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Lifetime measurements of the 4'%5d metastable states in single ytterbium ions
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The ytterbium ion has a rich level structure of low-lying states, and is one of the most widely used in
experiments with trapped ions. We have measured the radiative lifetimes for thef tal 4netastable states
using single ytterbium ions confined in a rf trap. The obtained lifetime®fgy and D5, states are 52(2.4)
and 7.00.4) ms, respectively. The results are in good agreement with previously measured values, but differ
significantly from theoretical estimates. Tig,, branching ratio intoD5,, has also been obtained from the
experiment to be 0.0483 with a 9% uncertainty.

PACS numbgs): 32.70.Cs, 32.80.Pj, 42.50.Lc

[. INTRODUCTION Il and IV describe the measurements for thg,, and D5,

. L . .. states, respectively. While the measurementOgg in this
The ytterbium ion is considered as the most versatil, oy s similar to previous measurements using the quantum

atomic species used in trapped-ion frequency standards amgm, technique, the lifetime measurement of Bhg, state in

atomic clocks. The low-lying energy level of this ion has ayp* was carried out with individual ions for the first time to

very rich structure, and is suitable as a basis for microwavegur knowledge using a new measurement technique.

infrared, or optical frequency referendds-6]. For the same

reason, the Yb ion is also well suited for other possible Il EXPERIMENT

applications such as cavity QED studies and the demonstra- A sketch of the experimental setup is shown in Fig. 2. A
tion of quantum computation using trapped ions. small Paul-Straubel trafi2] was used to confine single Yb

The energy-level scheme of the low-lying states of"Yb ions. The trap is a 1-mm-diameter wire loop made with 125-
ion is shown in Fig. 1. Thdg, state decays to the ground um-diameter tantalum wire twisted at two sides as support
state via a weak electric quadrupole transition at 411 nml€ads. It was driven by a 11-MHz rf source. Typical applied
This level is of particular interest as the basis for an opticaff voltages were about 700 V, producing about 1-MHz axial
frequency standard. On the other hand, the metasle  Secular frequency. Because of stray dc fields, an enhanced
state, like that in other alkalinelike ions, is often more of anMicromotion of the trapped ions was present. To reduce this
experimental nuisance. This is because the laser at tHBicromotion, an extemally applied compensation was used.

Sy-P1, transition required to cool the ion optically pumps How;a]?/er,l onlyth onde_ C(t:gmper;st?]non tal[ectr;)de was u?ﬁd'
the ion into this level, and so a clearing laser is necessary t?r?i%?on%o%g:g ereengﬁ:illgrn tg theelgggrlrt])geazrirfec:réusllc;‘(:rueot bee
depopulate it. Nevertheless the existence of Ehg state Perp

makes it possible to design the cooling transition and achie getected in the present setup.
It possi -S19 Ing It NIEVE vtterbium ions were produced near the trap by directing
a lower-temperature limif8]. Moreover, theD5, state in

it » ) X ytterbium atoms emanating from an oven, and the ionizing
Yb™ has transitions to several upper mixed states with tran-

sition widths in the MHz range, which may be well suited for 4f135d6s *D[1/2]/,
cavity QED studied[9]. It is thus clear that an accurate R 41195065 DI5/2
knowledge of the lifetimes of these two levels is quite im- 4f135d65s 3D[3/2], [5/2]sr2
portant for many applications. The radiative lifetime for the
Ds;, of Yb™ has been measured previously with single
trapped ions. It was found to be 7:B.3 ms, which corre- 4f146p 2Psp -4
sponds to a natural linewidth of 22 HZ]. This value is in 4f146p 2P,
significant disagreement with the theoretical calculations.
The radiative lifetime of thé 4, state of YO has also been
measured before, but with ion clouds in buffer gagE3].
However, it has been shown that measurements using ion
clouds in a buffer gas could lead to considerable errors, par-
ticularly for long-lived state$11]. Since the value obtained
with this technique is also in disagreement with the theoret-
ical calculations, ideally a singly confined ion in ultrahigh
vacuum should be used to measure this lifetime to eliminate
all possible collisional effects.

This paper presents lifetime measurements on both meta-
stableD states in YO using single trapped ions. Section Il FIG. 1. Yb" energy-level scheme of the low-lying statest to
gives a brief description of the experimental setup. Sectionscalg.
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electrons, toward the trap. The ytterbium used in the sourcthe branching ratio oP,,, decaying to the ground state is
had a natural isotopic abundance, but only #i&b* iso-  large, about 200. In other words, an ion will emit an average
tope was selectively loaded. The selection was achieved byf 200 uv photons before being pumped into thg, state
appropriately detuning the 369-nm cooling uv radiationagain. If one uses a very short 369-nm pulse, much shorter
which was generated from a frequency-doubled Ti:sapphirghan theD ), state lifetime, then a detection of the 200 fluo-
laser. As mentioned in Sec. |, the presence of the lower-lyingescence photons would signal that the ion has decayed to
D3, state required the use of a clearing laser to achievene ground state. A short pulse is also necessary to achieve a
continuous fluorescence. This can be either a 609-nm laser Prge enough signal-to-background ratio, since the useful sig-
a 935-nm laser. For the work presented in this paper, &, photons are emitted in the first few microseconds. In

|609-nrr]n dyel_ Iase_:j vr\]/asf used. ‘;I'flc/lthr.arLsition eXCit(:‘.d by.dthi%ality, the photon detection efficiency was rather low, about
aser has a finewidth of about Z; the micromotion si €°0.03%. Thus state detection with a single pulse would be

bands at 11 MHz can therefore_ be readl_ly resolved. We useHOpeIesst insufficient. Fortunately, one is only interested in
the 609 spectrum as a convenient monitor for the micromo-

tion reduction[13]. Both laser outputs at 369 and 609 nm the probablhltytlnt:]he Ige?me mea;sur?mefr)t an’ t.ktuitrefore,
were referenced to the absorption lines in*Ydischarge can accumuiate e pnoton counts at a tixed wait tipe
lamps. The 369-nm line used the direct absorption with pver many repetitions. The total accumulatgq quoreSCt_ance
homemade see-through discharge lamp, while the 609-nfiount should be proportional to the _probabl_lltty/ of the ion
absorption was detected using the optogalvanic spectroscofyVing decayed within the wait time, i.e., &~ v'). _
technique. The measurement sequence started with a short cooling
The fluorescence photons were collected through an imperiod with both the cooling and clearing lasers on. Then
aging lens and focused into a 50w pinhole right in fronta  both lasers were turned off with the clearing laser off-time
solar-blind photomultiplier tubéPMT). A 50% transmitting trailing that of the cooling laser. The ion was then left in the
bandpass filter centered at 369 nm was used to cut down tf#Found state. Subsequently, the uv laser was pulsed for a
background light. With a single cooled Ybion, up to 1.6  short time to pump the ion into thB g, state for the free
% 10* photons were counted against less than 100 counts éfecay. Photons scattered in this pulse period serve as the

background. As we will see in the following sections, the =0 signal. After a given time,,, another short uv pulse was
large signal-to-background ratio is crucial for reliable quan-switched on for the state detection. Finally, both lasers were

tum jump detection on the millisecond scale. turned on again and the measurement process was repeated.
This laser pulse sequence is illustrated in Fig. 3. At the same
Ill. MEASUREMENT OF D, LIFETIME time, the photon signal of the PMT was sent to a multichan-

nel scalefMCS). The MCS was triggered at a fixed point in

The lifetime of D4, in the Yb" ion has been measured the laser-cooling period with a fixed bin width of 10.24.
previously with ion clouds in buffer gd4.0]. It is not obvi-  The top trace of Fig. 3 are sample data collected on the
ous how the measurement can be made with a single ioMCS. PeakA is the ion fluorescence at the cooling period,
because the state is inside the transition cycle of the normaleak B is thet=0 signal, and peal® is thet=t,, signal.
signal detection. Thus a variation of the quantum jump techPeakC is for the background calibration purpose, and will be
nigue was used previously for measuring thg, state in  discussed later. The ratio of the total number of counts under
Ba* [11]. This method cannot be conveniently adapted forpeaksD and B gives the probability for the ion having de-
the Yb" measurement because of the much shorter lifetimesayed to the ground state after a time
of the D states of YB. Measurement of this lifetime with a It should be pointed out that, for a long-lived lifetime
single ion requires that a technique be developed. measurement, the off-state of the laser has to be nearly ab-

Our measurement method takes advantage of the fact thablute. Even a very weak leakage of the laser power is
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FIG. 3. The pulse sequence for thg, state lifetime measure- Waiting time (ms)

ment. 'Ijhe.time is indicated in radians. The actual .time is obtained FIG. 4. TheD4, state decay probability vs the wait time.
by multiplying 1/(27f;). The trace of photon counts in the plot was

atf.=9.3 Hz. ms previously measured in buffer-gas-cooled clouds is con-
sistent with the present single-ion result. The theoretical es-

enough to cause the allowed transitions to occur within théimate of Fawcett and Wilsofil4] is 41 ms, while that of
time scale of the measurement. Therefore, the laser pulsé€3arstang[15] is 74 ms. It should be emphasized that the
were generated using a custom-made mechanical choppssingle-ion measurement here eliminated the need for an ex-
Every revolution of the chopper completes one measuremeititapolation of the pressure, and all known systematic errors
cycle. For convenience, the wait time was varied by changare absent at the quoted uncertainty level.
ing the chopping frequencf,. Obviously, all pulse widths As a by-product, thé,,, branching ratio to th® 5, state
change with the chopping frequency. Accordingly, the hori-can be estimated from our measurement by counting the
zontal time axis in Fig. 3 is indicated in radians. The corre-number of photons emitted during the 0 pulse before the
sponding times can be obtained by multiplying by the factorion ends in theD 5/, state. The overall photon-counting effi-
of 1/(2=f;). The short uv pulses were generated by the holesiency in our system was calibrated by saturating both the
of about 0.5-mm diameter at 42-mm radius, or 0.012 radcooling and clearing transitions. At laser intensities ten times
The separation between the short uv pulske wait timg is  over the saturation intensities for both uv and red lasers, it is
about 6.1 rad. Therefore, the timing resolution is 0.2% re-easy to show that th@,,, steady-state population is 0.476.
gardless of the actual wait time. The fastest chopper speethe detected resonant and heavily saturated fluorescence
used was 50 Hz, corresponding to about 20-ms wait timephoton count was 1.6510% i.e., 0.47677y,5=1.65% 104,
The wait timet,, f_or d_ata analysis was directly obtained from jith the P,,, state decay rate,s=1.24x 10° [16], the de-
the number of bins in the MCS. tection efficiency was found to bg=2.80x 10~ *. Given the

There are two background sources that must be removeghcertainties in the degrees of saturation, we assign a 5%
from the peak signal counts. The first is the uniform roomyncertainty in the detection efficiency estimate. The aver-
Ilght background. Itis independent of the Chopper state, andged photon counts per uv pu|se was measured to be
can be readily subtracted. The second is the stray scatteringps80+0.0038. Note that this measurement is relatively ro-
of the uv laser, which is correlated with the chopping. Topyst since the average number of photons scattered per pulse
remove these scattered photon counts, an additional uv pul$¢ independent of the laser-induced transition rate and the
(C in Fig. 3) was used immediately after the=0 uv pulse.  pylse width. Thus one obtains the branching rati®tg, to
Since the ion does not decay appreciably in this short timepe 0.0483 with a 9% overall uncertainty, agreeing well with
the collected uv photons are the stray scattering, and thergne theoretical calculation of 0.0487].
fore were subtracted from the peak signal after proper scal-
ing of the pulse widths.

In the actual experiment, the wait time was varied from IV. MEASUREMENT OF Dy, LIFETIME
20 to 160 ms. Figure 4 plots the decay probability vs the wait The D, state is lying below theP,,, states but is not
time. The error bars indicated are determined from the phoeonnected to the laser-cooling transitions. It serves as the
ton number statistics, i.edn=n. The timing errors are shelving state in the quantum jump experim¢h8], and
relatively small and not indicated in the figure. A weighted therefore the lifetime of this state can be conveniently deter-
least-squares fit to the (de Y7 function gave 52.Z2.4  mined with the quantum jump technique. In this technique,
ms. The error is one standard deviation of the statistic unceicontinuous fluorescence photons are detected when the ion is
tainty arising from the fit. The typical collisional quenching in the ground state. An excitation of the ion into tBe,
effect in single-ion measurements is on the order ds1&  state will quench the fluorescence completely, until it decays
per Torr[10,11], which is completely negligible in our mea- spontaneously back to the ground state and the fluorescence
surement with 10%° Torr of background pressure. The 52.14 resumes. The on or off state of the fluorescence signal indi-
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20 F F into the F state, the 638-nm clearing laser was adjusted so
120 that the average dwell time in tHe state was much longer
than that in theDg, state. The second difficulty is that the
D5, state lifetime is relatively short. One has to be able to

Number of events

1 - 4 determine the change of the state in a sHharillisecond
2 0 time. We set our detection bin width at 1 ms, which still
: o 2000 4000 6000 allowed reliable state detection.
5 107 Time (ms) Figure 5 shows the histogram plot of the ion signal dark
J‘é periods. A weighted least-squares fit to an exponential decay
3 + L:ﬁﬁ;ﬂmem e Y7 yielded 7.0:0.4 ms. Again, the error is one standard

deviation of the statistic uncertainty arising from the fit. The
inset in the figure plots the same histogram on a much longer
time scale. The “decay” rate of 1.3 s gives the average
dwell time of the ion in thd- state before it is pumped out by
the 638-nm laser. Subtracting the long-time scale decay from
the data and refitting the short-time decay resulted in no
significant change in th®s, lifetime, as expected. This
Time (ms) measured value agrees well with the previously measured
value of 7.2 mg7] within the quoted experimental error but
significantly differs from a theoretical estimate of 5.7 ms
[14].

FIG. 5. TheDg, state decay histogram with 1-ms bin width.
The inset shows a similar plot for the ion out of the, state.

cates whether the ion is in ti®,, or D5, state. The average V. CONCLUSION
fluorescence off-timédark period gives the lifetime of the
D5, state. The ion excitation into tH&s,, state was achieved
by exciting theP g, level. Instead of a 329-nm laser, we use
a high-current Yb discharge lamp for this process. The lam
could make a shelving rate about 0.3'sHowever, the lamp
increased the dark period counts to about 500 when us
with a 329-nm interference filter.

There are two aspects which make the measurement
Yb* more difficult than that in other alkalinelike ions. First,
below theDs,, state lies an additiondt,, metastable state
which is extremely long lived. Furthermore, the ion decay:
from theD s, state into thd- state four times more often than
back to the ground staf&]. Therefore, an additional clearing
laser at 638 nm is necessary. Moreover, when the ion signal This work was carried out at JPL under contracts from
is off, the ion could either still be D5, or have decayed to NASA. The authors thank Wei Wo for his contribution in the
the F state. To exclude those events corresponding to decaitial experimental setup.

In conclusion, we have measured the natural radiative
qlifeimes of both 4'%5d states in YB ion. The D5, mea-
urement was carried out using single ions in the collision-
ree ultrahigh vacuum. The obtained values of 5274 ms
dgr Dsp and 7.0:0.4 ms for D, are consistent with the
previous experimental values, but differ significantly from
the theoretical calculations. The branching ratioPgf; into
D5, was also measured to be 0.0483, with a 9% uncertainty.
To our knowledge, this is the first experimental value for this
gparameter, and agrees well with the theoretical calculation.
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