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Lifetime measurement of the metastable 8 2D/, state in the “°Ca* ion using the shelving
technique on a few-ion string
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We present a measurement of the lifetime of the metastathfD3, state in the*®Ca’ ion, using the
so-called shelving technique on a string of five Doppler laser-cooled ions in a linear Paul trap. A detailed
account of the data analysis is given, and systematic effects due to unwanted excitation processes and collisions
with background gas atoms are discussed and estimated. From a total of 6805 shelving events, we obtain a
lifetime 7=1149+14stat.)+4(sys.)ms, a result which is in agreement with the most recent measurements.
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I. INTRODUCTION Il. EXPERIMENTAL SETUP

The metastable #?Ds, state in“°Ca’ is interesting for . . N
such diverse areas ofs;/)zhysics as atomic structureg calcula- A Sketch ofourexp_erlmental Setup Is ;hoyvn In Fig. 1.Th¢
tions, optical frequency standards, quantum information, an?near Paul trap used in the experiments is situated in a stain-
astronomy. For atomic structure calculations it is an impor-€SS Steel ultrahigh-vacuum chamber. The trap consists of
tant test case for the study of valence-core interactions anlpur cylindrical gold-coated stainless steel rods arranged in a
core-polarization effectfl]. The long lifetime of the?’Dg,  duadrupole configuration, where two diagonally opposite
state implies a sub-Hz natural linewidth of the 729 nm elecfods are separated by 7.00 mm. The rods are 8.00 mm in
tric quadrupole transition to th&S,, ground state, thus mak- diameter, and each rod is sectioned into three parts, where
ing this transition an attractive candidate for an optical fre-the center piece is 5.40 mm long, and the two end pieces are
guency standard2,3]. In addition, its long lifetime makes 20.00 mm long. By applying a rf voltage to two diagonally
the °Dg/, state a suitable choice for one of the two states in apposite electrode rods and applying the same voltage with
quantum bit in connection with quantum computatig).  opposite phase to the other two electrode rods, we obtain an
Finally, in astronomy, théDs, state has been used in a study effectively harmonic radially confining potential. In the ex-
of the g pictoris disk[5], and it is also commonly used in the periments reported here, the peak-peak amplitude of the rf
study of Seyfert 1 galaxies and T Tauri st@s. As a con-  yoltage is 600 V and the frequency is 3.894 MHz, which
sequence, the natural lifetime of tABs,, state has attracted esults in a radial trap frequency ab, ~ 2 X 550 kHz.
much attention in recent years, but unfortuna'tely the resultgyial confinement is provided by a 580 mV dc voltage on all
of the many measurement3,7—14 and theoretical calcula- eight end electrodes, yielding an axial trap frequenrsy
tions [1,6,15-19 of the lifetime are scattered over a rather <~ 2. %« 50 kHz. By adding additional small dc voltages to
broad ranggsee Fig. 1 in Ref[7] for an overview. Among  the individual electrodes, we can carefully center ions in the
the experimental results, the lifetime found by Bar&ral.  trap. At the center of the trap a collimated atomic Ca beam is
[7], using the so-called shelving technique on a single:rgssed by a photoionizing laser beam, df@a’ ions are
trapped and laser-cooletfCa" ion, has the smallest error produced by an isotope-selective resonance-enhanced two-
bars, with an estimated lifetime 6f=1168+7 ms. hoton ionization procesi0,21 and loaded into the trap.

In this paper we present a measurement of the lifetime ofrhe ca atomic beam originates from a calcium sample con-
the 3 2Dy, state, using the same shelving technique but ofained in an oven. The Ca atoms effuse out of a hole in the
a string of five ions. The measurement results in a lifetime oyen, and by a number of skimmers a collimated atomic
7=1149+14stat ) +4(sys )ms. beam is produced. An oven shutter enables us to fully block

The experimental setup and the experimental procedurghe atomic beam. In the present experiments the oven was
are described in Sec. Il. In Sec. Ill, we give a detailed acheated to 420°C, under which conditions the chamber pres-
count of the data analysis, including a description of thesyre was measured by an ion gau@®7] to be 6.0
maximum likelihood method used for the statistical datax 10711 Torr. After having loaded five ions and forced them
analysis and a discussion of systematic errors with emphasisto a string by adjusting the trap parameters and applying
on radiation and collision effects. Flna.”y, in Sec. |V, the Dopp|er laser C00|ing as described below, the oven tempera-
estimated lifetime based on the measurements is given andre was reduced, and the oven shutter was closed. During a
discussed. 1 h measuring session, the pressure dropped to about 3.6

X 107 Torr. The ions are Doppler laser cooled on the
4s°S,,-4p °P4, transition with typically 15 mW of 397 nm

*Email address: staanum@phys.au.dk light from a frequency-doubled Ti:sapphire laser. From the
TPresent address: Huygens Laboratory, University of Leiden, Thép ?P,;, state, the ions will not always decay back to the
Netherlands. 4s?S, , state but sometimes decay by a dipole-allowed tran-
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FIG. 1. Experimental setup; see text for details. M, mirror; DM, dichroic mirror; PBS, polarizing beam splitirhalf-wave plate.

sition to the @ °D4, state, from where they are repumped  The duration of a shelving period can be determined by
back to the 4 ?P,, state using a diode laser at 866 isee  dividing the number of consecutive frames, where an ion is
Fig. 2. The ions are observed by collecting fluorescenceshelved, by the frame rate of the CCD camera. Our raw data
light, emitted at 397 nm during the Doppler cooling processare digital images of five ions, as shown in Figa)3and our
with a Nikon objective lens for MM40/60 measuring micro- main data set consists 0f200 000 such images taken in
scopes(10X magnification, f-number-1.7) placed about three 1 h experimental runs. The details of obtaining the dis-
5 cm above the trap centéoutside the vacuum chamber tribution of the shelving periods from these images are de-
The collected light is amplified by an image intensifier andscribed below.

imaged onto a charge-coupled devi{€&CD) camera, result- From the images in Fig.(8), it is evident that the ions are
ing in an all over magnification of 13.5 for the entire imaging spatially well resolved, and that a region of interéR0l)
system[28]. The CCD camera has a 50 ms exposure timearound each ion can be defined. The ROI isx1IB pixels,

and digital images of the ions with 12-bit resolution are re-corresponding to a region of 9/omXx 9.5 um in the trap
corded to the random access memory of a personal computeggion. In order to establish a fluorescence data point which
at a frame rate of 17.610 Hz. In order to measure the lifetimeeflects the real ion fluorescence rate within a given image
of the 3 2Dy, state, during the Doppler cooling process weframe, we simply integrate the pixel values within the ROI.
excite ions in the 82D, state to the g 2P, state using a This is a valid measure, since the image intensifier and the
diode laser at 850 nm, as shown in Fig. 2. From théR;, CCD chip have a linear response to the fluorescence col-
state the ions can spontaneously decay to théDg,, state.  lected by the objective lens. In the following the ion fluores-
When the ion is in the @%Ds, state, the optically active cence will be given in integrated pixel valug®V).

electron of the ion is said to #helvedand the fluorescence
on the 397 nm transition is quenched. The time spent by the
ion in the 312Ds, state before it decays back to the ground
state, will in the following be called ahelving period By
continuously applying the two cooling lasers and the shelv-
ing laser at 850 nm, we obtain characteristic fluorescence
signals like the one shown in Fig. 3.

Ill. DATA ANALYSIS

A. Data reduction FIG. 2. Relevant levels and transitions4Ca’. Doppler laser
cooling is performed with lasers at 397 nm and 866 nm. A laser at
The lifetime of the?Ds, state can easily be estimated 850 nm excites the ion from thel3Ds, state to the g 2P, state,
from the distribution of the shelving periods, since we expectrom where it can decay to thed3Ds, state. The dashed line
it to be exponential with a time constant equal to the life-indicates the electric quadrupole transition by which the ion can
time 7. decay from thé’Ds,, state to the ground state.
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FIG. 4. Distribution of fluorescence data points from a single
ion, binned in intervals of 500 IPV. The maximum of the narrow
background peak near 4000 IPV is not shown but has a value of
8000. From the Gaussian distribution around 90 000 IPV with a
width of o~7500 IPV, we can define a fluorescing level as the
center of this distribution. The inset shows the intermediate points
between 0 IPV and 80 000 IPV.

Int. fluorescence [IPV]
o]
o
(=}
(=]
o

ously distinguish between the background level and the fluo-
rescing level of an ion. The specific choice of threshold level
0+———T—+T—— 77T T T is discussed in the following.
00 05 10 15 20 25 30 35 40 45 From the inset of Fig. 4, it can be seen that the distribu-
Time [sec] tion of fluorescence data points contains some points with a
value of the integrated fluorescence between the background
FIG. 3. (a) A sequence of CCD images including a shelving level and the fluorescing level. These intermediate data
event for the central ion. The white square indicates the region opoints arise from images where the ion is only fluorescing
interest(ROI) within which the fluorescence is integrated to obtain during a fraction of the exposure time of the CCD chip. This
the signal shown iih). (b) Fluorescence signal from the central ion occurs naturally when an ion is shelved or decays to the
for an image sequence containing the nine images above. The datound state during the exposure of a single frame. Since a
points corresponding to the nine images are indicated by opeRarticular choice of threshold level decides whether an inter-
circles. The dashed line indicates the threshold level discussed i ediate data point is counted as belonging to a shelving
the text. period or not, it affects the precise distribution of the shelv-

As shown in Fig. 4, the distribution of the fluorescence N periods. Fortunately, the choice of another threshold Ieyel
data points from a single ion is characterized by a ratheP average only adds a constant amount to all the shelving
sharp peak at a low fluorescence level and a Gaussian disteriods, and therefore the decay rate extracted from their
bution of data points around a level 6f90 000 IPV, origi-  distribution is not influenced by the choice of threshold level.
nating from cases where the ion is scattering 397 nm lightrhis fact allows us to choose a threshold level in a broad
during a whole frame. In the following we define the fluo- range between the background level and the fluorescing
rescing level as the center of the Gaussian distribution. Thievel.
standard deviation of the Gaussian distribution ds Unfortunately, intermediate fluorescence data points also
~ 7500 IPV, which is mainly set by image-intensifier noise, occur in the following three situationé:) shelving followed
but also by laser intensity and frequency drifts during theby fast decay to the ground stai@,) decay to the ground
experimental run as well as by the finite ion temperature. Thetate followed by fast reshelvingiji) a shelved and an un-
peak at the low fluorescence level, or the background levekhelved ion change places, e.g., due to a weak collision with
is due to data points originating from cases where the ion ig background gas atom or molecule or due to the finite tem-
shelved during a whole frame. perature of the ions. Examples of these events, all taking

In order to establish a distribution of the shelving periods,place within one or two camera frames, are shown in Figs.
we need to introduce a threshold level to discriminate beb(a)-5(c). Hence, before we choose the threshold level to be
tween fluorescence data points corresponding to framessed for extracting the distribution of shelving periods, we
where the ion is fluorescingabove the threshold leyebr  have to consider these three types of events in some detail.
shelved(below the threshold levelFrom the distribution of (i) When an ion is shelved at a certain instant of a frame
fluorescence data points in Fig. 4, it is evident that we carand decays back to the ground state within that same frame
choose a threshold level which can be used to unambigwr the next, then the signal does not necessarily Halbw
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FIG. 5. Examples of events which are problematic in connection with the data analysis. In all graphs the dashed line indicates the chosen
threshold level of ~12 500 IP\(a) Shelving and fast decay; corresponding frames indicated by open sqimi@scay and fast reshelving;
corresponding frames indicated by open squares. Here the signal does rise above the threshold level, but for an even faster event this may
not be the casgc) A shelved and an unshelved ion change pla¢ggsThe signals in(c) with the positions of the ions restored, i.e., the
signals from ion 1 and ion 2 are interchanged after the crossing. At the frame where the two ions change places and the preceding frame, the
fluorescence signal from ion 1 and ion 2 are given artificial values of 120 000 IPV and 0 IPV.

the threshold level, as the example in Fige)sshows. Hence with the signal not rising above the selected threshold level,
these events may not even be counted as shelving events. fsllowed by a decay and 20 consecutive data points above
the data analysis we simply account for such events by dishe threshold level, is below 2 permille regardless of the
carding all periods with a duration of one or two frames fromshelving rate. Hence this method givasmosta systematic
the shelving period distribution. Since the distribution is ex-error of =2 ms to the final result, and we will take the sys-
pected to be exponential, we can subsequently displace thematic error to be —1+1 ms.
remaining distribution, so that periods originally having a (iii) As mentioned, two ions may change place, e.g., due
duration ofn frames(n=3) are set to be periods with a to a weak collision with a background gas atom or molecule.
duration ofn—2 frames. Figure Fc) shows how a shelved and an unshelved ion
(ii) If an ion decays and is quickly reshelved, we cannotchanging place, effectively cut one long shelving period into
be confident that the signal risebovethe threshold level, two shorter ones, which artificially shortens the extracted
see Fig. ), and thus two shelving periods can appear adifetime. Therefore, in such events we restore the position of
one longer shelving period, which would artificially increasethe ions to obtain a single shelving event, as shown in Fig.
the extracted lifetime. Noting that such events requireggh  5(d). Positions are only restored if the value of the fluores-
shelving rate, it is possible to exclude them on probabilitycence data points for the two ions involved adds up to the
grounds. First, we set a low threshold levék0.1(F-B) fluorescing levelF within +2¢ of this level. We find about
+B, whereF is the fluorescing level anfl is the background 200 such events in our main data set. Since statistically the
level, which means that only the very fastest reshelvingluorescence from the two ions does not add up to the fluo-
events do not rise above the threshold level. Second, weescing level within £2 in all events, we estimate a system-
require that after a decay, which ends a shelving period, theratic error to the lifetime of +2 ms. True events of one ion
must be 20 consecutive data points above the threshold levedhelving and another decaying within the same fraction of a
otherwise it is not counted as a shelving period in the datdrame will, however, occur, and erroneously be corrected by
analysis. This requirement is only likely to be fulfilled with a this procedure. We estimate a systematic error of -10 ms due
low shelving rate, thus reducing the risk of accepting shelvio the erroneously corrected events. All together the system-
ing periods where a quick reshelving event has happenedtic error due to ions switching place is -8 ms, with an es-
The probability for an event of decay and quick reshelving timated uncertainty of +4 ms.
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Frames sum extends to infinity, we must, in principle, be able to
0 50 100 150 200 measure infinitely long shelving periods. In the case of real
' ' ' ' experiments, where one is only able to measure periods up to
= Number of shelving events a finite duration,T ., thep;'s should formally be renormal-
Max. likelihood estimate 5 ized by the factof1-exg-Tma/ 712 In our case where
Tmax—1 h andr~1 s we can, however, safely neglect this
factor. In order to make the maximum likelihood estimate,
we now introduce the likelihood function

100 5

P
L—N!gni!, (2

Number of shelving events
(log. scale)
S

wheren; is the number of shelving events in tite column
of the histogram, antl=XZ, n; is the total number of shelv-

0O 2000 4000 6000 8000 10000 12000  ing events. By maximizind. (or rather InL) with respect to
Time [ms] 7, we find
FIG. 6. Histogram over the 6805 shelving events obtained after At
data reduction. Note that the number of shelving events is on a T= T' 3
logarithmic scale. The error bars are the square root of the number In(— + l)
of shelving events. The solid line is the maximum likelihood esti- ®

mate of r=1154 ms. . . .
i where(t)=2nit;/N is the mean duration of the shelving pe-

During data taking it happened that the ions heated up, ngdS' The variance of the lifetime [22]

the ion string became unstable. Such events are clearly vis- AInL -1
ible on the images of the ions and were cut out of the data set Var(7) = - ( 2 )
before performing the data reduction process described 7 dnL/97=0
above. Likewise, periods where the lasers were adjusted or AU - 1)2
unstable are not considered in the further data analysis. = W
After the data reduction process described above and us-
ing a threshold level oT=0.1(F-B)+B, we extract a distri- _ 7_2(1 +i<§>2+0 (g)“ ) @)
bution of the shelving periods for each ion, binned in time "N 12\ 7 T '

intervals ofAt=56.786 ms, which is the inverse of the frame
rate. The counts in equivalent bins for all the ions in the thredJsing Egs.(3) and(4), the lifetime and the statisitical uncer-
experimental runs are then added to obtain a single distribdainty can be determined solely froit, (t), andN, and we
tion, from which a decay rate can be determined. This distrifind 7=1154+14 ms. Theexponential distribution based
bution is shown in a histogram in Fig. 6, with the bins shiftedon the maximum likelihood estimate is plotted as a solid
such that the histogram has its origin at time zero. line on top of the histogram in Fig. 6.
As a check of the efficiency and validity of our data re-
duction process, we have performed a test of goodness of fit.
B. Statistical analysis To find the goodness of fit we employ the Kolmogorov test,

From the histogram in Fig. 6, we can infer the lifetime Which is based on the empirical distribution functi@DF).
of the 2Dy, state by assuming an exponential distributionA general overview of EDF statistics can be found in Ref.
with a decay rate given by the inverse lifetime of fiiz5;,  [23], which also gives tables of significance levels appropri-
state. The histogram comprises 6805 shelving events witte for cases like ours, where the lifetime is estimated from
duration up to more than 11 s. Since, at large times, there afé€ data set. We find from our data a value for the Kolmog-
only a small number of events in the distribution, a least-0rov test of 0.44, clearly below the 10 % significance level
Squares_ﬁtﬁng method is inappropriate, and hence we emtalue of 0.995, thus showing that the fit is gOOd. We note for

ploy a maximum likelihood estimate instead. completeness that our data set is binned, whereas the values
The probabilityp; of falling into columni in the histo- in Ref.[23] are for contlnuous_ dz_;\ta. However, since we have
gram, i.e., having a shelving period of duratipwhich ful- ~ more than 100 channels this is not expected to play any
fills tj=<t<t;,1, wheret;=iAt, is significant role.
t.
pi = f Hl} Ut = e‘ti/T(_’]_ _e—At/T). (1) C. Radiation, collisions, and other potential systematic effects
t T

‘ Apart from the systematic errors concerning the data re-
Mathematically, thep;’s define a proper probability distribu- duction, already discussed in Sec. Il A, there are a few other
tion, sinceX{Z, p;=1. The sum starts at0, corresponding relevant systematic errors, which will be discussed in this
to the origin of the distribution in the histogram. Since thesection.
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1. Radiation sition frequency A,;=7.7x 10° s71 [7] is the Einstein co-

From the level scheme of Fig. 2, it is obvious that anyéfficient for spontaneous decay from tfie,, state to the
radiation which couples théDy, state to théP,, state may ~ “Ds; State | is the intensity of the incoming radiation, and
deplete the’Dg), state by excitation to théPs, state fol-  g(w_—w;,) is a normalized Lorentz distribution. Assuming
lowed by decay to théS,,, ground state or the’D,, state  a flat background spectrum of the diode lasers, i.e., the
and result in a measured lifetime shorter than the naturdhtensity per frequency intervahl/Aw, is constant, we
lifetime. As a consequence, the occurrence of such radiatiosan integrate Eq(5) over frequencyw, and find an exci-
must be considered and, if possible, reduced. Blackbody raation rate of
diation at the relevant transition wavelength is negligible at

room temperature, as also discussed by Basgbral. [7]. 23, + 1 722 Al
Other “thermal” sources such as the ion gauge, roomlight, =2 7 Aor : (6)
and computer screens were off during the measuring ses- 2),+ 1hoy, “Aw

sions, except for the screen where we watched the images of

. X ; Using a diffraction grating we have measurad/Aw,
the ions. This screen was facing away from the vacuum_ o o NWAmm? GH2) near 854 nm at the power used in

chamber and is hence not expected to cause any problems. . i 1 L
Another class of influencing light sources is the lasers useH € experiment, and we then f'”?‘—(_’” S Mu!ltlplylng
is rate by 1 and the transmission of 610" of the

in the experiment. In particular, the broad background of the / X > 4 -1
emission spectrum of the 866 nm and the 850 nm diode IalONg-pass filter, we find a deshelving rate of 3.60" s™,

sers contains 854 nm light resonant with #e,-2P3, tran-  Yielding a lifetime reduction of 0.5 ms. .

sition. This radiation source was first recognized by Bleck ~ As & check of this estimate, we performed an experiment,
al. [8], and as noted by Bartoat al. [7] the discrepancy again with five ions, with the cooling lasers on but without
between their own and many of the earlier measurements t§e shelving laser. Even without the shelving laser the ions
possibly due to this previously unrecognized source of errommay be shelved due to radiation from the 866 nm repumping
To reduce the level of 854 nm light from the diode lasers adaser, which couples théD5, state to the?P, state. From
much as possible, a long-pass filter was inserted in théhe observed shelving rate, we can then find the excitation
866 nm beam line and adjustéby changing the angle of rate on the 850 nmdD3/,-?P5, transition and compare it to
incidence to 30 % transmission at 866 nm amb X 107*at  the calculated excitation rate for the 854 Ab,-2Ps, tran-

854 nm, and a gratingl1200 lines/mmwith a spectrally se- sition, taking the different line strengths into account. In this
lective diaphragm(0.9 mm diameter, 1080 mm from the experiment the power of the 866 nm laser was 7.3 mW, the
grating was inserted in the 850 nm beam line. The filter, theyyajst was as above, the long-pass filter was removed and the
grating and the diaphragm are shown in Fig. 1. The overalhyen shutter was open. In about 35 min we observed 12
power of the lasers was reduced+d8 nW and~1.7 MW  ghelying events, ie., the observed shelving rate is 5.8
at the place of the ions for the shelving laser and the repumpy 13 51 Taking into account the number of ions, the
ing laser, respectively. The Waist_ size of the beams WaSopulation of the D state (~1/3, since both cooling
670 umx 700 um for the repumping laser and 3G yangitions are saturatpcand the branching ratid, we

X430 um for the shelving laser. _ . find the excitation rate on theé®Dg,-2Ps, transition:
In order to estimate the lifetime reduction due to radiation 3/50)5.8x 102 s1=5.1x102sL. By multiplying this

gml':]te:j.fro;n th?hgl';de tlatser_s, V‘{E calcgtlatte thet r?te Ohumber with the relative line strength between thgs,
eshelving from 52 Staté, I.€., e excitation rate from -?P,, transition and theDj,,-2Py), transition of 8.92[24],

the 2D5’.2 state to th§2P3,2 sState times(1-b), whereb o i an estimated value of 0.45or the excitation rate
=0.068 is the branching ratio for decay from tHe;, state on the 2Ds,-2Pa), transition, which should be compared to
back to the?Dg, state[24]. _ R=0.77 s! calculated above. The two numbers are not ex-
First we consider deshelving due to the repumping lasef,q e to be equal but only of the same order of magnitude,
which we split into two contributions, one from the off- gince the transition wavelengths are different, and the diode
resonant 866 nm _radlatlon and one from the near-resonaiigeq, background is not necessarily equally strong near
background radiation grqund 854 nm. The deshelving rat@cn nm and 854 nm. Also some of the shelving events may
due to the 866 nm radiation was calculated by Bakoal. 1o g to collisions, as discussed below. Nevertheless, the
[7110 lggex 9.4X 107> 5™/ (MW mnT), wherel geg is t_hze - numbers agree within a factor of 2 and our calculated esti-
tensity of 866 nm radiation. Witliges=2.3 MW MM~ We  mate of the excitation rate, and hence the deshelving rate
find a deshelving rate of 2:210* s, yielding a lifetime seems to be reasonable.
reduction of 0.3 ms. L Above we considered deshelving due to the repumping
In order to calculate the excitation rate from tBs,  |aser. In exactly the same way we could consider deshelving
state to thé?Py, state due to radiation near 854 nm, we first y,e to the shelving laser. However, since the intensity of the
consider the rate at a given frequeney, as expressed by ghelving laser is much lower than for the repumping laser,

Eq. (2) in Ref. [7], and the grating and the diaphragm strongly reduce the level
2, +1 7% | of 854 nm light, the excitation rate is expected to be ex-
12= mm%lgg((ﬂr w12, (5 tremely small. To check this we performed additional life-
12

time measurements at three different power levels of the
whereJ;=5/2 andJ,=3/2 are thetotal angular momenta of shelving laser, 18 nW, 193 nW, and 2081 nW, yielding life-
the involved levelsw;,=27c/854.209 nm[24] is the tran- times of 1146+24 ms, 1160+29 ms, and 1092+27 ms, re-
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1.00 —— T T T T T T T measurements were performed on a cloud of relatively hot
ions, as compared to the laser-cooled ions considered in this
m Decay rates paper. As noted in Ref25], other measurements pimixing
0.954 B - . K L . . ..
Linear fit with H, at different collision energies give similar results, so
2 g
we may expect only a weak energy dependence for the
0.904 i j-mixing collisions, and therefore we use the values given in

Ref. [25]. On the other hand, higher quenching rates are
expected at lower temperaturf®b], but to our knowledge
0.85- . there are no measurements of that fo¥ Ganfortunately, we
are not aware of any similar measurements with CO, and in
our estimate of the collision rate below, we therefore assume

Decay rate 1/ [s™]

0801 ] that the mass 28 restgas is.N'he relatively large rate con-
T 7 stants of N found in Ref.[25] indicate that at least this
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200  assumption probably does not lead to a large underestimate

Shelving laser power, P, [N\W] of the collision-induced deshelving rate.
Assuming that the values given in RgR5] are appli-
FIG. 7. Decay rate measurements at three different power levelgable, we can estimate the collision-induced lifetime reduc-
of the shelving laser. A weighted least-squares linear fit to thgjgn. At a pressure of & 107! Torr, taking into account the
measured decay rates yields 7£0.8688) S+Psso  sensitivity to different gases of the ion gauge and using the
X0.0237) s7/nW, with Ps5 being the laser power. result of the restgas analysis, we find that the restgas is com-
posed of 54% H and 46% N, which yields a total
spectively. When using higher power, the laser was detunedollision-induced deshelving rate of 2@0°s™?, and a
from resonance to get a similar shelving rate in all experi-systematic error to the lifetime of +3 ms with an estimated
ments. In Fig. 7, the linear fit to the decay rates corresponduncertainty of +1 ms.
ing to the lifetimes shows that there is a weak dependence of From the measurement of 12 shelving events in 35 min
the decay ratéor lifetime) on the 850 nm power. However, without the shelving laser on, as described in Sec. llIC 1
with only 18 nW the lifetime is only reduced by 0.5 ms. The above, we can obtain ampper limit for the j-mixing colli-
results of the two low power measurements and the crossingjon rate if we assume that all the observed shelving events
at zero power are in agreement with the result obtained fronare due tg-mixing collisions inducing a transition from the
our main data set. The measurement at 18 nW was in factDg), state to theDs), state(with rate y;5). Again taking the
performed at the same shelving laser power as the measuneamber of ions and the population of th&D,,, state into
ments for the main data set. account, the collision-induced shelving rate is 3.5
All together, we include a systematic error of +1+1 ms in X 1073 s™%. Since the oven shutter was open in that experi-
our final result due to deshelving from the two diode lasersment, thus allowing collisions with neutral calcium atoms as
well, we expect this number to be larger than under the con-
2. Collisions ditions for the “real” lifetime measurements. The transition
Another systematic effect which shortens the measureéte ¥ss for the ?Ds;-?P3/, deshelving transition is expected
lifetime is collisions with background gas atoms and mol-t0 be given byys3=2y35/3, owing to the principle of detailed
ecules. There are two relevant types of collisions: finebalance, so the collision-induced deshelving rate is 2.3

structure changingj-mixing) collisions and quenching col- X 107 s™%. This is our upper limit for thg-mixing collision
lisions. In aj-mixing collision the internal state can change rate, which should be compared to our estimate above of the

from the 2D, state to the 2Dy, state or vice versa. In a total collision-induced deshelving rate, which is dominated
quenching collision the internal state changes from?thg, by contributions fromj-mixing collisions. Somewhat fortu-
state to the?S;;, ground state. Both types of collisions de- itously, the numbers are equal, and hence our calculated es-
plete the?Ds,, state and hence shorten the measured lifetimetimate seems to be reasonable.

j-mixing and quenching rate constands; and I'p) in the
presence of different gases are given in R2§] and refer-
ences therein. Quite generallymixing collisions are found When observing shelving events from a string of ions, one
to be an order of magnitude stronger than quenching collimight consider if there are any correlations in the decay of
sions. From a restgas analyg29], we know that the restgas the individual ions from theéDs,, state to the ground state,

in our vacuum chamber is mainly composed gfdtid gas of  which could influence the measured lifetime. In the experi-
28 atomic mass units, i.e.,,Nr CO. In the restgas analysis ments by Blocket al. [8] indications of correlated decays

it was not possible to distinguish between &hd CO, since from the ?Ds, state were observed, manifested as an over-
the chamber pressure was so low that the signal from thgepresentation of events where several ions decay at the same
atomic constituents of these molecules could not be obtime. A later detailed experiment by Donakt al. [14]
served. Knooget al. [25] found the following rate constants showed, however, no such correlations. Apart from sudden
in units of cn? st for collisions with H, and Ny Tj(H,)  bursts of 854 nm radiation, the only reasonable physical
=(3+2.2x10710, Io(Hp)=(37£14 X 10712 I'j(Ny) mechanism which could lead to correlations is so-called sub-
=(12.6+10 x1071% and Io(N2)=(170£20 X 1012 The radiant and superradiant spontaneous emission due to inter-

3. Other effects
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TABLE I. Overview of estimated systematic errors. TABLE II. Overview of recent experimental values for the life-
time of the 21°Dg, state in the*°Ca" ion.
Effect Systematic errofms)
Reference Lifetim&ms)
Quick reshelving -1+1
lons switching place -8+4 This work 1149+14+4
Deshelving, diode lasers +1+1 Knoop et al, 2003[3] 1152+23
Deshelving, collisions +3+1 Donaldet al, 2000[14] 1177+10
Bartonet al,, 2000[7] 1168+7
Total —5*4 Block et al, 1999[8] 1100+18
Lidberg et al,, 1999[9] 1090+50

ference in the spontaneous decay of two or more j26k In
the simple case of two ions, superradiant and subradiant
. . . . . . 2
spontaneous emission is characterized by a relative change in That ™ TmeasT 2 Tmeadis (8)
the normal (single ion decay rate of the order of !

sin(kR)/kR (when kR>10), whereR is the ion-ion dis-  \yhere 7,.,cis the measured lifetime as determined from
tance,k=2m/\ with A=729 nm in our cas¢30]. For more  the maximum likelihood estimater,, is the natural life-
ions the effect is of the same order of magnitude. In our casgme, and they's are the extra decay rates, which can
1/kR~6x10"° so just from this argument the effect is attain both positive and negative values in this model. The
small, but not negligible. The interference effect, howeversystematic errors given in the text and Table | correspond
relies on creating and maintaining a superposition state of thgy ;2 . Equation(8) shows that the systematic errors
form [£)=(/SD2)+|D;S,))/V2, whereS and D indicate the  should be added linearly, yielding -5 ms, and added to the
internal state?S;, or ?Ds,, and indices 1 and 2 relate to ion result of the maximum likelihood estimate, giving a life-
1 and ion 2. In our experiment such a superposition state catime of 1149 ms. Theincertainties of the systematic errors
only be created by a random process since’g, state is  are independent, and therefore they are added quadrati-
only populated through spontaneous emission, and conseally, yielding an uncertainty of +4 ms.

quently the relative phase between the sta@&®,) and

|D;S,) is expected to be random. This fact would in itself

average out the effect on the lifetime. In addition, if the IV. RESULT AND CONCLUSION

superposition state is created, it is immediately compared By correcting the maximum likelihood estimate with

to 7) destroyed since, from a quantum mechanical point of. 5 s as described above, we find that our final result for
view, we are constantly measuring the internal state of thene |ifetime measurement is

ions. So any superradiant or subradiant effect is in fact ex-
pected to be destroyed, and we do not expect any correlation Tnat= 1149 + 14stat) £ 4(sys) ms. (9

in decays from théDsg, state. We have checked our data forThe largest error is the statistical, but we do have a non-

correlated decays, and indeed a statistical analysis shows ng ~,. - ; ; R
. : negligible systematic uncertainty, originating from the cor-
evidence of correlations.

In Ref. [7] mixing of the 2D, state with the?Py, state rection procedure when ions change places. The associated

due to static electric fields was considered and found to bgrror, and hence the uncertainty, could be reduced by in-

o ! ) .~ Creasing our signal-to-noise ratio, which would narrow the
nggllglble. For our irap we also find this eifect to be r]eg“'time window where real events of simultaneous decay and
g'bllzeiha” we note that the read-out time of the camera in_shelving for two different ions could be taken for two ions
fluencesy,the measured duration of the shelving periods Achanging place. The signal-to-noise ratio can be improved by

) 9p ' fsrequency locking the Ti:sapphire laser and power stabilizing
for the choice of threshold level, the read-out time has nclhg output from the doubling cavity. From Ed) we see that
ﬁg?i%gn the measured decay rate and hence on the MEASURE statistical uncertainty can only be reduced by a longer

' data acquisition timdincreasingN), and not simply by in-

4. The total effect of systematic errors creasing the frame rate, since the second term in the expan-

Above we have identified and evaluated systematic error3oN 1S already negligible in our case.

originating from the data analysis and from deshelving due Qur measurement was peffofmed with a smng ‘.)f lons,
to radiation and collisions. An overview of the estimatedun“.ke most other shelving experiments. In all S|ngle—|on ex
errors and their uncertainties is given in Table | periments, one has to consider the fact that the ion may heat

The effects leading to the systematic errors can be mod P> SO the fluorescence level drops significantly, and the ion

eled by extra decay rates added to the natural decay rate, can appear to.be shelved,_ although it is not. In our experi-
ment with five ions on a string, we can detect and discard all

1 1 events of this kind since if one ion or several ions heat up,
=—+2 % (7) we would see the remaining ions move or heat up as well.
Moreover, with a string of ions, the shelved ions are sympa-

or thetically cooled by the unshelved ions, so the number of

Tmeas Tnat i
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heating events are expected to be reduced using a string {8,14] and with the storage-ring measurement by Lidbetrg
ions, as compared to single-ion experiments. The majoal. [9] (see Table ll. Furthermore, our result agrees with two
drawback of using a string of ions is that ions may changeheoretical values[16,17. This newly obtained level of
places, which influences the measured lifetime if this is notagreement should provide valuable input to future atomic
taken care of in the data analysis, as demonstrated here. structure calculations and astrononomical studies.

In conclusion, we have measured the lifetime of the meta-
stable 3 °Ds,, state in the’°Ca’ ion using the shelving tech-

nigue on a string of five ions. Our result agrees roughly at the ACKNOWLEDGMENTS
level of one standard deviation with the already mentioned .
result obtained by Bartoet al. [7] and with the value re- The authors gratefully acknowledge Karsten Riisager for

ported in Ref.[3], which together with other recent results valuable discussions about the statistical analysis of the data.
are presented in Table Il. On the level of two standard deThis work was supported by QUANTOP—the Danish Na-
viations, our result agrees with two other measurementfional Research Foundation Center for Quantum Optics and
where deshelving due to diode lasers was taken into accouttie Carlsberg Foundation.
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