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Lifetime measurements of the 4f 145d metastable states in single ytterbium ions
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~Received 26 July 1999; published 12 January 2000!

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 the two 4f 145d metastable states
using single ytterbium ions confined in a rf trap. The obtained lifetimes forD3/2 andD5/2 states are 52.7~2.4!
and 7.0~0.4! ms, respectively. The results are in good agreement with previously measured values, but differ
significantly from theoretical estimates. TheP1/2 branching ratio intoD3/2 has also been obtained from the
experiment to be 0.0483 with a 9% uncertainty.

PACS number~s!: 32.70.Cs, 32.80.Pj, 42.50.Lc
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I. INTRODUCTION

The ytterbium ion is considered as the most versa
atomic species used in trapped-ion frequency standards
atomic clocks. The low-lying energy level of this ion has
very rich structure, and is suitable as a basis for microwa
infrared, or optical frequency references@1–6#. For the same
reason, the Yb1 ion is also well suited for other possibl
applications such as cavity QED studies and the demon
tion of quantum computation using trapped ions.

The energy-level scheme of the low-lying states of Y1

ion is shown in Fig. 1. TheD5/2 state decays to the groun
state via a weak electric quadrupole transition at 411 n
This level is of particular interest as the basis for an opti
frequency standard. On the other hand, the metastableD3/2
state, like that in other alkalinelike ions, is often more of
experimental nuisance. This is because the laser at
S1/2-P1/2 transition required to cool the ion optically pump
the ion into this level, and so a clearing laser is necessar
depopulate it. Nevertheless the existence of theD3/2 state
makes it possible to design the cooling transition and ach
a lower-temperature limit@8#. Moreover, theD3/2 state in
Yb1 has transitions to several upper mixed states with tr
sition widths in the MHz range, which may be well suited f
cavity QED studies@9#. It is thus clear that an accurat
knowledge of the lifetimes of these two levels is quite im
portant for many applications. The radiative lifetime for t
D5/2 of Yb1 has been measured previously with sing
trapped ions. It was found to be 7.260.3 ms, which corre-
sponds to a natural linewidth of 22 Hz@7#. This value is in
significant disagreement with the theoretical calculatio
The radiative lifetime of theD3/2 state of Yb1 has also been
measured before, but with ion clouds in buffer gases@10#.
However, it has been shown that measurements using
clouds in a buffer gas could lead to considerable errors,
ticularly for long-lived states@11#. Since the value obtaine
with this technique is also in disagreement with the theo
ical calculations, ideally a singly confined ion in ultrahig
vacuum should be used to measure this lifetime to elimin
all possible collisional effects.

This paper presents lifetime measurements on both m
stableD states in Yb1 using single trapped ions. Section
gives a brief description of the experimental setup. Secti
1050-2947/2000/61~2!/022507~4!/$15.00 61 0225
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III and IV describe the measurements for theD3/2 andD5/2
states, respectively. While the measurement forD5/2 in this
work is similar to previous measurements using the quan
jump technique, the lifetime measurement of theD3/2 state in
Yb1 was carried out with individual ions for the first time t
our knowledge using a new measurement technique.

II. EXPERIMENT

A sketch of the experimental setup is shown in Fig. 2.
small Paul-Straubel trap@12# was used to confine single Yb1

ions. The trap is a 1-mm-diameter wire loop made with 12
mm-diameter tantalum wire twisted at two sides as supp
leads. It was driven by a 11-MHz rf source. Typical appli
rf voltages were about 700 V, producing about 1-MHz ax
secular frequency. Because of stray dc fields, an enhan
micromotion of the trapped ions was present. To reduce
micromotion, an externally applied compensation was us
However, only one compensation electrode was us
roughly along the direction of the cooling laser, since t
micromotion perpendicular to the laser beam could not
detected in the present setup.

Ytterbium ions were produced near the trap by direct
ytterbium atoms emanating from an oven, and the ioniz

FIG. 1. Yb1 energy-level scheme of the low-lying states~not to
scale!.
©2000 The American Physical Society07-1
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FIG. 2. Block diagram of the experimental setu
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electrons, toward the trap. The ytterbium used in the sou
had a natural isotopic abundance, but only the174Yb1 iso-
tope was selectively loaded. The selection was achieved
appropriately detuning the 369-nm cooling uv radiati
which was generated from a frequency-doubled Ti:sapp
laser. As mentioned in Sec. I, the presence of the lower-ly
D3/2 state required the use of a clearing laser to achi
continuous fluorescence. This can be either a 609-nm las
a 935-nm laser. For the work presented in this pape
609-nm dye laser was used. The transition excited by
laser has a linewidth of about 4 MHz; the micromotion sid
bands at 11 MHz can therefore be readily resolved. We u
the 609 spectrum as a convenient monitor for the microm
tion reduction@13#. Both laser outputs at 369 and 609 n
were referenced to the absorption lines in Yb1 discharge
lamps. The 369-nm line used the direct absorption with
homemade see-through discharge lamp, while the 609
absorption was detected using the optogalvanic spectros
technique.

The fluorescence photons were collected through an
aging lens and focused into a 50-mm pinhole right in front a
solar-blind photomultiplier tube~PMT!. A 50% transmitting
bandpass filter centered at 369 nm was used to cut down
background light. With a single cooled Yb1 ion, up to 1.6
3104 photons were counted against less than 100 count
background. As we will see in the following sections, t
large signal-to-background ratio is crucial for reliable qua
tum jump detection on the millisecond scale.

III. MEASUREMENT OF D3/2 LIFETIME

The lifetime of D3/2 in the Yb1 ion has been measure
previously with ion clouds in buffer gas@10#. It is not obvi-
ous how the measurement can be made with a single
because the state is inside the transition cycle of the nor
signal detection. Thus a variation of the quantum jump te
nique was used previously for measuring theD3/2 state in
Ba1 @11#. This method cannot be conveniently adapted
the Yb1 measurement because of the much shorter lifetim
of the D states of Yb1. Measurement of this lifetime with a
single ion requires that a technique be developed.

Our measurement method takes advantage of the fact
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the branching ratio ofP1/2 decaying to the ground state
large, about 200. In other words, an ion will emit an avera
of 200 uv photons before being pumped into theD3/2 state
again. If one uses a very short 369-nm pulse, much sho
than theD3/2 state lifetime, then a detection of the 200 flu
rescence photons would signal that the ion has decaye
the ground state. A short pulse is also necessary to achie
large enough signal-to-background ratio, since the useful
nal photons are emitted in the first few microseconds.
reality, the photon detection efficiency was rather low, ab
0.03%. Thus state detection with a single pulse would
hopelessly insufficient. Fortunately, one is only interested
the probability in the lifetime measurement and, therefo
can accumulate the photon counts at a fixed wait timetw

over many repetitions. The total accumulated fluoresce
count should be proportional to the probability of the io
having decayed within the wait time, i.e., (12e2tw /t).

The measurement sequence started with a short coo
period with both the cooling and clearing lasers on. Th
both lasers were turned off with the clearing laser off-tim
trailing that of the cooling laser. The ion was then left in t
ground state. Subsequently, the uv laser was pulsed f
short time to pump the ion into theD3/2 state for the free
decay. Photons scattered in this pulse period serve ast
50 signal. After a given timetw , another short uv pulse wa
switched on for the state detection. Finally, both lasers w
turned on again and the measurement process was repe
This laser pulse sequence is illustrated in Fig. 3. At the sa
time, the photon signal of the PMT was sent to a multicha
nel scaler~MCS!. The MCS was triggered at a fixed point i
the laser-cooling period with a fixed bin width of 10.24ms.
The top trace of Fig. 3 are sample data collected on
MCS. PeakA is the ion fluorescence at the cooling perio
peakB is the t50 signal, and peakD is the t5tw signal.
PeakC is for the background calibration purpose, and will
discussed later. The ratio of the total number of counts un
peaksD and B gives the probability for the ion having de
cayed to the ground state after a timetw .

It should be pointed out that, for a long-lived lifetim
measurement, the off-state of the laser has to be nearly
solute. Even a very weak leakage of the laser powe
7-2
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enough to cause the allowed transitions to occur within
time scale of the measurement. Therefore, the laser pu
were generated using a custom-made mechanical chop
Every revolution of the chopper completes one measurem
cycle. For convenience, the wait time was varied by cha
ing the chopping frequencyf c . Obviously, all pulse widths
change with the chopping frequency. Accordingly, the ho
zontal time axis in Fig. 3 is indicated in radians. The cor
sponding times can be obtained by multiplying by the fac
of 1/(2p f c). The short uv pulses were generated by the ho
of about 0.5-mm diameter at 42-mm radius, or 0.012 r
The separation between the short uv pulses~the wait time! is
about 6.1 rad. Therefore, the timing resolution is 0.2%
gardless of the actual wait time. The fastest chopper sp
used was 50 Hz, corresponding to about 20-ms wait ti
The wait timetw for data analysis was directly obtained fro
the number of bins in the MCS.

There are two background sources that must be remo
from the peak signal counts. The first is the uniform roo
light background. It is independent of the chopper state,
can be readily subtracted. The second is the stray scatte
of the uv laser, which is correlated with the chopping.
remove these scattered photon counts, an additional uv p
(C in Fig. 3! was used immediately after thet50 uv pulse.
Since the ion does not decay appreciably in this short ti
the collected uv photons are the stray scattering, and th
fore were subtracted from the peak signal after proper s
ing of the pulse widths.

In the actual experiment, the wait time was varied fro
20 to 160 ms. Figure 4 plots the decay probability vs the w
time. The error bars indicated are determined from the p
ton number statistics, i.e.,dn5An. The timing errors are
relatively small and not indicated in the figure. A weight
least-squares fit to the (12e2t/t) function gave 52.762.4
ms. The error is one standard deviation of the statistic un
tainty arising from the fit. The typical collisional quenchin
effect in single-ion measurements is on the order of 107s21

per Torr@10,11#, which is completely negligible in our mea
surement with 10210 Torr of background pressure. The 52.1

FIG. 3. The pulse sequence for theD3/2 state lifetime measure
ment. The time is indicated in radians. The actual time is obtai
by multiplying 1/(2p f c). The trace of photon counts in the plot wa
at f c59.3 Hz.
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ms previously measured in buffer-gas-cooled clouds is c
sistent with the present single-ion result. The theoretical
timate of Fawcett and Wilson@14# is 41 ms, while that of
Garstang@15# is 74 ms. It should be emphasized that t
single-ion measurement here eliminated the need for an
trapolation of the pressure, and all known systematic err
are absent at the quoted uncertainty level.

As a by-product, theP1/2 branching ratio to theD3/2 state
can be estimated from our measurement by counting
number of photons emitted during thet50 pulse before the
ion ends in theD3/2 state. The overall photon-counting effi
ciency in our system was calibrated by saturating both
cooling and clearing transitions. At laser intensities ten tim
over the saturation intensities for both uv and red lasers,
easy to show that theP1/2 steady-state population is 0.47
The detected resonant and heavily saturated fluoresc
photon count was 1.653104, i.e., 0.476hgps51.653104.
With the P1/2 state decay rategps51.243108 @16#, the de-
tection efficiency was found to beh52.8031024. Given the
uncertainties in the degrees of saturation, we assign a
uncertainty in the detection efficiency estimate. The av
aged photon counts per uv pulse was measured to
0.058060.0038. Note that this measurement is relatively
bust since the average number of photons scattered per p
is independent of the laser-induced transition rate and
pulse width. Thus one obtains the branching ratio toD3/2 to
be 0.0483 with a 9% overall uncertainty, agreeing well w
the theoretical calculation of 0.048@17#.

IV. MEASUREMENT OF D5/2 LIFETIME

The D5/2 state is lying below theP1/2 states but is not
connected to the laser-cooling transitions. It serves as
shelving state in the quantum jump experiment@18#, and
therefore the lifetime of this state can be conveniently de
mined with the quantum jump technique. In this techniq
continuous fluorescence photons are detected when the i
in the ground state. An excitation of the ion into theD5/2
state will quench the fluorescence completely, until it dec
spontaneously back to the ground state and the fluoresc
resumes. The on or off state of the fluorescence signal i

d FIG. 4. TheD3/2 state decay probability vs the wait time.
7-3
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cates whether the ion is in theS1/2 or D5/2 state. The average
fluorescence off-time~dark period! gives the lifetime of the
D5/2 state. The ion excitation into theD5/2 state was achieved
by exciting theP3/2 level. Instead of a 329-nm laser, we us
a high-current Yb discharge lamp for this process. The la
could make a shelving rate about 0.3 s21. However, the lamp
increased the dark period counts to about 500 when u
with a 329-nm interference filter.

There are two aspects which make the measuremen
Yb1 more difficult than that in other alkalinelike ions. Firs
below theD5/2 state lies an additionalF7/2 metastable state
which is extremely long lived. Furthermore, the ion deca
from theD5/2 state into theF state four times more often tha
back to the ground state@7#. Therefore, an additional clearin
laser at 638 nm is necessary. Moreover, when the ion si
is off, the ion could either still be inD5/2 or have decayed to
the F state. To exclude those events corresponding to de

FIG. 5. TheD5/2 state decay histogram with 1-ms bin widt
The inset shows a similar plot for the ion out of theF7/2 state.
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into the F state, the 638-nm clearing laser was adjusted
that the average dwell time in theF state was much longe
than that in theD5/2 state. The second difficulty is that th
D5/2 state lifetime is relatively short. One has to be able
determine the change of the state in a short~millisecond!
time. We set our detection bin width at 1 ms, which s
allowed reliable state detection.

Figure 5 shows the histogram plot of the ion signal da
periods. A weighted least-squares fit to an exponential de
e2t/t yielded 7.060.4 ms. Again, the error is one standa
deviation of the statistic uncertainty arising from the fit. T
inset in the figure plots the same histogram on a much lon
time scale. The ‘‘decay’’ rate of 1.3 s gives the avera
dwell time of the ion in theF state before it is pumped out b
the 638-nm laser. Subtracting the long-time scale decay f
the data and refitting the short-time decay resulted in
significant change in theD5/2 lifetime, as expected. This
measured value agrees well with the previously measu
value of 7.2 ms@7# within the quoted experimental error bu
significantly differs from a theoretical estimate of 5.7 m
@14#.

V. CONCLUSION

In conclusion, we have measured the natural radia
lifetimes of both 4f 145d states in Yb1 ion. The D3/2 mea-
surement was carried out using single ions in the collisi
free ultrahigh vacuum. The obtained values of 52.762.4 ms
for D3/2 and 7.060.4 ms for D5/2 are consistent with the
previous experimental values, but differ significantly fro
the theoretical calculations. The branching ratio ofP1/2 into
D3/2 was also measured to be 0.0483, with a 9% uncertai
To our knowledge, this is the first experimental value for th
parameter, and agrees well with the theoretical calculatio
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