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Spectroscopy of the electric-quadrupole transition2S1Õ2„FÄ0…– 2D3Õ2„FÄ2… in trapped 171Yb¿

Chr. Tamm,* D. Engelke, and V. Bu¨hner
Physikalisch-Technische Bundesanstalt (PTB), Bundesalle 100, D-38023 Braunschweig, Germany

~Received 3 September 1999; published 10 April 2000!

We experimentally demonstrate laser spectroscopy of the electric-quadrupole transition 6s 2S1/2– 5d 2D3/2

of a single trapped171Yb ion. The probed transition has a natural linewidth of 3.1 Hz, and is at a wavelength
of 435.5 nm. A171Yb ion is laser cooled to the range of the Doppler limit in a radio-frequency Paul trap. The
F50 –F852, mF850 hyperfine component of the2S1/2–

2D3/2 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 of 1.2310213. 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 number~s!: 32.80.Pj, 42.50.Lc
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I. INTRODUCTION

Ion traps are a unique basis for precision spectrosc
and quantum state control experiments, because indivi
atomic systems can be confined over long times with o
small and well-defined perturbations@1#. A single laser-
cooled ion stored in a suitably dimensioned radio-freque
quadrupole trap typically satisfies the Lamb-Dicke criteri
in the optical wavelength range, so that the phase coher
between externally applied radiation fields and atomic in
nal state evolution is not significantly reduced by line
Doppler-effect frequency shifts@2#.

The alkalilike 2S1/2–
2P1/2 resonance transitions of th

singly ionized group-II elements, and of ionic mercu
(Hg1) and ytterbium (Yb1) permit high fluorescence sca
tering rates. This is of advantage in particular in experime
which rely on efficient laser cooling of a trapped ion to t
Doppler limit, and on the detection of individual quantu
jumps through the electron shelving technique@3#. The ions
199Hg1 and 171Yb1 have a nuclear spin ofI 5 1

2 , so that
mF50 –mF850 reference transitions with a vanishing low
field linear Zeeman effect frequency shift are available
level systems with relatively simple hyperfine and magne
sublevel structure. Therefore,199Hg1 and 171Yb1 are an at-
tractive choice for high-resolution spectroscopy investi
tions and for frequency standards in the microwave a
optical frequency range@4–12#.

Optical spectroscopy with linewidths in the sub-kH
range has been demonstrated for a few alkalilike ions inc
ing 199Hg1, and for In1 @12–16#. In this paper, we repor
experiments that demonstrate high-resolution optical sp
troscopy on trapped171Yb1. The probed transition is the
electric-quadrupole transition from theF50 ground-state
hyperfine level to the metastable level 5d 2D3/2(F52). The
transition is at a wavelength of 435.5 nm@17#. Lifetime mea-
surements of the2D3/2 state indicate a natural linewidth o
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3.1 Hz @18#. Our experiments extend earlier work on las
cooling schemes for trapped Yb1 @19#, on the excitation of
the transitions from the ground state to the levels2D5/2 and
2F7/2 in Yb1 isotopes without hyperfine structure@20#, and
on the detection of quantum jumps to the2D3/2(F52) level
in 171Yb1 @21#. One distinguishing feature of the spectr
scopic scheme investigated here is that the rate of transit
to the long-lived metastable state2F7/2 is negligibly small.
Hence the laser cooling and probe excitation cycle is
slowed down by dwell times in the2F7/2 state.

In our experiments a single171Yb ion is prepared and
laser cooled in a radio-frequency trap, so that the Lam
Dicke condition is satisfied for optical excitation. During in
tervals when the cooling radiation is blocked, a tuna
narrow-bandwidth laser source excites the transition to
F52, mF50 sublevel of the2D3/2 state. The probability of
quantum jumps to this state is registered as a function of
optical excitation frequency. The applied probe radiati
pulses are short compared to the natural lifetime of the2D3/2
state; the effective pulse area is typically in the range ofp/2
to p. Under these conditions one expects that observed r
nance line shapes are essentially free of saturation featu
and that the lower linewidth limit is inversely proportional
the pulse length@22#. In the present experiment, the reco
less carrier resonance of the vibrational spectrum of
probed transition is resolved with a minimum linewidth
approximately 80 Hz~full width at half maximum!. This
resolution limit appears to be determined by laser freque
instability. The resulting ratio of linewidth to transition fre
quency is 1.2310213, which is comparable to the most fa
vorable frequency resolution values reported so far in mic
wave and optical atomic spectroscopy@10,12#.

Heating and motional decoherence effects in radiof
quency ion traps have received increasing attention in
context of experiments related to the preparation and
nipulation of nonclassical motional states@23–25#. The mo-
tional relaxation of trapped ions is also of interest in hig
resolution spectroscopy investigations because a signifi
heating during probe intervals would give rise to increas
©2000 The American Physical Society05-1
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confinement-related transition frequency shifts. In our
periments, an upper limit of the single-ion heating rate
inferred from observations on the relative strength of
secular-vibration sidebands of the2S1/2(F50) –2D3/2(F
52) transition for different time delays between cooling a
probing. Since the Lamb-Dicke condition is satisfied and
probed residual ion motion is thermal, the effective decoh
ence rates of axial and radial secular vibration can be
ferred from the broadening of the secular-vibration sideba
relative to the carrier resonance@5#. We find that one of the
radial sidebands produced by a single trapped171Yb ion can
be resolved with a minimum linewidth of 0.2 kHz, which
in the range of the frequency resolution of the perform
measurement. The other radial and axial sidebands s
minimum linewidths in the range of 1 kHz. The observati
that the two radial sidebands, which are nearly freque
degenerate independent of the trap potential, show sig
cantly different linewidths suggests some conclusions on
relevant sources of motional decoherence in the emplo
trap system.

FIG. 1. Partial energy-level system of171Yb1, showing the ap-
plied optical excitation~full arrows! and experimentally relevan
spontaneous decay paths~broken arrows!. The hyperfine splittings
of the atomic energy levels are not drawn to scale. The corresp
ing splitting frequencies are~see Refs.@9,21#! Ds>12.6 GHz,DP

>2.1 GHz,DD>0.86 GHz, andD@3/2#>2.5 GHz.
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II. OPTICAL-EXCITATION
AND MEASUREMENT SCHEME

The employed optical-excitation scheme and the relev
section of the energy-level system of171Yb1 is illustrated in
Fig. 1. A number of related atomic and experimental para
eters are listed in Table I. For optical detection and la
cooling, the 2S1/2–

2P1/2 resonance transition of171Yb1 is
excited by a linearly polarized traveling-wave laser fie
tuned to the low-frequency wing of the quasicyclingF
51 –F50 hyperfine component. Under the conditions of t
experiment, the fluorescence photon scattering rate o
cooled, resonantly excited ion is in the range ofR'107 s21

which is well below the saturation limit given bygP/2'7
3107 s21. In order to reduce optical pumping to nonabsor
ing superpositions of magnetic sublevels in theF51 ground
state, a Larmor precession frequency of orderR/(2p) is in-
troduced by a static magnetic field oriented at an obliq
angle with the polarization of the cooling laser field.

Nonresonant excitation to the2P1/2(F51) level leads to
hyperfine pumping to theF50 ground state. Neglecting nu
merical factors due to relative hyperfine transition probab
ties, the hyperfine pumping rate is approximately given
r H'R(gP/4pDP)2'33102 s21. As indicated in Fig. 1,
ground-state hyperfine pumping is compensated for du
laser cooling by additional resonant excitation2S1/2(F
50) –2P1/2(F51). The rate of spontaneous transitions
the metastable level2D3/2(F51) is in the range ofaR'7
3104 s21 wherea>731023 is the branching probability for
spontaneous transitions2P1/2–

2D3/2 @26#. The 2D3/2(F51)
level is coupled to the 5d6s 3@3/2#1/2(F50) level using ex-
citation atl5935.2 nm. From this level,171Yb ions rapidly
decay to theF51 ground state@19,21#. Spontaneous dipole
and electric-quadrupole transitions from the energy lev
shown in Fig. 1 to the metastable levels2D5/2 and 2F7/2 are
forbidden by parity and angular-momentum selection rule

The present experiment is based on the excitation of
electric-quadrupole transition2S1/2(F50) –2D3/2(F52) of
171Yb1. Quantum jumps to the2D3/2(F52) state lead to

d-
gths;
as
TABLE I. Spectroscopic and trap parameters. Indicated wavelength values are vacuum wavelen
natural linewidth values~full width at half maximum! are derived from measured spontaneous decay rates
given in the literature~see Ref.@21#!; \ is the Planck constant,kB the Boltzmann constant,m the atomic
mass, andu the angle between the trap axis and propagation direction of probe laser field.

Wavelength and natural linewidth, l>369.527 nm;
171Yb1 resonance transition2S1/2(F51)22P1/2(F50) gP /(2p)>23 MHz
Wavelength and natural linewidth, l>435.519 nm;
probed171Yb1 quadrupole transition2S1/2(F50)22D3/2(F52) gD /(2p)>3.1 Hz
One-dimensional kinetic temperature

at Doppler cooling limit TD5\gP /(2kB)>0.55 mK
Axial ~z! and radial~r! secular-oscillation frequencies vz /(2p)>0.86 MHz;
~typical trap operating conditions! v r1 /(2p)>v r2 /(2p)>0.73 MHz
Mean vibrational quantum number

of axial secular oscillation atTD ^nz&D5(gP /vz21)/2>13
Axial Lamb-Dicke parameter atl5435.5 nm hz5(2p/l)@\/(2mvz)#1/2>0.084
Relative intensity of first-order axial

secular-oscillation sideband atTD (I z /I o)D>^nz&Dhz
2 cos2 u>0.092 cos2 u
5-2
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detectable intervals of vanishing resonance fluorescence
if this level is not rapidly depleted by the laser cooling ex
tation. The dwell times in the2D3/2(F52) state can be re
duced in particular by nonresonant excitation atl
5935.2 nm to the level3@3/2#1/2(F51). The corresponding
transition rate is, however, smaller than the natural de
rate gD>19 s21 when the intensity of thel5935.2 nm ra-
diation does not largely exceed the resonant saturation in
sity of the 2D3/22

3@3/2#1/2 transition@21#. The rate at which
the 2D3/2(F52) state is populated during laser cooling
also of interest since it determines the sensitivity with wh
small excitation rates on the2S1/2(F50) –2D3/2(F52) tran-
sition can be detected. During cooling, population of t
2D3/2(F52) level is caused predominantly by nonreson
excitation to the2P1/2(F51) level, and subsequent spont
neous decay@21#. Under the conditions of the experimen
the corresponding transition rate is in the range ofar H

'2 s21.
The absorption spectrum of thel5435.5 nm 2S1/2(F

50) –2D3/2(F52) transition is probed using a measureme
cycle as follows.~i! For fluorescence detection and coolin
resonance and hyperfine repumping light fields atl
5369.5 nm and light atl5935.2 nm are admitted to th
trap. ~ii ! The hyperfine repumping field is switched off
order to prepare the ion in theF50 ground state.~iii ! Light
at l5369.5 and 935.2 nm is blocked, and a single rectan
lar pulse ofl5435.5 nm radiation is applied.~iv! Next fluo-
rescence detection and cooling interval. In cycles where
abrupt stop of the fluorescence emission during interval~ii !
indicates that preparation in theF50 ground state is likely,
the fluorescence signal is registered again at the start o
following cooling interval. The ion is assumed to be in t
2D3/2(F52) state if the photon number detected in a tim
interval small compared to 1/gD is below a threshold value
occupation of the ground state is assumed if the thresho
exceeded. In the latter case, the most probable numbe
detected fluorescence photons is several times larger tha
threshold value under the realized experimental conditi
@27,28#.

The numberN of quantum jumps to the2D3/2(F52) state
which are observed in a given number of measurementsM is
recorded and displayed as a function of the optical excita
frequency atl5435.5 nm. If the fluctuation of the observe
values ofN is determined by the quantum projection noise
the energy state measurement, the variance ofN is given by
(DN)25Mp(12p) @27#. Herep5^N&/M is the probability
that the ion is found in the2D3/2(F52) state, with^N& de-
noting the statistical average ofN.

The probability p that the trapped ion is found in th
2D3/2(F52) state during state detection does not exac
reflect the absorption probability associated with the pro
excitation atl5435.5 nm. According to the estimate of no
resonant excitation rates given above, there is a probab
of ordera that the ion is prepared in the2D3/2(F52) state
rather than in theF50 ground state during interval~ii !. One
thus expects a background quantum jump probability of
der p'a if no resonant excitation is applied during interv
~iii !, and the probability of spontaneous decay before s
05340
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detection is negligible. If the2S1/2(F50) –2D3/2(F52)
transition is excited by a resonantp pulse, p assumes its
maximum value. Taking into account stimulated and spon
neous transition probabilities from the2D3/2(F52) level to
the ground state, one expects that the maximum value ofp is
always smaller than 1 and lies in the range ofp<12a.

III. EXPERIMENTAL SETUP

A. Trap

The experiment employs a cylindrically symmetric
quadrupole trap whose ring electrode diameter is 1.4 mm
order to minimize higher-order multipole components of t
trap field, a conical trap electrode design is used@29#. Typi-
cally a 16-MHz rf voltage of several hundred V amplitud
and a constant voltage in the range of 15 V, are applied
the trap ring electrode in order to obtain a nearly spherica
symmetric pseudopotential with axial and radial secul
oscillation frequencies in the range of 0.8 MHz~see Table I!.
Trap voltage amplitude fluctuations have a relative mag
tude of less than 1024 for time intervals of less than 10 s
Ions are loaded by activating an oven filled with isotopica
enriched171Yb and an electron-emitting filament. The trap
mounted in a quartz glass cell evacuated to a pressure of
than 1029 mbar. Typical storage times for single ions are
the range of ten days. Extended periods without fluoresce
scattering which can be attributed to population of the2F7/2
state or to molecular-ion formation@30# occurred at a rate in
the range of 0.1 h21 during the experiments described her
Over a period of two years, the rate varied between virtua
zero and peak values in the range of 1 h21 without correla-
tion to the indicated background gas pressure. The obse
behavior might be due to temporally changing gas adsorp
and emission properties of parts of the trap setup which g
rise to gas density variations in the confinement volu
without significantly changing the average background
pressure.

As indicated in Fig. 2, laser fields atl5369.5, 935.2, and
435.5 nm are directed collinearly through the trap at an an
of u>55° with the trap axis. Beam diameters at trap cen
are in the range of 20–50mm. The fluorescence emission
collected in a direction perpendicular to the laser be
propagation direction. An estimated fraction of 0.1% of t
scattered fluorescence photons is detected by a phomulti
tube operated in the counting mode.

After ion loading, constant voltages are applied to ov
and electron source in order to compensate for the ra
components of the static electric stray field at trap cen
Imaging photodetection with a spatial resolution of a fe
micrometers is used to detect and minimize the stray-fie
induced changes in the equilibrium ion position which occ
if the radial pseudopotential depth is strongly reduced@31#.
In this way, the radial compensation voltages are adjus
with an estimated uncertainty of a few percent. The ax
stray field and axial asymmetries of the rf trap field are co
pensated for by a constant voltage difference between
trap endcap electrodes. The axial compensation field is
justed such that the relative strength of sidebands at the
quency of the trap field is reduced to less than 10% in
5-3
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excitation spectrum of the2S1/2(F51) –2P1/2(F50) cool-
ing transition.

B. Lasers

A frequency-doubled extended-cavity semiconductor
ode laser excites the171Yb1 2S1/2–

2P1/2 resonance transition
at l5369.5 nm. The generated harmonic light has a ma
mum power of 10mW and a bandwidth of less than 0.5 MH
@32#. During measurements, the optical power applied to
trap is reduced to approximately 2mW, and the laser fre-
quency is actively stabilized in order to maintain a const
detuning from the line center of theF51 –F50 transition.
A light field resonant with theF50 –F51 hyperfine re-
pumping transition is generated by modulating the inject
current of the diode laser@33# at a frequency nearDS1DP
>14.7 GHz. By a suitable choice of the free spectral ran
of the extended laser diode cavity and of the frequen
doubling cavity, the induced weak intensity modulation
resonantly enhanced and imparted on the second-harm
output. A relative sideband power of a few percent is o
tained atl5369.5 nm, which is sufficient to reduce the a
erage dwell time of ions in theF50 ground state to less tha
1024 s.

Another extended-cavity diode laser excites the2D3/2(F
51) –3@3/2#1/2(F50) transition atl5935.2 nm. The lase
frequency is kept in resonance with the transition to with
620 MHz by locking to a temperature-stabilized referen
cavity. Spurious incoherent diode laser emission in the

FIG. 2. Experimental scheme. ECDL, extended-cavity diode
ser;~R-!SHG,~resonant! second-harmonic generation; CH, chopp
wheel; AOM, acousto-optic modulator; PBS, polarizing beamsp
ter; SMF, single-mode optical fiber; PD, photodetector; PMT, p
tomultiplier tube; I-CCD, intensified camera system. For furth
details, see the text.
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quency range of theF52 –F51 hyperfine component is
blocked by transmission through a Fabry-Perot etalon. At
applied power in the range of 100mW, the l5935.2 nm
excitation depletes the2D3/2(F51) level nearly completely
without significantly reducing dwell times in the2D3/2(F
52) state.

Probe radiation atl5435.5 nm is produced by second
harmonic generation using thel5871 nm emission of an
extended-cavity diode laser. The emission linewidth of
free-running laser is in the range of 20 kHz; line center f
quency fluctuations in a 1-s measurement interval hav
typical magnitude of 0.3 MHz. The TEM00 transverse-mode
resonance of a Fabry-Perot cavity made of low thermal
pansion glass@34# serves as the frequency reference for a
tive stabilization and controlled detuning of the laser fr
quency. The employed reference cavity has a free spe
range of 2 GHz, a TEM00 reflectivity contrast of 20%, and a
finesse of approximately 23104 at l5871 nm. For thermal
isolation, the cavity is placed in an aluminum enclosure k
at a constant temperature of approximately 25 °C. For m
chanical isolation, the enclosure and an attached fiber c
pling and mode matching optic are suspended by two spr
of 1-m length in a vacuum of less than 1027 mbar. The light
field incident on the reference cavity is phase modulated
frequency of 1.1 MHz by an injection current modulation
the diode laser. The correlated intensity modulation of
light returning from the cavity is detected as an optical f
quency discriminator signal@35#. The amplified and time-
integrated discriminator signal controls the frequency of
l5871 nm diode laser. This frequency control circuit has
loop gain of more than 107 in the frequency range below
kHz, and a unity-gain frequency of approximately 0.3 MH

As indicated in Fig. 2, a fraction of approximately 10mW
of the l5871 nm laser output is passed through an acou
optical modulator~AOM 2! which introduces a variable fre
quency offset for tuning. The frequency-shifted light
coupled into a polarization-preserving optical fiber. In ord
to reduce the effective reflectivity of the fiber endface, it
cut at an oblique angle with the fiber axis. The other endf
of the fiber is glued to a lens which provides transverse m
matching to the reference cavity. Al/4 plate is placed in
front of the cavity, so that the light reflected by the cav
propagates through the fiber mainly in a polarization dir
tion orthogonal to that of the forward-propagating light. T
realized fiber coupling scheme offers the advantage that
vironmentally induced pendulum motion of the referen
cavity suspension does not lead to significant variations
optical coupling efficiency or to Doppler-effect frequenc
shifts of the light incident on the cavity@12,36#.

The long-term stability of the effective resonance fr
quency of the reference cavity was determined using the
sorption spectrum of the2S1/2(F50) –2D3/2(F52,mF50)
transition of a trapped171Yb ion as the frequency reference
Measurements conducted under unchanged experime
conditions during a 90 day period indicate an average lin
drift of 10.06 Hz/s of the light field that is frequency locke
to a reference cavity resonance. Additional frequency dr
which are correlated with ambient temperature changes h
a maximum magnitude of 0.2 Hz/s and lead to maximu

-
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-
r
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SPECTROSCOPY OF THE ELECTRIC-QUADRUPOLE . . . PHYSICAL REVIEW A 61 053405
frequency excursions of625 kHz relative to the averag
drift. The observed average frequency drift rate is in agr
ment with other observations on the dimensional aging of
reference cavity material@36,37#. In the present experimen
additional drifts seem to be caused mainly by a spuri
reflection off the coupling fiber endface adjacent to the r
erence cavity. Independent measurements indicate an u
pected large power reflectivity of the endface of appro
mately 2% which is presumably due to degradation of
optical contact between fiber and attached lens. The effec
reflection resonance frequency of the reference cavity
shifted by the interference of the light fields reflected
reference cavity and fiber endface. As a result of the l
resonance reflection contrast of the reference cavity,
maximum shift is comparable to the cavity linewidth. Th
actual size of the shift is determined by the interferen
phase, which is susceptible to ambient temperature cha
and minute mechanical vibrations. One thus expects
fluctuations of the spurious interference phase contrib
strongly to both the observed temperature-dependent
quency drift, and to the short-time laser frequency instab
ties which seem to determine the resolution limit in the sp
troscopy of the 2S1/2(F50) –2D3/2(F52) transition ~see
Sec. IV B!.

IV. EXPERIMENTAL RESULTS

A. Quantum-jump fluorescence signal

Figure 3 illustrates the temporal variation of the resona
flurescence emission of a single trapped171Yb ion for the
case of continuous laser cooling, and for the case of repe
state preparation and probe excitation as described in Se
In the measurements shown in Fig. 3, the cooling laser
quency is chosen such that the fluorescence scattering ra
approximately one-half of the resonant scattering rate.
detected photon flux is approximately 53103 s21 when the
resonance fluorescence level is high; during dark times,
signal level is determined by stray light and by the da
signal of the photodetection.

The measurement of Fig. 3~a! is typical of the quantum-
jump fluorescence signal that is observed if theF51 –F
50 andF50 –F51 components of the resonance transiti
and the 2D3/2(F51) –3@3/2#1/2(F50) transition at l
5935.2 nm are excited continuously. As discussed in Sec
periods without fluorescence scattering are induced by sp
taneous transitions to the2D3/2(F52) level. The observed
average length of bright and dark intervals is in good agr
ment with rate equation calculations, and confirms an ea
measurement of the natural lifetime of the2D3/2 state
@18,21#. The signal level fluctuations within bright and da
intervals are predominantly due to photodetection shot no

Figures 3~b! and 3~c! show resonance fluorescence sign
for the cases when phases of cooling, state preparation,
probe excitation are alternated. The same excitation sequ
is used in the spectroscopic measurements discussed b
The cooling light fields are periodically blocked and releas
by a rotating-wheel chopper. The total cycle time is 65 m
the cooling light fields are blocked during half the cyc
time. In order to prepare the trapped ion in theF50 ground
05340
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state, the hyperfine repumping sideband is switched off
ms after the cooling light is unblocked. The resulting flu
rescence signal is shown in Fig. 3~b!. A closer inspection of
Fig. 3~b! indicates that in most excitation cycles the fluore
cence emission ceases by hyperfine pumping before the c
ing light is shut off. The incidental dark interval of approx
mately two cycle lengths is likely caused by a spontane
transition to the2D3/2(F52) level. Figure 3~c! shows the
fluorescence signal for the case thatl5435.5 nm probe light
is applied alternating with the cooling excitation. Pro
pulses of approximately 100-nW power and 1-ms durat
are produced by an acousto-optical modulator~AOM1 in
Fig. 2!. The pulses are resonant with the recoilless com
nent of the 2S1/2(F50) –2D3/2(F52, mF50) transition,
and are applied immediately before the start of each coo
phase. Figure 3~c! indicates a substantial transition probab
ity to the 2D3/2(F52) level because the fluorescence em
sion is delayed or entirely suppressed in a large fraction
the registered excitation cycles.

B. Spectroscopy of2S1Õ2„FÄ0…– 2D3Õ2„FÄ2… transition

Absorption spectra of the transition2S1/2(F50)
–2D3/2(F52) of a single trapped17Yb ion were recorded

FIG. 3. Time-resolved resonance fluorescence emission o
trapped171Yb ion. The displayed signal is the discriminated phot
multiplier output pulse signal after passage through a low-pass fi
with a 1-ms time constant.~a! Continuous cooling and hyperfin
repumping excitation.~b! Cooling excitation periodically blocked
hyperfine repumping is applied only during the first part of ea
cooling phase.~c! l5435.5 nm probe radiation is applied alterna
ing with the cooling excitation; other conditions as in~b!. The re-
cording of signals~b! and ~c! is synchronized with the unblocking
of the cooling light. For further details, see the text.
5-5
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using the excitation and detection scheme described in
II. A fluorescence signal integration time of 3 ms is used
determine the atomic energy state after probe excitatio
Unless noted otherwise, the time between the end of
probe pulse and the start of the cooling and detection ph
is 1 ms.

The spectrum of Fig. 4~a! covers the frequency range o
the recoilless carrier resonance and of the first-order sec
vibration sidebands of the transition to the2D3/2(F52, mF
50) level. In order to reduce the number of data poi
required for the scan, the linewidth of the probe radiat
was broadened to approximately 50 kHz by noise modu

FIG. 4. Quantum-jump absorption spectra of the2S1/2(F
50) –2D3/2(F52, mF50) transition of a trapped171Yb ion. The
optical probe frequency atl5435.5 nm increases from left to righ
according to the indicated scales. The vertical axes show the n
ber of quantum jumps to the2D3/2(F52) level, which are counted
for a given numberM of energy state measurements~see the text!.
~a! The probe frequency is incremented afterM550 measurements
the probe pulse lengtht51 msec, the probe power is 1mW. ~b!
M550, t51 ms, and the power is 50 nW.~c! M550, t51 ms,
and the power is 25 nW.~d! M520,t520 ms, and the power is 0.
nW.
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tion of the probe laser frequency. The relative strength of
vibrational sideband structure was enhanced by a pa
saturation of the carrier resonance. The radial vibration s
bands appear at a separation of approximately6730 kHz
from the carrier. The frequency difference between the t
nearly degenerate radial sidebands is not resolved unde
conditions of the measurement. The axial sidebands wh
frequency separation from the carrier is approximately6870
kHz are barely visible in Fig. 4~a!, since their strength is
comparable to the background noise level. The weak re
nance signals which appear at approximately6500 kHz
from the carrier are artifacts produced by the active stab
zation of the probe laser frequency. The observed frequen
independent background of quantum jumps is caused by
rious broadband emission of the probe laser and
spontaneous transitions to the2D3/2(F52) state, as dis-
cussed in Sec. II.

Figure 4~a! demonstrates confinement in the Lamb-Dic
regime since the vibrational sideband spectrum is domina
by the central carrier resonance. If the probe pulse powe
reduced, the relative sideband strength decreases furthe
approaches the value expected at the Doppler cooling l
~see Table I!. Measurements as shown in Fig. 4~a! were also
performed for the case that the probe pulse was applied
mediately after blocking of the cooling light, which reduc
the average time between the stop of laser cooling and p
excitation by approximately 30 ms. Within the achiev
signal-to-noise ratio, no significant change in relative vib
tional sideband strength is observed. This allows to estim
an upper limit of the heating rate of the trapped ion in t
absence of laser cooling. The inferred heating rate limi
]^n* &/]t,300 s21, wheren* denotes the effective quantum
number of the observed projection of axial and radial vib
tion modes. Other experiments on single ions in rf traps h
observed secular-vibration heating rates ranging fr
]^n&/]t'1 s21 to ]^n&/]t'103 s21 @38,39#.

High-resolution spectra of the carrier resonance of the
brational spectrum are shown in Figs. 4~b!–4~d!. The data
collection time for each measurement was in the range
90–150 s, which is sufficiently short to avoid significa
line-shape distortions due to probe laser frequency drift. F
ures 4~b! and 4~c! show the resonance signal under con
tions where the Rabi sideband structure associated with s
rated square-wave pulse excitation could be resolved@22#.
The comparison with calculated transition probability lin
shapes indicates that the effective probe pulse area is
proximately 3p/2 in Fig. 4~b!, and is close top in Fig. 4~c!.
The linewidth of the resonance peak of Fig. 4~c! is Dn
>0.95 kHz, in good agreement with the valueDn>0.8/t
50.8 kHz expected for excitation by ap pulse of lengtht
51 ms @22#. The observed maximum quantum jump pro
ability, P>0.65 in Fig. 4~c!, appears to be limited mainly by
fluctuations of the probe pulse area. Under the condition
the experiment, substantial variations of the effective pu
area are introduced by probe laser frequency fluctuations
by the quantum-statistical fluctuation of the secular-vibrat
amplitude@12#.

The Rabi sideband structure is not clearly resolved
probe pulse lengths of more than a few milliseconds. In

m-
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limit of low power, linewidths ofDn>1/t are obtained for
1 ms<t<10 ms. Fort.10 ms the linewidth approaches
minimum value of typicallyDn>80 Hz. A corresponding
measurement is shown in Fig. 4~d!; smaller linewidths in the
range ofDn>50 Hz were observed on a few occasions.
seems likely that the experimental linewidth minimum is d
termined mainly by probe laser frequency instabilities a
not by fluctuations of the atomic resonance frequency. Un
the conditions of the experiment, the estimated maxim
short-time variation of confinement-related transition f
quency shifts is negligible relative to the natural transiti
linewidth of 3.1 Hz @40,41#. The quadratic Zeeman fre
quency shift coefficient of the2S1/2(F50)–2D3/2(F52, mF
50) transition is calculated asdn/B2>52 kHz/~mT!2, where
B is the applied static magnetic field. In our case,B
>0.25 mT, so thatdn>3.2 kHz. The expected tempora
variation of dn due to the measured ambient alternati
magnetic field is approximately65 Hz. The resulting
frequency-modulation sideband structure is too weak to
resolved in the present experiment. The sensitivity of
171Yb1 transition frequency to magnetic-field variation
could be further reduced by switching off the applied sta
magnetic field during probe intervals. Alternatively, optic
pumping during laser cooling could be avoided by rapid p
larization modulation of the laser-cooling light rather than
application of a static magnetic field@11,42#.

C. High-resolution vibration sideband spectrum

Imperfect temporal coherence of the ion vibration in t
trap potential leads to a broadening of the secular-vibra
sidebands relative to the carrier resonance. In the limit of
saturation, and for classical motion which satisfies the Lam
Dicke condition, the broadening is proportional toGc
51/tc , wheretc is the effective first-order coherence tim
of the probed velocity oscillation@5#. The decoherence rat
Gc denotes the rate at which the coherence of the sec
vibration decays due to fluctuations of the motional pha
For first-order vibration sidebands, the corresponding l
broadening contribution is given by@5# Dn5Gc /p. Typi-
cally considered sources of motional decoherence incl
thermal heating by collisions or fluctuating electric field
and fluctuations of the trap potential strength@24,25#. For
decoherence caused by thermal heating, the order of ma
tude of Gc is given by the rate of the relative change
kinetic energy. Thus, if thermal heating were the domin
source of motional decoherence in the present experim
the estimated heating rate limit~see Sec. IV B! would imply
a decoherence rate limit ofGc'^n* &21]^n* &/]t<20 s21,
corresponding to a broadening contribution ofDn,60 Hz
for the first-order vibrational sidebands.

A high-resolution secular-vibration spectrum obtained u
der experimental conditions similar to those of Figs. 4~b!–
4~d! is shown in Fig. 5. The frequency differences betwe
the three vibration modes are well resolved. The small
quency separation between the two radial modes indic
the degree to which the generated trap potential devi
from cylindrical symmetry as a result of incidental asymm
tries of the trap electrode arrangement. The larger freque
05340
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difference between axial and radial modes is determined
the choice of the trap operating parameters.

In the measurements shown in Fig. 5, saturation broad
ing was avoided by suitable choice of the employed pro
pulse power. The linewidths of the sidebands did not chan
significantly when the probe pulse length was increased. T
linewidths ofDn>0.2 kHz obtained for the carrier resonanc
and for the sideband of the radial moder 1 are not much
larger than expected forp-pulse excitation with an employed
pulse length t55 ms. Linewidths of approximatelyDn
>1 kHz are obtained for the sidebands of the axial mode a
of the radial moder 2 . Assuming that the observed sideban
linewidths are essentially determined by the decoherence
the secular vibration, the inferred effective motional decohe
ence rates areGc'0.63103 s21 for the radial vibration mode
r 1 , and Gc'33103 s21 for the axial mode and the radia
moder 2 .

The experimentally determined motional decoheren
rates are considerably larger than the estimated maxim
decoherence rate due to thermal heating. It thus appears
thermal heating is not a main source of motional decoh
ence in the present experiment. It is also unlikely that flu
tuations of the trap potential depth are the only relevant d
coherence source, since such fluctuations would give rise
essentially equal decoherence rates in the nearly degene
radial modes. It appears difficult to gain a conclusive inte
pretation of the observed decoherence rate difference
cause the angular orientation of the radial vibration modes

FIG. 5. High-resolution secular-vibration sideband spectrum
the 2S1/2(F50) –2D3/2(F52, mF50) transition of a trapped171Yb
ion, showing first-order low-frequency sidebands associated w
axial ~z! and radial vibration modes (r 1 ,r 2). The origin of the de-
tuning scale is at the carrier resonance which is also shown
comparison. Using a measurement scheme as in Figs. 4~a!–4~d!
axial and radial sidebands and the carrier were recorded in sepa
frequency scans. The probe frequency is incremented afterM550
measurements, the probe pulse length ist55 ms, and the probe
pulse powers are 200 nW~sidebands! and 10 nW~carrier!.
5-7
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not known for the employed trap system. A vibration mo
whose projection on the propagation direction of the cool
laser field nearly vanishes is not efficiently cooled so that
vibration amplitude can be significantly above the Dopp
limit. Since in our case cooling and probe beams are col
ear, the enhanced vibration amplitude would not be dete
through a corresponding increase in the vibrational sideb
strength. A significant vibration amplitude difference b
tween the radial modes could, however, lead to different
fective motional decoherence rates. The small freque
separation between the radial vibration modes can lea
additional experimental complications because nonlin
mode coupling by trap potential anharmonicities would
ceive a strong resonance enhancement.

V. OUTLOOK

We have introduced and demonstrated an experime
scheme for high-resolution spectroscopy of the elect
quadrupole transition2S1/2(F50) –2D3/2(F52) of trapped
171Yb1. The recoilless resonance of the transition to
mF50 sublevel of the2D3/2(F52) state was resolved with
a minimum linewidth of 80 Hz. The available frequenc
resolution was used to provide information on the motio
decoherence characteristic of the employed trap system

In order to utilize the2S1/2(F50) –2D3/2(F52) transi-
tion of 171Yb1 as an optical frequency standard, the tran
tion frequency must be measured relative to an establis
frequency reference such as the cesium microwave
quency standard. Absolute transition frequency meas
ments on trapped ions based on phase-coherent optica
quency synthesis chains have so far been reported only
Sr1 and In1, with relative uncertainties of 5310213 and 3
310211, respectively @41,16#. A measurement of the
171Yb1 2S1/2(F50) –2D3/2(F52) transition frequency
could take advantage of the fact that the Yb1 frequency can
be linked relatively easily to the3P1–1S0 transition fre-
quency of atomic calcium, which has been measured wi
relative statistical uncertainty of less than 10214 @43#. The
measurement of the Yb1 frequency is facilitated by the co
incidence that the ratio of the Yb1 and Ca transition frequen
cies deviates by only 0.6% from the simple integer ratio 3

A prerequisite for the realization of a trapped-ion optic
frequency standard is the evaluation of confinement-rela
shifts of the atomic transition frequency. In order to det
:

J

E
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mine and minimize second-order Doppler and Stark-eff
frequency shifts caused by trap field imperfections, it is u
ally necessary to measure the amplitude of the ion motio
the frequency of the trap field in three dimensions@31#. Due
to the nonvanishing electric quadrupole moment of
2D3/2(F52) state of171Yb1, the magnetic sublevels of thi
state experience quadrupole shifts which are to first or
proportional to the local electric field gradient. As discuss
for 199Hg1, the size of the linear quadrupole shift can
determined by variation of the orientation of the quantizi
magnetic field@44#. One expects that the first-order quadr
pole shift due to the trap field gradient vanishes if the tr
field has no constant component. The second-order qua
pole shift by the trap field can be reduced to an estima
magnitude of less than 1 mHz by a suitable choice of
experimental geometry@13#. A quadrupole shift of order 0.1
Hz can result from uncompensated surface potential inho
geneities of the trap electrodes@45#.

Optical frequency standards based on electric-quadru
transitions in single trapped alkalilike ions can ultimate
reach a relative accuracy in the 10218 range if transition
frequency shifts due to ion motion are reduced to the m
mum obtainable by laser cooling to the Doppler lim
@1,3,43#. How well this condition is realized in a given ex
perimental system is most clearly indicated by a system
investigation of the dependence of the transition freque
on confinement conditions. The sensitivity of such measu
ments is generally determined mainly by the long-term s
bility of the employed frequency reference and by t
achieved frequency resolution. An adequate reference
transition frequency shift investigations is obtained if tw
trap systems are operated simultaneously@46#. Due to recent
progress in the development of tunable laser sources
extreme short-time frequency stability@47#, it appears that
optical spectroscopy on trapped ions with a relative f
quency resolution in the 10216 range will be feasible in the
near future.
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