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Observation of the 2S,,-2F 5, electric octupole transition in a single1’*Yb™ ion
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The 2S,,,(F=0)-2F,,(F=3) electric octupole transition i"*Yb* has been detected by observing quan-
tum jumps in the fluorescence of a single ion held in an electrodynamic trap. The transition frequency has been
measured as 642 121 498@.8) MHz. The extreme weakness of this transition makes it ideally suited as an
optical frequency reference of subhertz linewidth. The absolute frequencies of a series of Doppler-free absorp-
tions in tellurium vapor are also reported. One of these absorptions was used as a local frequency reference
while locating the electric octupole transition.
PACS numbeps): 32.80.Pj, 33.20:t, 06.30.Ft, 42.50.Lc

. INTRODUCTION electric octupole transition in th&’*Yb™ isotope. A single

yp* jon is monitored by repeatedly driving the

It has been suggested that the ultimate limit to the repr0251,2.2|:>1,2 cooling transition, and observing resonance fluo-
ducibility of an ion trap optical frequency standard couldrescence. The fluorescence is interrupted when the ion is
approach one part in #D[1]. For most ion trap systems driven into the 2F, state by laser light at 467 nm. This
currently being pursuef?], the reference transition has a quantum jump signal is used to build up a transition profile
natural linewidth of around 1 Hz, implying an averaging as the 467-nm laser frequency is stepped over the transition
time of around one month to reach a part if®istability [3].  frequency. Due to the long lifetime of tHé -, state, the ion
Reducing the natural linewidth by a factor of 100 reduces thes returned to the cooling cycle by driving a subsidiary tran-
required averaging time 100 fold, to only a few hours. Hencesition at 638 nm rather than waiting for spontaneous decay.
it is desirable to use a reference transition with a subhertzhe quantum jump profile allowed for a direct measurement

natural linewidth. of the octupole transition frequency.
One such transition is the electric octupdi8, ,-2F

467-nm transition in the Ybsystem. Thé?F,, level in Yb*
has a lifetime of around 10 yf4], giving the 2S;;,-2F ),
electric octupole transition a natural linewidth in the nHz  This work was performed in a variation of the electrody-
region. The removal of the natural linewidth barrier to thenamic (Pau) trap, known as an endcap trap, which was de-
standard’s stability means that in practice the stability will
most likely be limited by the reference laser linewidth. The
current state-of-the-art laser linewidth is 0.16 54, and it

Il. EXPERIMENTAL ARRANGEMENT

'D[5/2]

should be possibléhough difficuly to build a laser with a
linewidth of 0.1 Hz or less. The electric octupole transition
in Yb* therefore offers the potential to make measurements
at the part in 18 level within a reasonable averaging time.

The electric octupole transition has been observed in the
172 isotope of ytterbiuni4]. However, to construct an opti-
cal frequency standard of the highest reproducibility, it is
desirable to use the 171 isotope, as this hgs=0—mg
=0 transitions that are free from the linear Zeeman effect.
The hyperfine structure of this isotope makes laser cooling
and state preparation more difficult, which is the reason for
originally working in the 172 isotope. This switch in isotope
has made it necessary to relocate t#®,,-2F;, 467-nm
transition.

Given the extreme weakness of the octupole transition, it
is necessary to have a good knowledge of its spectral posi-
tion prior to an attempt to observe it. The isotope shift and
hyperfine splitting calculations in this system are not of suf-
ficient accuracy to enable a reliable prediction of the transi-
tion frequency. It has therefore proved necessary to measure
the 2S,(F=0)-2Dg(F=2) 411-nm [6] and 2F;(F

F=1
F=0

F=1

F=0

D312

F=0 —p—

2 F=] =——t—
I)1/2

935 nm

A

F=2 mcfe

F=1 b

2

369 nm

)
126 GHz 7

2
Si2

2
Dspp

=7

F=3 opmi=
/ \
/
/

1

638 nm

:3)'2D5/2(_F:2) 3.43-um [7] transitions in the""Yb™ iso- FIG. 1. Partial term scheme &f'Yb*. The 369-nm, 935-nm,

tope(see Fig. 1 and Tablg.IThe electric octupole frequency and 12.6-GHz transitions are used for laser cooling. The 638-nm

is the difference in these two values. transition is used to return the ion to the cooling cycle, once the
This Rapid Communication reports an observation of the467-nm transition has been driven.
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TABLE I. Frequency measurements BfYb™ transitions. cooling cycle forms a closed loop, but nonresonant excitation
» of the ?P,,,(F=1) state by the cooling laser leads to optical
Transition FrequencyMHz) pumping into theF=0 ground state. Therefore to achieve
25, (F=0)-2Dg F=2) 729 487 779.566.153 ﬁl}‘fectlv?_ coollngl], ITEF';'O groin?hsta_te c:nust Ee gqu'pledﬂ:o
2k, (F=3)-2D g (F=2) 87 366 262.258.091) e cooling cycle. In this work, this is done by driving the

F=0—F=1 ground-state transition with microwave radia-
tion at 12.6 GHz. Any off-resonant population of the
2Dy (F=2) state is off-resonantly depopulated by the in-
tense 935-nm source.

To build up a quantum jump profile, a number of fre-
uency scans over the transition frequency are performed.
or each scan, the probe-laser frequency is stepped over the

relevant region and several interrogation cycles are per-
rmed at each point. The interrogation cycle is as follows:

of 290 V at a frequency of 12.8 MHz, and has a measure t each step the ion is cooled and detected with radiation at
efficiency of 0.63-0.03. In this experiment, an additional dc 369 nm for 200 ms. Next, the ion is prepared in fe 0

voltage of—14.8 V is also applied to the endcaps to equalize round state by switching the microwave radiation @0

the radial and axial secular frequencies to a frequency ¥\9: this allows theF—0 state to become off-resonantly
imately 1.3 MHz. Single-i fi tti f ' -~ ;
approximatety Z. Single-ion confinement imes o lJppopulated by decay from théP,(F=1) level [9]. The

to a month have been observed. X A :
The levels involved in the laser-cooling scheme arecoolmg radiation is then also switched off, to prevent broad-

shown in Fig. 1, and a schematic layout of the experiment igncijng_of the ground stakt]e. .FinaIIy, a 360-ms pulse of 467-nm
shown in Fig. 2. Details of the laser systems have been didadiation interrogates tne lon.

2 g . .
cussed previously6]. The single ion is laser cooled by re- . In the even;cc of the;SU?' Fa12 transm_(I)_E beA:gg drlveln, thef
peatedly driving the F=1-F=0 component of the fuorescence from the ion ceases. The -nm laser fre-

2S,,,-2Py, transition with laser radiation at 369 nm. The 4€NCY islnoted and th%:.m state is depopulated by driving
resonance fluorescence from this transition is used to monf€ “F7z "DI5/2lsi transition at 638_nrﬁ6]. From the upper
tor the state of the ion. From tHd,(F =0) state there is a state of_ the_638—nm gran5|t|on,2the ion returns to the cooling
small probability for decay into the metastabf®(F %‘;le via either the Df3/2 ord tDS/é I_elzc\j/els. A nufr_1|1ber of
=1) state. To maintain the cooling cycle, tRB 5, level is ”-nmlscans arethper ormea ﬁj urid up ta Protie, aj ty|2|-
rapidly depopulated by a laser at 935 nm, returning the ion t ally only every other scan yields a quantum jump, due to

the F=1 ground state via théD[3/2],,,(F=0) level. This he extreme wgakness of the octupole transition. "
Collisions with background gas can also cause a transition

into the 2F-, level from the 2Dy, level. This mechanism

23,,(F=0)-2F,,(F=3) (predicted 642 121497.30®.179
28,,(F=0)-2F,,(F=3) (observed 642121 498.10.9)

veloped by Schramat al. [8]. The National Physical Labo-
ratory (NPL) trap has the same electrode geometry a
described in Ref[8], with an endcap separation of 0.56
+0.02mm. The trap is driven by an ac voltagero peak

A o e Frequency causes a laser frequency independent background to the ex-
34 nm) . (467 nm) periment. The rate of pressure-induced jumps depends on the
base pressure in the trap, which in this case is less than 2

1 x 10”8 Pa. The background jump rate is less than 0.3 h.

Tellurium
Spectrometer [*®

Ill. THE PROBE-LASER SYSTEM

Light at 467 nm is generated with a frequency-doubled
Ti:sapphire laser, which has been described previolly
The frequency of the 467-nm output is controlled by stabi-
lizing it to Doppler-free absorptions in tellurium vapor. The
frequency offset between the tellurium absorption frequency

Frequency - doubled
Ti:Sapphire laser
(369 nm)

1W amplifier and the electric octupole frequency is bridged with a double-
s}ﬁiﬁgﬁé ‘ — passed acousto-optic modulat@kOM1) driven at around
250 MHz. The frequency shifted beam is used to observe the
J tellurium features with 1 mW of light, and the unshifted
‘______ ---------- O»----_.:_,f beam is sent to the trap where 2.5 mW is used for the ex-
"""""""" & periment. A second modulat¢AOM?2) is used to chop the
Trap ? 467-nm beam, which gives a fixed 60-MHz shift to the
probe-laser frequency.
Molecular 3°Te, vapor at around 500 °C exhibits a series
of absorptions that are used as a .Iocal frgquency referer_lce.
Dichroic The Doppler-free features are obtained using the modulation

mirrar

transfer technique, with a setup that closely follows that of
FIG. 2. Schematic layout for the experiment. AOM, acousto-Ma and co-worker§10,11]. The Opthos*°Te, cell is 75 mm
optic modulator; PBS, polarizing beam splitter. long, 25 mm in diameter, and has a 50-mm sidearm. The
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FIG. 4. Quantum jump profile of the electric octupdi8, ,(F
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FIG. 3. Doppler-free molecular absorptions in tellurium vaporin_o) Fi2(F=3mg=0) transition in*=¥b".

the vicinity of 467 nm. Transition “b” is used as a frequency ) .
reference when locating the octupole transitiortitvb*. locking the double-passed output of AOML1 to the tellurium

absorption and scanning the acoustic modulation frequency.
body of the cell is heated in an oven to 500°C and th rather poor signal-to-noise ratio of the tellurium feature

sidearm is controlled at 470 °C to withih2 °C. A spectra of imited the laser linewidth to around 1 MHz.

the tellurium features over the frequency region of interest i .m-gosgg}'; rt:e ﬁfgtgchqcﬁuﬁglf_ ;?ni'tt'e%g.?n ?r::a:g?a;r!z
shown in Fig. 3. The absolute frequencies for the feature% qul '9 ' .

marked a—e in Fig. 3 are given in Table Il. These were 69-nm beams are_overlapped via a polarizing beam splitter
measured with 0.6-MHz (% o)) uncertainty by comparison ar_1d focused to a tight spotN()~7,u_m) at the trap center

with a 633-nm iodine-stabilized He-Ne laser. via the np With an achromatic lens system. This allows the cooling laser
1-m etalon wavelength comparafd?] ’ to be used as an alignment beam, ensuring the 467-nm light

The intensities of the absorptions observed in this wor s overlapped with the ion. The lateral overlap between the

differ from those of Refs[10,11]. In addition, the absolute WO bgams tIS tgsLec: our;[3|d_e tr;ﬁ VfaCl."E[me chamt|>er Wgrlt a
frequencies of the features given in Table Il are consistentl "‘ftm tﬁ\me er pl_r|1_hoef S ?W'Ing € fofr; Ot € %ver apped 1o
90(1) MHz higher than those reported in Rgt1]. There are etter than am. The focal planes of the two beams were

a number of reasons to believe that the frequencies reportes(!i].own to coincide to within one fifth of a Rayleigh range

in Table Il are the correct values: the NPL wavelength comUsing a knife-edge test. To ease the location of fluorescence

parator is a well established device and is capable of aCCLF-aCh day, a second 369-nm laser beam path was available

racies of one part in 26; the tellurium frequencies were also with a larger focus ofvo—~50um. This beam was also used

measured independently with a wave meter of 10-MHz ac" the main gxperiment to cool the ion during the cooling
curacy, giving values consistent with those in Table II; andeIseS' The tghtly focused 369-nm laser beam was blocked

the predicted and observed measurements of the octupo?é these times.

frequency in this work, and previous|¢], agree within the
guoted uncertainties, which is the most critical test of the IV. OBSERVATION OF THE OCTUPOLE TRANSITION
measurement accuracy.

The 2S,,,- 2F,, electric octupole transition was expected
to lie 501.9(0.6) MHz below the frequency of the tellurium
absorption marked “b” in Fig. 3 and Table II. This fre-
guency region could be scanned in a repeatable manner

The initial observation of théS,,,-2F,, transition was
performed in a small magnetic fie(e<10 uT). This reduced
the octupole transition Zeeman structure to within a MHz or

. A 10-MHz scan was performed around the frequency
region of interest and a small number of jumps were ob-
served near the center of that region.

Once an approximate location of the transition had been
found, a high field of 50QuT was applied to split the Zee-
man structure. The direction of this field was chosen to pref-

TABLE II. Frequencies of tellurium absorptions. Feature “b”
was used as a frequency reference to locate’the-2F -/, transi-
tion in "*Yb*.

. erentially select then.=0—mg=0 transition(60% of the
Absorption FrequenciMHz) total transition probability Figure 4 shows the resulting
a 642 116 513.60.6) quantum jump profile of the?S;(F=0)-2F(F=3mg
b 642 121 999.20.6) =0) transition. TheAm=1, 2, and 3 Zeeman components
c 642 123 750.10.6) are separated by 10, 20, and 30 MHz at this magnetic field,
d 642 127 041.90.6) and hence are not taken in on this scan. The profile is built
e 642 127 720.20.6) up from 40 separate scans, each consisting of 40 frequency

steps of 250 kHz. At each step there are 15 probe interroga-
020501-3
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tions of 320 ms, giving a total interrogation time for the rate. This value is consistent with the 187, —4) yr life-
duration of the experiment of 7680 s. The profile in Fig. 4time obtained for théF,,, state in'’2Yb* [4]. The previous
consists of a carrier and two secular sidebands spaced at InBasurement has a slightly smaller percentage error, due pri-
MHz. The sidebands are unresolved in this picture due to th&arily to the better statistics of that data.

relatively large linewidth of the 467-nm laser.

The center frequency of the transition is obtained from the V. CONCLUSION
mean of the data of Fig. ¢-501.125 MH3, and the absorp- The 2S,,(F =0)-2F4,(F = 3) electric octupole transition
tion frequency of the tellurium component “b(see Table has been observed in a single ion’éfYb*. The transition
I). This gives a center frequency of 642121498.1 MHz.frequency has been directly measured as 642 121 4081
There are four components to the error of this measurementiHz. This is within 1o of the indirect measurement of
the uncertainty in the tellurium absorption frequen®6  642121497.3080.176 MHz that was used to enable the
MHz), the standard error of the mean of the data in Fig. 4location of the octupole transition. A Doppler-free absorp-
(0.4 MH2), possible asymmetry in the observed dédal tion in molecular tellurium was used as a local frequency
MHz), and an uncertainty due to the second-order Zeemareference for this measurement. The frequencies of a number
shift (0.2 MH2). Using simple perturbation theory, the of such absorptions have been reported, each with a fre-
second-order Zeeman shift is estimated to be 75 kHz for guency uncertainty of 0.6 MHz.
magnetic field of 50QuT, which is in agreement with previ- From the laser power, spot size, laser linewidth, and jump
ous measurements of this effect on ft#,- D, transition  rate at line center it has been possible to deduce the lifetime
[6]. However, as the shift has not actually been measured fdor the 2F, level to be 5.4 yr(+9.3/—3.6 yn. This is con-
the octupole transition, a conservative uncertainty of 0.ZXistent with the previous measuremédi of the 2F,, life-
MHz is included in the error budget for this effect. At the time of 10(+7, —4) yr.

Doppler cooling limit, the sidebands are expected to be small The inconveniently low quantum jump rate of this experi-
(10% of the carrierand approximately equal in intensit]. ment will increase linearly as the laser linewidth is de-
Hence the sidebands will not cause a significant asymmetrgreased. For example, with a 1-kHz linewidth laser tuned to
in the observed line profile. As a conservative estimate, aiine center, a jump rate of over 10 per second would be
asymmetry of 10% of the standard deviation of the data isachieved for the current laser power and spot size. With a
taken, giving an asymmetry contribution to the error bar ofsmaller laser linewidth, it will also be possible to resolve the
0.1 MHz. The 2S,(F=0)-%F;,F=3, mz=0) transition  Zeeman structure of the octupole transition at a much lower
therefore has a frequency of 642 1214981 MHz. This  magnetic field. This will drastically reduce the systematic
is within one standard deviation of the indirect measuremenshift to the transition frequency caused by the second-order
of the transition frequencysee Table)l Zeeman effect.

The laser power, spot size, laser linewidth, and jump rate This is only the second time that an optical electric octu-
near line center allow an estimate of thE,, state lifetime  pole transition has been observed in an atomic system, the
to be made. This yields a result of X10%s or 5.4 yr. The first being in the!’?Yb™ isotope. This experiment paves the
large standard uncertainty on this measurement+6f3/  way for using the electric octupole transitioniffyb* as an
—3.6 yr is due to the uncertainties in the exact parametereptical frequency reference with unprecedented stability and
used, in particular the poor statistics of the line center jumgeproducibility.
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