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Direct measurement of the metastable3P2 decay rate in krypton

J. Lefers, N. Miller, D. Rupke,* D. Tong,† and M. Walhout‡

Department of Physics and Astronomy, Calvin College, 3201 Burton SE, Grand Rapids, Michigan 49546
~Received 12 March 2002; published 30 July 2002!

We use a magneto-optical trap to isolate84Kr atoms in the metastable3P2 state and then measure the rate of
125.0-nm fluorescence due to spontaneous magnetic quadrupole (M2) decay. We normalize the overall fluo-
rescence rate from the sample using a ‘‘quenching’’ process in which laser excitation provides a path for
prompt decay to the ground state, with each atom emitting one 123.6-nm photon. A single, solar-blind photo-
multiplier tube is used to detect both theM2 and the quench-induced photons, so that only small corrections
relating to spectral response are necessary. We find a spontaneous decay rate ofG50.0354(22) s21, which
translates into a lifetime of 28.3~1.8! s. This result is discussed in the context of previous measurements and
calculations of3P2 lifetimes in the rare gases.

DOI: 10.1103/PhysRevA.66.012507 PACS number~s!: 32.70.Cs, 32.50.1d, 32.80.Pj
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INTRODUCTION

The lowest electronic excited state in any rare-gas a
heavier than He is well described as a3P2 state inL-S cou-
pling. In the absence of hyperfine structure, its spontane
decay to the1S0 ground state is allowed, at lowest orde
through the magnetic quadrupole (M2) interaction. The state
is therefore metastable, with an expected lifetime of ma
seconds. Theoretical calculations disagree considerably
the actual lifetime values, but they consistently generate
ues that increase as one descends the periodic table o
ments @1,2#. For instance, assuming a particular form f
electron correlations in a relativistic model, Indelicatoet al.
calculate3P2 lifetimes of 22, 51, 63, and 96 s for Ne, Ar, K
and Xe, respectively.

Accurate lifetime measurements on such long time sc
have been possible with neutral atoms only since the in
duction of laser-cooling and -trapping techniques, which p
vide the necessary state and isotope selectivity as we
long observation times. Katori and Shimizu first pursu
such measurements with magneto-optically trapped Ar
Kr @3#. Their strategy was to monitor the loss of atoms fro
a modulated magneto-optical trap~MOT! and extract that
portion of the loss rate contributed by the3P2 decay. This
method was complicated by the need for extrapolation t
MOT-on duty cycle of zero and to a background-gas press
of zero, but it nevertheless yielded lifetimes of 38 s for40Ar
and 39 s for84Kr, with uncertainties of 10–20% quoted i
both cases.

Walhout et al. developed an alternative, photon-counti
technique in order measure metastable lifetimes in Xe@4#.
They measured the rate of vacuum-ultraviolet~VUV ! fluo-
rescence from the3P2 decay of Xe atoms in a MOT. The
rate was indexed to the number of trapped atoms b
3P2-quenching process that forced every trapped atom
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emit a single VUV photon. A single photomultiplier tube wa
used to detect photons from both theM2 decay and the
quench process. Apart from small corrections related to
angular distribution of photons and the detector’s spec
response, the3P2 decay rate was simply obtained from th
ratio of the totalM2 decay rate to the number of detect
quench-induced photons. The lifetime for132Xe, or the in-
verse of the measured decay rate, was determined to
42.9~0.9! s.

The experimental lifetimes for Ar, Kr, and Xe general
disagree with theoretical calculations. The disparity is se
not only in the absolute lifetime values, but also in the d
pendence of the3P2 lifetime on the atomic number~Z!. The
nonrelativisticM2 transition probability scales as the fift
power of the transition energy@5#, and this energy decrease
significantly with increasingZ. TheZ dependence of the life
time is therefore expected to be quite pronounced, even a
relativistic corrections are applied. However, the trend in
measurements just cited does not match this expectation,
the situation has both experimentalists and theorists dou
checking their results.

We report here a measurement of the3P2 decay rate in
84Kr. We use the photon-counting method of Ref.@4# and
find a lifetime significantly shorter than that found with th
trap-decay method of Ref.@3#. When combined with the ear
lier Xe measurement, our result confirms the theoretical p
diction of clearZ dependence in the rare-gas3P2 lifetimes.
However, it does not erase long-standing concerns over
apparently inflated numerical estimates of the absolute l
time values.

EXPERIMENTAL SETUP

Our experiments start with an atomic Kr beam emerg
from a boron nitride nozzle that is cooled to 77 K. A d
discharge running through the nozzle excites some of
atoms into the3P2 state, and these undergo Zeeman-tun
laser cooling and deceleration@6,7# before being trapped in a
standard, six-beam MOT@8#. A 40-mW master diode laser i
grating stabilized@9# and locked to the laser-cooling reso
nance at 811.3 nm. Its light is divided between seve
acousto-optic modulators, which generate beams with t
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able frequency offsets. Two of the frequency-shifted bea
are used for injection-locking a pair of additional diode
sers, one supplying the Zeeman-slowing beam and the o
the trapping beams. The slowing beam is tuned below re
nance by 300 MHz~56 linewidths! and directed through the
trapping region. It is resonant with the decelerating atoms
they traverse the 40-cm-long slowing region, where the t
ing field varies from zero near the Kr source to a maxim
of 21.5 mT. The MOT is located 20 cm downstream fro
this field maximum. The 2-cm-diameter MOT beams are
tuned by;10 MHz, and each typically has an intensity
8 mW/cm2.

A fourth diode laser is tuned to the 810.4-nm ‘‘quenchi
transition’’ and, by activation of a shutter, can be used
deexcite atoms from the3P2 state, forcing each atom to em
a single 123.6-nm photon as it decays through the short-li
3P1 state~see Fig. 1!. We use a polarizing beam splitter t
combine the quenching laser with the trapping laser, so
we can divide, steer, and retroreflect the two with the sa
optical elements. The quenching light is thus applied alo
the six directions of the MOT beams, but with opposite c
cular polarizations. The polarization of either laser field v
ies on spatial scales shorter than 800 nm—a fact that h
erase any net atomic orientation or alignment and there
any anisotropy in the overall distribution of fluorescenc
Moreover, if the quenching light optically pumps an ato
into a nonabsorbing state, the scrambled polarization ens
that the atom will be recoupled to the laser after it move
short distance.

From measurements of the quench-induced VUV sign
we estimate the typical number of trapped atoms to be ne

FIG. 1. Transitions used in the measurement of the3P2 decay
rate in84Kr. Solid lines represent laser excitations, dashed lines
electric-dipole decays, and the dotted line corresponds to the w
M2 decay. States are specified in pair-coupling scheme, in w
the core angular momentum (Jc) is coupled to the orbital angula
momentum~l! of the valence electron to giveK5Jc1 l , andK is
coupled to the valence spin~s! to produce a total angular momen
tum J. The designation in this scheme isnl@K#J or nl8@K#J , where
l is unprimed forJc53/2 and primed forJc51/2. Approximate
L-S-coupling designations are indicated in parentheses.
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106. By adjusting the MOT’s field gradient between 0.1 a
1.5 mT/cm, we can vary the volume of the trapped cloud
a factor of about 300 and simultaneously change the ato
density by a factor between 10 and 30. When loading
interrupted, the MOT decays with a characteristic time
approximately 1 s because of collisions with background ga
the pressure of which is normally about 331028 Torr.

Our goal is to monitor the total rate of 125.0-nmM2
fluorescence from atoms in the3P2 state and then to normal
ize that rate~that is, to index it to the number of trappe
atoms! using the quench-induced fluorescence. Both theM2
and the quench-induced VUV signals pass through the s
MgF2 window and are detected with a single, solar-bli
photomultiplier tube~PMT!. We purge the 4-mm gap be
tween the window and the PMT with argon gas in order
reduce atmospheric absorption. The PMT delivers sing
photon pulses through a discriminator/amplifier to the inp
of a multichannel scalar~MCS!. The ratio of theM2 and
quench-induced signals is free of geometry-related fact
so the only corrections related to the detection scheme
small variations in PMT quantum efficiency and windo
transmission over the 1.4-nm range between the two dete
wavelengths.

MEASUREMENT PROCEDURE

Our procedure calls for three measurement phases
which we count photons from the3P2 decay, the quench
process, and background. Data from all three of these ph
are accumulated in a single 100-channel sweep of the M
The details of the measurement sequence are as follows

To ensure that all atoms are in the3P2 state when we
monitor the M2 decay, mechanical shutters are used
switch the MOT and slowing lasers at a 10-Hz frequen
with ‘‘on’’ and ‘‘off’’ intervals of 85 and 15 ms, respectively.
The possibility of spurious signals from the atomic beam
eliminated by a shutter in the beam path, which we open
only 50 ms at the beginning of each ‘‘on’’ interval. Deca
counts are accumulated only when the MCS gate is activa
for 5–10 ms during each ‘‘off’’ interval. After each gate
observation period, the MCS is advanced to its next chan
and awaits the next gate signal.

When 50 of these observation cycles have been execu
the atomic beam shutter is closed, the quench laser is app
to the trapped cloud, and the resulting, prompt VUV photo
are counted. The quench laser is detuned from resona
enough that the quenching process occurs over 20–30 m
pulse pile-up is not a problem. If, in the absence of the tr
ping beams, the quench duration is extended beyond 30
the total VUV count decreases slightly, presumably beca
of ballistic loss. However, if the MOT beams are cycled
usual and therefore recapture atoms during the quenc
process, this loss is not seen.

After each application of the quench laser, 50 MCS ch
nels have recordedM2 decay counts, and five have record
quench-induced counts. At this point, the MOT and/or slo
ing lasers are turned off, but the rest of the 10-Hz cy
resumes. During this time with no atoms in the trap, t
VUV background rate is registered in the last 45 channels

re
ak
h

7-2



a
th
T
ec

bl
ts

d

of

w
pe

he
a

o

ay

ts

m
ta

l o

s

but
lue
he
the
eld
d
el-

no
30

-

ts.
ity

uce
ot
rre-
ing

r-

h-
to

tec-
the
erva-
re
nd

ss,
ch
and
ted.

m-

e at

f

and
n-
sis
nce
duty
us-

is

suf-
i-
s
-

teps

DIRECT MEASUREMENT OF THE METASTABLE3P2 . . . PHYSICAL REVIEW A 66, 012507 ~2002!
the MCS sweep. Normally, the lasers are then turned b
on, and another sweep is initiated automatically, until
data from 20 MCS sweeps have been added together.
resulting data set leads to a single measurement of the d
rate, as described below.

ANALYSIS OF RESULTS

We designate the number of accumulated metasta
decay counts asNM , the number of quench-induced coun
asNQ , and the number of background counts asNB . NM
andNB are each obtained over an elapsed time designate
Dt ~typically the sum of 40 gated counting intervals!. From
these measurements we obtain a normalized count rate

R5~NM2NB!/NQDt.

This ‘‘raw’’ rate will differ from G by only about 10%, but
several experimental details must still be considered. We
represent the total number of atoms addressed in the ex
ment byN, the PMT quantum efficiency at wavelengthl ~in
nm! by El , the MgF2 window transmission at wavelengthl
by Tl , and the detector solid angle byV. We will also ac-
count for some unwanted quenching of the3P2 state at rate
RBB , which may arise from magnetic-dipole excitation of t
3P1 state by blackbody radiation. Finally, we will include
small correction for the;0.5~1!% of the atoms that are
quenched through the1P1 and 3P0 states and therefore g
uncounted in the quench signal@10#. This correction requires
that a correction factor ofb50.995(1) be included inNQ .
The net~unnormalized! count rate for the metastable dec
can now be written as

~NM2NB!/Dt5N~V/4p!@GE125.0T125.01RBBE123.6T123.6#,

and the total number of quench counts as

NQ5Nb~V/4p!E123.6T123.6.

Solving for the decay rateG, we arrive at

G5H E123.6T123.6

E125.0T125.0
J ~bR2RBB!.

From the manufacturer’s calibration data for our Hamama
R6835 PMT, we estimate (E123.6/E125.0)50.953(15). Simi-
larly, calibration data for our Harshaw-Bicron MgF2 window
allow us to estimate (T123.6/T125.0)50.971(9). Although the
magnetic-dipole matrix element between the3P1 and 3P2
states is not known with great accuracy, an adequate esti
of the blackbody rate at room temperature comes from s
dard perturbation theory @11#, which suggests RBB
50.0003(2) s21.

From more than 200 measurements ofR, we find an av-
erage normalized count rateRav50.0388(21) s21. This re-
sult reflects photon-count accumulations of((NM)'34 000
and((NB)'4000, each obtained over a net~gated! observa-
tion time of nearly 1600 s. The corresponding quench tota
((NQ)'23106 is the result of;4000 applications of the
quench laser. Some of the data included here are from run
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which possible systematic errors were being studied
proved to make little or no difference in the measured va
of R. Among the variables shown to be unimportant by t
systematic studies are the atom density in the MOT,
background gas pressure, the PMT voltage, the MOT fi
gradient, and variations in the ellipticity of the MOT an
quench beams. Moreover, the electric field from a chann
electron multiplier that is 7 cm away from the trap has
detectable effect. Similarly, an active ion-gauge filament
cm away from the trap~but not in direct line of sight! does
not change the value ofR, although it does increase the num
ber of background counts.

In addition to a statistical uncertainty of,1%, our uncer-
tainty in Rav comes from two dominant systematic effec
First, we are unable to eliminate the possibility that intens
imbalances in the MOT or quenching beams may introd
some anisotropy in the VUV signal. This possibility is n
considered in our analysis, so we have quantified the co
sponding uncertainty by imposing imbalances and look
for a change inR. These tests indicate thatR changes by no
more than65%, and we take this to be the level of unce
tainty related to possible anisotropy.

The second systematic uncertainty entering intoRav arises
from the possibility of inaccurate counting of quenc
induced photons. If the quench laser is tuned too close
resonance, counts may be lost to pulse pile-up in the de
tor, whereas if it is detuned too far from resonance,
quench process may be extended beyond the gated obs
tion interval. Our approach to this problem is to ensu
against pulse pile-up by using a relatively large detuning a
gating the MCS for tens of milliseconds. Neverthele
sometimes a small but non-negligible fraction of the quen
signal is detected very near the end of the gate interval,
this suggests that some of the signal may go undetec
From this observation, we estimate the uncertainty inNQ to
be 2%. Assuming uncorrelated errors, we come to a co
bined uncertainty inRav of 5.5%.

With all the necessary measurements in hand, we arriv
our final determination for the3P2 decay rate in84Kr: G
50.0354(22) s21, which translates into a lifetime o
28.3~1.8! s.

DISCUSSION

We suspect that the discrepancy between our result
the 39-s lifetime obtained previously may stem from unco
sidered effects in the earlier work. In particular, the analy
in Ref. @3# assumed linear extrapolations of the fluoresce
decay rate to a background-gas pressure and a MOT
cycle of zero. These extrapolations seem not to be fully j
tified by the data presented, which indicate that the rate
linear only for MOT-on duty ratios.20% and that the
pressure-dependent rates all converge at;0.04 s21, regard-
less of background gas. Moreover, the analysis did not
ficiently differentiate between MOT-on and MOT-off cond
tions, which are known to involve different collisional los
constants@12,13#. Thus, it is conceivable that some system
atic error may have found its way into the earlier result.

As suggested above, we have taken all reasonable s
7-3
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that we can think of in order to eliminate systematic biase
our result. We wish to emphasize that nonradiative collisio
which are of utmost concern in trap-loss measurements,
not compromise our VUV-photon-counting technique.
course, our analysis does not consider the possibility of n
exponential decay, a topic that has attracted considerabl
terest. In order for both Kr measurements to be correct,
3P2 state would have to decay faster at short time~;10 ms!
than at long time~;10 s!. A detailed discussion of this in
triguing but seemingly unlikely scenario is beyond the sco
of this paper.

Figure 2 gives an overview of some measured and ca
lated 3P2 lifetimes for the rare gases. It is immediately o
vious that the theoretical predictions lie significantly abo

FIG. 2. Summary of experimental and theoretical3P2 lifetimes
for the rare gases. Note that the photon-counting method use
this work and in Ref.@4# supports the theoretical expectation
clearZ dependence.
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the measured values, especially for the heavy element
leading explanation for this long-standing disagreement
been that the uncertainties in relativistic effects and elect
correlations make it difficult to eliminate computational i
accuracies. These considerations are especially problem
in the heavier atoms. Very recently, Desclaux, Indelicato, a
Kim @14# have been investigating different forms of electr
correlation in a multiconfiguration Dirac-Fock model, an
their preliminary lifetime calculations are indeed strongly d
pendent on the configurations used. However, it is promis
that some of their configurations yield lifetimes exceedi
the experimental values by only 20–30 %. More on this a
parent progress will be forthcoming.

Perhaps more relevant to the present discussion is thZ
dependence found by different investigators. Katori a
Shimizu’s trap-loss measurements suggest very little dif
ence between the Ar and Kr lifetimes, and their results
surprisingly close to the Xe value of Ref.@4#. However,
when the Xe result and our present measurement are co
ered together, it appears that these two VUV-photo
counting measurements confirm the theoretical expecta
of longer lifetimes for higherZ. In fact, we find a Kr:Xe
lifetime ratio that is quite close to what is predicted by t
calculations of Desclaux, Indelicato, and Kim. This outcom
tends to foster confidence in the general trend predicted
theory.
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