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The 5s? 1S,—5s5p P, transition of a single laser-cooled®n™ ion in a miniature radiofrequency trap is
investigated as a possible optical frequency standard. This line at a frequency of 126Waudength 236.5
nm) is highly immune to frequency shifts due to external perturbations so that the expected systematic uncer-
tainties can be reduced to the millihertz level. Experimentally, we obtained a fractional resalution
=1.3x10"*3 (linewidth 170 H2, limited by the frequency instability of the laser used for excitation. he
factor and the lifetime of the metastabi®, level were measured ag®P,)=—9.87(5)x 10 * and 7(3P,)
=0.195(8) s. Both values are in good agreement with perturbative calculations, based on hyperfine mixing
between the'P and °P levels.
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A single ion, localized in a radiofrequency trap and laser-man shift. With the high resolution available in our experi-
cooled to a microkelvin temperature, possesses unique propent it has been possible to measure this shift for small
erties for high-resolution spectroscopy. It is practically a mo-magnetic fields. We also measured the radiative decay rate of
tionless pointlike absorber in a nearly perturbation-freethe 3P, state, which is important for determining the achiev-
environment, not limited by finite interaction times, Doppler able short-term stability of the standard.
shifts, or collisional broadening. A narrow optical resonance In our experiment the indium ion is trapped in a quadru-
of such an ion, e.g., with a linewidth of 1 Hz at a frequencypole radiofrequency trap of the Paul-Straubel typé,12.
of 10'® Hz, can consequently serve as a reference in aifhe ring electrode is made of copper beryllium and has an
atomic clock or frequency standard of very high accuracyinner diameter of 1 mm. A radiofrequency voltage with an
[1]. With a laser of sub-Hertz linewidtf2,3] it seems pos- amplitude of 1 kV at 10 MHz, together with DC voltage of
sible to achieve a frequency stability of 1% for 1 second 30 V applied to the ring result in oscillation frequencies in
and a long-term accuracy of 18 after several days of av- the time-averaged pseudopotential of 1.4 MHz in the axial
eraging. Such an accurate frequency standard, combinexhd 0.9 MHz in the radial direction. Electric stray fields are
with recently developed precision techniques to measure anebmpensated with adjustable static potentials, minimizing
compare optical frequenci¢d], will be useful to test funda- the strength of the motional sidebands at the trap frequency
mental physics, improve metrology, and serve technologicdl13]. Sideband cooling1] is done by laser excitation of the
applicationg5]. At present, several candidate ions are beingss? 1S,— 5s5p 3P, intercombination lingnatural linewidth:
investigated and high-resolution spectroscopy of forbidder860 kH2 at a wavelength of 230.6 nm using a frequency-
optical transitions has yielded sub-kHz linewidths in"Hg doubled dye laser. The laser is frequency-stabilized to a ref-
[6], Ba" [7], Sr' [8], Yb' [9], and In". Indium is the first erence cavity, resulting in a laser linewidth below 10 kHz.
alkaline-earth-like ion that has been studied for this purposen™ is most efficiently laser-cooled in a zero magnetic field:
It offers quite a few advantages compared to the alkalinelikdhe hyperfine leveF =1+1=11/2 of the P, state(where
ions, as will be discussed in this paper. It should also b& =9/2 denotes the nuclear spin aRdhe total angular mo-
mentioned that recently absolute frequency measurements ofentun) is excited with circularly polarized light so that
high precision have been made for the indium clock transioptical pumping between the Zeeman sublevels results in a
tion, the latest result being 1 267 402 452 899023 kHz closed two-level system. Since the ground state is a singlet,
[10]. no hyperfine repumping is required. For optimized cooling

Here we report ultrahigh-resolution spectroscopy of theconditions(i.e., weak laser excitation of the first motional
5s? 1S5,—5s5p 3P, transition of 1*In* at a wavelength of sidebang, the ion is cooled to the ground state of the trap
236.5 nm. This type of forbidden transition between stategnd temperatures as low as K have been measuré¢3].
with vanishing total electronic angular momentdmO0 ina  In the experiments reported here, the laser intensity was
two-electron atom promises lower systematic frequencyigher and the detuning to the carrier was decreased to obtain
shifts in the coupling to the electric field of the trap thana stronger fluorescence signal. This leads to a slightly in-
quadrupole or higher-order multipole transitions in the alka-creased temperature of about 15K, as measured from the
linelike ions[1]. In this respect If is unique among the ions strength of the vibrational sidebands in the spectrum of the
now being investigated. The dominant source of uncertainty*Sy— 3P, transition.
for the In" frequency standard will most likely be the Zee-  The laser system used for excitation of th§,— 3P,

clock transition is described in Ref14]. It is based on a
diode-pumped Nd:YAG laser emitting at 946 nm. The fourth
*Permanent address: Institute of Laser Physics, 630090 Novosharmonic of this line is coincident with the intransition.
birsk, Russia. The laser contains the necessary tuning elements and is
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35] A high-resolution spectrum of the clock transition is
301 shown in Fig. 1. The clock-laser power was reduced to 30
2 551 nW to avoid saturation broadening. Twenty unidirectional
':% 201 scans over the resonance are superimposed after correction
2 45 for a linear drift of the reference cavity of 7.1 Hzfall fre-
% il qguencies refer to the UV light The cavity drift was con-
g 5] trolled by repeatedly taking excitation spectra of the ion at
e HHﬂH\R—»—ﬂ higher laser power and thus with a higher excitation rate. The
1000 500 O 500 1000 drift was found to be linear on the timescale of an hour. Both
clock laser detuning [Hz] the shift and the expansion of the frequency scale due to the

drift were corrected for. Fitting the spectrum with a Lorent-
FIG. 1. High-resolution spectrum of the ‘Inclock transition  zian curve results in a linewidth of 170 Hz full width at half
'S,— 2Py, obtained with a single ion. The linewidth of the fitted maximum(FWHM), corresponding to a fractional resolution
Lorentzian is 170 Hz FWHM. The peak excitation probability is §p/p of 1.3x10 13 A spectral window of width 200 Hz
about 10% and the total measuring time is 30 minutes. contains 50% of all excitations. According to our present
experimental control of the ion temperature, electromagnetic

frequency-stabilized to a Fabry-Perot resonator of high fifields, and vacuum conditions, no significant Doppler, Zee-
nesse by the Pound-Drever phase modulation techrigjue Man, Stark, or collisional broadening of the absorption spec-
The reference resonator consists of two highly reflecting mirfrum of the ion is expected beyond the level of 1 Hz. The

rors, optically contacted to a spacer made from ultralow ex/inéwidth is determined by the frequency instability of the

pansion glasgULE) spacer suspended in a temperature-laser and the lineshape is not exactly Lorentzian but reflects
he fluctuations of the laser frequency, which arise mainly at

stabilized, vibration-isolated vacuum chamber. A secon X S
diode-pumped Nd:YAG laser, containing only a Nd:YAG ow modulation frequencies in the range 1-15 Hz. Measure-
crystal and a KNb@crystal, is used for power amplification ment of the fr(_aque_ncy Stab”'.ty of th_e Iaser using a second
. . : : independent high-finesse optical cavity gives a consistent re-
and intracavity frequ_ency doubl_mg_ In_frared light from the sult. Improvements of the vibrational isolation of the refer-
stable master laser is coupled into this laser to ransfer thg, .o cavity that is used for the frequency stabilization will
frequency stability via injection locking. The second fre- oohaply enable us to resolve the natural linewidth of the ion
quency doubling, converting the blue light at 473 nm to UV g2 13, leading to a resolution of $ 10~ 16, The measure-
radiation at 236.5 nm, is performed with a BBO crystal in ahments described here are done with a laser setup made from
external enhancement cavity. Recent improvements to thgiscrete optical elemenfd4], but in the future a monolithic
system include locking of the master laser to the referencging laser[18,19 may be used to achieve high intrinsic sta-
cavity with sub-Hertz stability, better vibrational isolation, bijlity and compact design.
and active stabilization of the path length between the laser The efficient laser excitation and the high resolution of
and the cavity, of the laser power, and of the residual amplidouble resonance spectroscopy allow us to study the proper-
tude modulation in the phase modulator of the Pound-Dreveties of the metastabléP, level. In the absence of a nuclear
lock [17]. spin, theSy— 3P, transition would be forbidden as a one-
Spectroscopy of the narrow8,—>P, line is performed in  photon process in all multipole orders of the electromagnetic
optical-optical double resonance using the detection of quarfield, and both states would not couple to an external mag-
tum jumps[1,16]: Excitation of the metastabléP, level  netic field to first order. Thé*an* ion, however, possesses
leads to cessation of the single-ion fluorescence signal on thié nuclear spirl =9/2 and its 55p °P, state is not a purd
cooling transition until the level decays. This method allows> 0 state, but contains small admixtures of trebp levels
detection of transitions to the metastable state with practi-P1 and “P; caused by the magnetic dipole hyperfine inter-
Ca”y 100% efficiency_ In Order to avoid any ||ght Sh|ft and action. (The same holds f0|113|n, the less abundant stable
line broadening of the clock transition due to the radiation ofindium isotope). These perturbations are responsible for the
the cooling laser, the two laser beams are applied alternatefjonvanishing electric dipole moment betwet®, and *P,
by means of mechanical shutters. After a clock-laser pulse dnd also for a small deviation of thgfactor of theP, state
20 ms duration, the cooling laser is turned on and the fluofrom the nucleag factor of the 'Sy ground stat¢15,20,21,
rescence photons are counted in a 40 ms time interval. Typleading to a weak anomalous Zeeman effect of fi®
cally 18 fluorescence photons are detected in one time inter= *Po transition. The admixtures to th&, level can be
val, with a background of less than one count on the averageritten in terms of the statds$P;) and|'P}) in intermediate
from laser stray light and photomultiplier dark counts. If coupling or the pure LS coupled staté®,) and|*P,):
fluorescence photons are detected, the excitation attempt of

the clock transition is regarded as unsuccessful. If the ion i$*P()=|3Pg) + ao|*P1) + Bo|*P1) (1)
not fluorescing, an excitation of the clock transition is re-
corded, and the cooling laser is kept switched on to wait for =3Po)+ (apa— BoB) PP+ (agB+ Boct)|*Py). (2

the decay of the metastable state. Typically, the frequency of
the clock-laser radiation is changed in steps of 8 Hz and fouThe mixing coefficientsag, By of hyperfine mixing and
excitation attempts are made at each frequency. a, B of intermediate coupling have been calculated semi-
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FIG. 2. Lifetime measurement of th&P, level: accumulated FIG. 3. Zeeman shift of thé'Sy,F=3,m:=3)—|*P,,3,%
fluorescence signal on th&,—3P; transition of a single ion after transition as a function of the axial magnetic fié@ld(parallel to the
excitation of the®P, state(3600 events circularly polarized laser beam

empirically  [15]:  «=0.997, B=—-0.079, ap=—1.1 3600 excitations. Analysis of all data gives the result

X103, 7(3Po) =0.1998)s, inexcellent agreement with the theoret-
Bo=3.5x10"°. From them it is possible to relate the life- jcal estimate.
time of the|3Pg) state to that of*P}) via To determine the difference in tteefactors between the
. 5 ) ground and metastable states, the Zeeman shift of the com-
7(3Py)= E(3P1) B L 7(3Py), 3) ponent|1Sy,F=3,me=3)—[3Py,%,Z) of the clock transi-
E(°Po)| (@B~ Bo) tion is studied in the experiment. The initial state is prepared

whereE denotes the energies of these levels relative to thgy exciting the cooling transitior} 'So,F=3)—|"P1. %)

L n . . .
ground state. With the valug(3P,) = 0.44(4) us, the result yvlth circularly (o™) polarized light. After blocking the cool-

3 : ing laser the clock laser radiation is applied with circular
f%;é,(;g) iésg?\}ig?)ys [15]. The g factor of the perturbed polarization of the opposite helicityo("). A pair of coils

produces a variable, homogeneous magnetic field along the
common axis of the two laser beams. The magnetic field at
the position of the ion is calibrated with 1% uncertainty by
measuring the splitting between tH&, ground state Zee-
man sublevels in RF-optical double resonance spectroscopy.
to first order ina, andB,. This calculation predicts a differ- Transverse magnetic fields are controlled by ob_serving the
ence in theg factors of Agee=g(3Py) — 9(}Sp) = — 3.5(2) ground-state Hginle ef_fe{:23] and are s_et to zero W|t_h about
X 104, where theg factor of the ground state i5(*Sp) = 10 mG uncertainty, with two more pairs of coils being used.
—6.6647x 104 [22]. The stated uncertainties in the theoret- The experimental result for the Zeeman effect of the
ical values reflect those of the experimental parameters ed?Sy.F=3,me=3)—|3Pg,3,3) transition is shown in Fig.
tering the calculation. 3. The data can be fitted by a linear shift of
Experimentally, the lifetime of théP, state can be de- —636(27) Hz/G, leading t@(®P,)=—9.87(5)x10 * or
termined from the duration of the dark periods in the fluo-Aggy=—3.20(5)x 10”4 in good agreement with the theoret-
rescence on the cooling transition after excitation of thedcal estimate. In a final realization of the indium frequency
metastable state. The laser radiation that is resonant on tlstandard thémg= =+ 1/2)—|mg= = 1/2) components of the
1s5,—3P, transition has no effect on the decay of the,  clock transition can be used, which show a smaller Zeeman
level, since it is far detuned from any resonance connected tshift of =224 Hz/G and symmetric splitting, so that the un-
that level. Such a lifetime measurement has already beeperturbed frequency &=0 can be determined as the aver-
made by taking advantage of the excitation of the metastablage frequency of the two components. To obtain the antici-
state via the weak decay o65p *P; to 5s5p 3Py, but was  pated uncertainty of 1 mHz, control of the magnetic field
limited by the small number of only 150 observed eventswith a precision of severakG is required 24].
The result was 0.12) s[15]. In the present experiment more  Finally, let us consider other expected line shifts and as-
than 20 000 records of the fluorescence of the ion after directociated uncertainties of the indium frequency standard. The
laser excitation of the’P, state have been analyzed. Eachion is localized to within a small fraction of the wavelength
individual event resembles a step function, comprising a darkf the clock laser, so that a recoil-free and Doppler-free car-
period of variable duration followed by a fluorescence signakier is obtained. The second-order Doppler shift is propor-
until the end of the detection cycle. Photons were counted itional to the temperature and scales as 1.5 Hz/K. For a laser-
time intervals of 40 ms. Summing all the photon counts meacooled ion <1 mK), this shift is reduced to below 1 mHz.
sured at a fixed delay after the clock laser excitation puls&lectric fields lead to a quadratic Stark shift of the transition
and plotting the sums as a function of the delay tingdves  frequency. In positive ions the static polarizabilities are gen-
an exponential curvec| 1—exp(—t/7)], wherer is the life- erally smaller than in neutral atoms because the remaining
time of 3P,. Figure 2 shows a sample of the data includingvalence electrons are more tightly bound. By comparison
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with the Cd atom, which is isoelectronic to'lnwe estimate the ground state and the metastaBR, level of In" have
the quadratic Stark shift of the Tnclock transition to be strong electric-dipole-allowed transitions to the next-higher-
below 1 mHz(V/cm)?. The Stark shift induced by the trap lying states only at vacuum ultraviolet wavelength§9 nm
field is proportional to the mean quadratic distance of the iorand 194 nm, respectivelyConsequently, the influence of the
from the trap center and consequently proportional to théhermal radiation can be estimated by using static polariz-
temperature of the ion. The shift is smaller than 0.1 Hz/K forabilities. At a trap temperature of 300 K, control of the tem-
our typical trap conditions and therefore negligible at theperature to+1 K will be found sufficient to reduce the un-
submillikelvin temperatures achievable with laser cooling.certainty in the black-body shift below 1 mHz. .
The electric field gradient of the trap has no influence, since. 1he combination of the very small systematic uncertain-

both levels of the clock transition have vanishing quadrupoldi€S in the transition frequency of the trapped indium ion and
moment. As a single-photon transition without hyperfineth€ availability of the technically convenient Nd:YAG laser
splitting, the I clock transition is immune to ac Stark shifts © drive this transition makes this system a most promising

due to the exciting laser light. The averaged quadratic elecg"’md"j"’lte for a future optical clock.

tric field strength of the black-body radiation emitted by the

vacuum chamber is given byE?)=69.2(V/cmy(T/ J. Abel, S. N. Bagayev, M. Eichenseer, and M. Valentin
300 K)* Atroom temperature, black-body radiation has itsare thanked for their contributions. This work was partly
peak spectral density at a wavelength gif, whereas both supported by the Volkswagen Foundation.
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