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Precision Measurement of the Metastable 6s [3/2]2 Lifetime in Xenon
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Using a magneto-optical trap to isolate an isotopically pure sample of xenon, we determine the meta-
stable 6s [3/2]q state lifetime by measuring the rate of VUV emission due to magnetic quadrupole decay.
We find lifetimes of 42.9(9) s and 42.4(13) s for ' Xe and ' Xe, respectively (1' uncertainties). These
values are less than half the theoretical predictions. We also find that nuclear-spin-induced decay pro-
duces a much shorter metastable lifetime in ' Xe.

PACS numbers: 32.70.Fw, 32.80.Pj, 35.80.+s

Measurements of lifetimes of metastable atomic states
provide sensitive tests of atomic theory, probing effects
that do not strongly influence the positions of energy lev-

els. Unfortunately, there have been few [1,2] experimen-
tal measurements of lifetimes & l s for neutral atoms,
due to the difficulties of producing an unperturbed, state-
selected atomic sample that can be observed for a long
time. Laser cooling techniques offer an opportunity to
surmount these limitations. The first metastable lifetime
measurements using these techniques relied on separating
the radiative and collisional rates of loss of Ar and Kr
atoms in a magneto-optical trap [3]. We present a new,

precision measurement involving direct detection of the
VUV photons emitted from trapped xenon atoms due to
the magnetic quadrupole (M2) decay of the 6s [3/2]p-
( Pz) metastable state. Our technique is insensitive
to nonradiative deexcitation, which occurs primarily
through Penning ionization in collisions between metasta-
ble atoms. For ' Xe and ' Xe, which have no nuclear
spin, we determine the lifetime with a few-percent uncer-
tainty, finding marked disagreement with theory [4,5]. [n
the case of ' Xe, which has nuclear spin I = I/2, the
mixing of fine-structure states by the hyperfine interac-
tion is seen to shorten the lifetime dramatica11y. The pre-
cision of our measurements relies on the combined
features of state selection, long observation times, and
isotope separation that are afforded by laser cooling and

trapping. Our results and those of Ref. [3] are prompting
reevaluation of atomic structure calculations [5].

Our strategy is to record the rate of VUV emission
from a trap and normalize that rate to the number of
trapped atoms. In the normalization procedure, 823-nm
light is used to quench the 6s [3/2]q level, transferring
population through the 6p [3/2]q state and into the 6s
[3/2]~, which undergoes prompt, electric dipole (E 1) de-
cay to the ground state and emits a VUV photon (see Fig.
1). The quench-induced VUV and the M2 radiation are
detected with the same photomultiplier tube (PMT),
which has nearly constant efficiency over the 2-nm wave-
length range spanned by the 6s [3/2]q and 6s [3/2)~ de-
cays. Thus, the natural decay rate of the metastable level
is approximately the M2 count rate divided by the num-
ber of counts from the quench, regardless of the solid an-

gle of the detector. To make a precise measurement, we

must be sure that the measured VUV rate is due only to
the spontaneous decay of atoms in the 6s [3/2]q state.
We must also probe the number of trapped atoms accu-
rately. Finally, we must also know the angular distribu-
tion of the radiation. These details are addressed below.

A diagram of our experiment appears in Fig. 2. The
magneto-optical trap (MOT), which is described else-
where [6], is composed of a magnetic quadrupole field

and laser beams tuned a linewidth below the 882-nm cy-
cling transition between the 6s [3/2]q and 6p [5/2]3 states
of a particular xenon isotope. The magnetic field gra-
dient is typically 0.5 mT/cm, and the cloud of trapped
atoms is less than 1 mm in radius. The trap lies in the
path of a laser beam that decelerates metastable atoms
emerging from a dc discharge source and travels along
the z axis. This slowing beam is circularly polarized and
tuned about 25 linewidths below the 882-nm resonance.
All beams are chopped with a 60-ms period (43 ms on

and 17 ms off) using acousto-optic modulators. Figure 3

shows the timing sequence. Measurement of the M2 de-

cay rate takes place only when the laser beams are off
and the atoms are in the metastable 6s [3/2]q state.

M 2 photons at 149 nm pass through a MgFp windo~
and are detected using a Hamamatsu R1459 PMT [7]
oriented at an angle of 90' with respect to z. If the mag-
netic sublevel (mJ) populations are known, and hence the
spatial distribution of radiation, the total rate of M2
flouresence from the trap can be calculated from the
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FIG. I. Transitions used in the 6s [3/2]q lifetime measure-
ment. Solid lines represent laser excitations, dashed lines are
electric dipole decays, and the dotted line corresponds to the
weak M2 decay.
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FIG, 2. Schematic diagram of the experiment. Trapping

beams directed into and out of the page and coils for producing

magnetic fields are not shown.

VUY intensity at our single detector position. Though a
MOT might be expected to produce a uniform mj distri-
bution, we create a known distribution by using the slow-

ing laser to optically pump atoms into the mJ=2 state.
Zeeman precession out of the state is avoided by replac-
ing the quadrupole MOT field with an orienting field of
0.15 mT along z. As the MOT and slowing beams are
shut off every 60 ms, the MOT field is switched off and

the orienting field is turned on. The slowing (optical
pumping) beam is then applied for 5 ms. Such a long

pumping time is necessary because of the large detuning
of the slowing light. Photons from the oriented sample
are counted in a 10-ms observation window during the
remaining "MOT off" part of the chopping cycle. The
M 2 intensity at our detector is therefore related to the to-
tal intensity by the radiation pattern for Am =2 quadru-

pole decay.
We measure the efficienc of optical pumping by com-

paring quenching rates for o+ and a polarizations of
the quenching light. This light is derived from a diode
laser stabilized by grating feedback and locked to an ab-

sorption feature in a Xe discharge cell. A beam from the
laser is directed along the slowing beam and switched
with a mechanical shutter. The intensity and detuning
are chosen so the quenching transition is driven well

below saturation, effecting a slow transfer of population
and eliminating detector pulse pileup. Since quenching
acts on a J=2 J'=2 transition for even isotopes, the
o+ polarization should not be absorbed if atoms are
pumped completely into mJ =2. By contrast, the o po-

larization should quench about 75% of the atoms and

pump 25% into the mj= —2, which cannot absorb o
quenching light. For optical pumping pulses longer than

4 ms, the ratio of o. to o.+ quenching rates is at least
10:I, indicating that more than 90% of the atoms are
pumped to rnj=2. This degree of polarization persists
for much longer than the 10-ms decay observation win-

dow. Equally satisfactory results are obtained for pump-

ing into the mF =5/2 state of ' Xe, for which the pump-

ing and quenching lasers couple to the 6p [5/2]3(F =7/2)
and 6p [3/2]2(F=5/2) levels, respectively. The rate of
quenching by o+ light is also used to minimize magnetic
fie)ds in directions orthogonal to z. In the presence of
transverse field components, Zeeman precession mixes mJ

FIG. 3. Timing diagram. The dotted lines indicate "oA"' lev-

els. Two periods of the trapping-pumping-detection cycle are

shown. l n order to probe the number of trapped atoms, the

quenching laser is applied after 60 such periods.

sublevels, so atoms that are initially optically pumped are
rapidly enabled to absorb o+ quenching light. By apply-
ing compensating fields, we minimize the cr+ quenching
rate and null the unwanted components to & l p T.

Care is taken to eliminate background counts and the
possibility of unwanted quenching of the metastable
atoms during the observation phase. The MOT chamber
is shielded with black material so that all external sources
of quenching light are blocked. Quenching light from the
beam source is avoided by pulsing the discharge for only
5 ms at the beginning of each 43-ms trapping interval.
Using the pulsed source eliminates nearly all background
VUV counts, since the only metastab)e atoms in the ob-
servation region after -40 ms are those confined in the
MOT. Contributing only a few percent of the total rate,
the remaining background is measured with the MOT
beams either switched off or tuned blue of the 882-nm
resonance, with both methods producing the same result.

After every 60 periods of the trapping-pumping-
detection cycle, the number of atoms in the trap is probed

by application of o -polarized quenching light and
detection of the resulting 147-nm photons. To ensure
that all atoms are accounted for, we apply quenching ra-
diation in a sequence of two 10-ms pulses during two con-
secutive observation windows. The intervening exposure
to trapping and pumping light restores the mj =2 orien-
tation to atoms that get pumped into the nonabsorbing

mj = —2 state during the first quenching pulse. Closing
a shutter in the atomic beam eliminates reloading of the
trap between pulses. Since the two pulses do not com-

pletely deplete the trap, we must still account for un-

quenched atoms. Assuming that each pulse quenches the
same fraction of remaining atoms, the total number of
t rapped atoms that would produce VU V cou n ts i f
quenched is

~here N l and %2 are the counts accumulated during the
first and second quenching pulses. As expected, the ratio
/V2//Vl depends on quenching polarization and is about
0.25 on average for a cr quench. This method of deter-
mining N gives consistent results that are independent of
/Y2/lVl. Furthermore, with the addition of a third pulse
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we find N3/Nz ——N2/Ni, validating the series summation

used to obtain Eq. (1).
If we detect M 2 decay counts at rate R, then the decay

rate of the metastable state is proportional to R/N. We
determine this quantity by recording the sum of counts
from 60 consecutive 10-ms observation windows and the
number /V found from the following pair of quenching
pulses. Background is measured during 20 subsequent
observation windows. The rate R is obtained by subtract-
ing the weighted background from the number of decay
counts and dividing the result by the total M2 observa-
tion time. The scatter in decay counts is well described

by the expected Poisson distribution. We also find that
(R/N) and (R/N) are always equal within statistical un-

certainty, affirming the stability of our experiment. In

the case of ' Xe we obtain (R/N) 0.0258(3) s

where we quote statistical uncertainties of 1 standard de-
viation. This result arises from more than 14000 mea-
sured decay counts in an accumulated observation time of
1620 s. Dedicating somewhat less observation time to
other isotopes, we also find (R/N) =0.0261(6) s ' for

Xe and (R/N) 0.0675(11) s ' for ' Xe.
A clear advantage of measuring the spontaneous decay

rate by directly observing VUV fluorescence is the insen-

sitivity of the method to nonradiative collisional processes
that may remove metastable atoms from the trap. By
contrast, the experiments of Ref. [3] measured the total
trap decay rate and were limited primarily by uncertain-
ties in collision rates and the necessary extrapolation to
zero background pressure. For all the Xe isotopes that
we study, (R/N) is independent of the Xe density in the
MOT, which can be changed by orders of magnitude and
monitored by detecting ions that are produced in col-
lisions between trapped atoms. (R/N) also remains con-
stant as we vary the background pressure of either air or
Xe by a factor of 5. Within the —1% statistical limita-
tions of these tests, our results are unchanged by possible
effects of collisionally induced VUV emission or trap loss.

To relate (R/N) to the metastable decay rate, we must

know the spatial distributions of the M2 and quench-
induced VUV photons. For the latter, the intensity radi-
ated per unit solid angle is

=~~,~ P(m) l&(m, m') I'&il~-~ l(e, e) I'.
do (2)

where P(m) is the total population entering the magnetic
sublevel m of the 6s [3/2] i state, C(m, m') is the
Clebsch-Gordan coefficient governing the El decay of
level m to the ground state level m', and IXii~ —~ l(&,p) I

is the angular distribution of radiation for that decay [8].
The intensity striking our detector is obtained by in-

tegrating Ilail~ ~ l(8, &) I over the appropriate solid an-
gle, yielding a fixed coefficient in Eq. (2) for each
Im —m'I. To obtain the populations P(m), we solve the
set of population rate equations that describe the optical
pumping due to the quenching laser. The steady-state
populations depend on the quenching laser polarization

TABLE I. Uncertainty budget.

Uncertain quantity

Statistics of (R/N)

Detector calibration
Optically pumped mj distribution
Collisional quenching and trap loss
Branching ratio for 6p [3/2]z decay
Quenching light polarization
Direction of orienting field

Stray quenching light

Uncertainty arising in

1 [32 and t]36
(%)

1.1('"Xe)
2 3(' Xc)
1.2
0.8
1.1

0.3
& 0. 1

& 0. 1

& 0. 1

and saturation, the initial population distribution among
the magnetic sublevels in the 6s [3/2]2 state, and the rela-
tive probabilities of the 6p [3/2]z 6s [3/2]i and 6p
[3/2]2 6s [3/2]z decays. From the assumed initial pop-
ulation distribution we also compute the fraction of the
M2 radiation that hits our detector, accounting for an-
isotropy with an equation analogous to Eq. (2), but for
quadrupole decay.

These calculations yield a factor ri by which (R/N)
must be multiplied in order to account for anisotropic
VUV emission and optical pumping during the quenching
process. By varying the input parameters for the rate
equations within the range of our experimental uncertain-
ties, we obtain an uncertainty for g. Uncertainties in

population distribution and polarization are constrained
by the measured o /o+ quenching ratio of ~ 10:l. Un-
certainty in the branching ratio for the two 6p [3/2]z de-

cay channels is assessed using existing experimental data,
which indicate that the 6p [3/2]z branches with 70(4)%
probability to the 6s [3/2]z state [9,10]. We calculate
rt=0.889(8) for the even isotopes and i) =0.769(19) for

Xe. The uncertainty in each value is the quadrature
sum of independent uncertainty contributions.

Determining the metastable decay rate from our exper-
iment also depends on the ratio of detection efficiencies at
147 and 149 nm. From the wavelength calibration of our
PMT quantum efficiency and the transmission curve for
our MgFz window, we obtain an additional correction
factor of a=1.016(12). The uncertainty in this factor is
evaluated by estimating the uncertainties in the slopes of
published calibration curves.

For the even isotopes the natural decay rate is simply
1 =arl(R/N). The result for ' Xe is 1 i3z 0.0233(5)
s ', or a lifetime of ri3z 42.9(9) s. As expected, we
obtain similar values for ' Xe: 1 i3s=0.0236(7) s ' and
r i3s 42.4(13) s. The quoted uncertainties are quadra-
ture sums of uncertainties listed in Table I. These sums
are dominated by uncertainties in counting statistics, the
wavelength calibration of detection efficiency, the purity
of optical pumping, and the possibility of undetermined
collisional effects. As an additional test of our knowledge
of the angular radiation distribution, we compare the
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Xe result with data acquired without any optical
pumping. From measurements made with no pumping
pulses or orienting field, but with all else the same as de-
scribed above, we obtain (R/N) =0.0218(5) s '. As-

suming the unpumped atoms are distributed evenly over
all mj states, we find q=1.04, yielding a decay rate of
0.0230(6) s ', in agreement with the optically pumped
case.

Our ' Xe data reveal the effect of nuclear-spin-
induced decay of the metastable state [I I], though ex-
tracting a lifetime for this isotope is not possible. There
are in fact two natural decay rates for ' Xe correspond-
ing to the two hyperfine levels (F=5/2 and F=3/2) in

the metastable manifold. The F =5/2 state has only 1=2
character, so that its lifetime should be the same as that
of the even isotopes. In the F =3/2 state the hyperfine in-

teraction mixes a small amount of the 6s [3/2]
~

state into
the 6s [3/2]z, leading to the breakdown of J as a good
quantum number [12]. We can estimate the order of
magnitude of the 6s [3/2]1 population admixture to be

the square of the ratio of the hyperfine structure constant
(-0.03 cm ') to the fine structure splitting between the
6s [3/2]z and 6s [3/2]1 levels (-l000 cm '). Such an

argument leads to a 6s [3/2]1 admixture of —10 in the
F =3/2 metastable state. Since the 6s [3/2] ~

has a decay
rate of -3X IO /s, the F =3/2 lifetime is expected to be

only a few seconds.
In the ' Xe experiment, we measure the total VUV

decay rate and probe the number of 6s [3/2]2(F=5/2)
atoms, finding arl(R/Nslz) =0.0527(I9) s '. This re-

sult cannot be regarded as the F=5/2 decay rate, since
there may be counts arising from short-lived F=3/2
atoms. The characteristic time for ofT-resonant pumping
of atoms into the F=3/2 state is known from trap loss

measurements to be about 0.5 s. Once in this state,
atoms remain in the PMT field of view for &0.1 s. We
therefore expect 10%-20% of all atoms contributing to
the signal to be in F=3/2. Assuming the F=5/2 lifetime
is equal to the even-isotope lifetime, this degree of con-
tamination can account for the additional VUV rate if
the F=3/2 lifetime is -5 s. Such an estimate agrees
with the calculation given above, suggesting that our
measurement is indeed sensitive to nuclear-spin-induced

decay. This result highlights the importance of isotope
selection in our measurements.

The 43-s metastable lifetime in the even isotopes is

more than a factor of 2 shorter than theoretically predict-
ed. Moreover, the result is close to the —40-s lifetimes
measured in Ref. [3] for both Ar and Kr. These findings

have necessitated a reexamination of the relevant atomic
structure theory. Early calculations for the metastable
rare gases yielded lifetimes of 24, 56, 85, and 150 s for
Ne, Ar, Kr, and Xe, respectively [4]. More recently, us-

ing relativistic wave functions that reproduce energy lev-

els within 1%, Indelicato, Desclaux, and Kim have calcU-
lated 22, 5 I, 63, and 96 s for the same set of lifetimes [51.
In light of the experimental results, the trend of longer
lifetimes for the heavier elements is clearly exaggerated
by both of these predictions. Ongoing work by Indelica-
to, Desclaux, and Kim, however, demonstrates that the
metastable lifetime is quite sensitive to electron correla-
tion [5]. The sensitivity is especially pronounced for
heavy elements, in which relativistic effects and electron
correlation are large. For example, in preliminary calcu-
lations, valence correlation configurations that do not

affect energy levels much are found to change the Xe 6s
[3/2]z lifetime by as much as a factor of 2. Inclusion of
such correlation configurations, which are neglected in

Ref. [4], may resolve the discrepancy between previous
theories and the measurements described here.
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