an experlment@eneitieS of the trap electrodp4s.
scheme for high-resolution spegtroscopy of the electric- optjcal frequency standards based on electric-quadrupole
<117uladr+upole transitiorfSy,(F =0) ~*Dg(F=2) of trapped  transitions in single trapped alkalilike ions can ultimately
Yb™. The recoilless resonance of the transition to. thereach a relative accuracy in the 18 range if transition
me=0 sublevel of the’Dg(F=2) state was resolved with frequency shifts due to ion motion are reduced to the mini-
a minimum linewidth of 80 Hz. The available frequency jyum obtainable by laser cooling to the Doppler limit
resolution was used to provide information on the motiona[1,3'43. How well this condition is realized in a given ex-
decoherence characteristic of the employed trap system. perimental system is most clearly indicated by a systematic
In order to utilize the?Sy(F=0)~?Dg(F=2) transi- jnyestigation of the dependence of the transition frequency
tion of **Yb* as an optical frequency standard, the transi-on confinement conditions. The sensitivity of such measure-
tion frequency must be measured relati.\/e to a..n establish%ents is genera”y determined main'y by the |Ong_term sta-
frequency reference such as theflcesmm microwave freoi”ty of the employed frequency reference and by the
quency standard. Absolute transition frequency measureschieved frequency resolution. An adequate reference for
ments on trapped ions based on phase-coherent optical frgansition frequency shift investigations is obtained if two
quency synthesis chains have so far been reported only fefap systems are operated simultaneo{i46]. Due to recent
Sl and In", with relative uncertainties of 10 *>and 3 progress in the development of tunable laser sources with
i<7110 ! respectlvezly [41,16. A measurement of the extreme short-time frequency stabilif$7], it appears that
Yb™ °S)(F=0)-"D3(F=2) transition frequency optical spectroscopy on trapped ions with a relative fre-
could take advantage of the fact that the"Yibequency can  quency resolution in the 18 range will be feasible in the
be linked relatively easily to théP,—-1S, transition fre- near future.
guency of atomic calcium, which has been measured with a

relative statistical uncertainty of less th.a'n‘]?ﬁ [43]. The ACKNOWLEDGMENTS
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